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Chapter 1: Introduction
1.1Background and Literature Review

Green roofs are engineered systems designed piyrt@dapture storm water and
reduce temperature extremes experienced by rodfsiloiings (Obendorfer et al., 2007),
enhancing the environmental and aesthetic berddftteese impervious surfaces. They
are composed of a series of layers set on topaaftarproof membrane. These layers can
take a variety of forms however they can be nartbd@wvn to four basic categories: a
drainage layer, a root barrier, a mineral-basedtsate and plant material. Green roofs
fall into two classes based on the depth of thestsate layer. Extensive green roofs are
those with a substrate depth generally less thanil35reen roof systems with a depth
greater than this threshold are generally consitietensive green roofs. Extensive green
roofs are more common due to lower installation mraihtenance costs (Peck et al.,
1999).

The environmental conditions that plants must eadloisurvive on an extensive
green roof can be vastly different than that ofghevailing regional environment in
which the green roof is present. Modern extensreer roofs are, in general, xeric
environments, meaning they experience very lowl¢eokplant available water
(Obendorfer et al., 2007) often for lengthy perioflime between rain events. This is in
part due to the light-weight substrates used tsitaot green roofs. These are engineered
media that generally have high porosity and lowek kdensity when compared with
natural soils. In general they also are low in arganaterial. These substrate properties,
combined with the shallow substrate depth of extengreen roof systems, limits the

amount of plant-available moisture at any one tithes, in turn, also affects the water



retention capacity of the green roof. These faatorabine to make drought conditions
common on green roofs; thus, plants must be alil@dcate very low water availbility in
order to be considered viable candidates for usieeise systems. The morphological and
physiological characteristics of species vary cdasbly within the plant kingdom.

There are numerous factors and interactions beteeenonmental variables and
physiological traits that influence the growth &y given species. Two of the greatest
limiting factors on plant growth are typically watevailability and seasonal

temperatures.

1.1.1. Temperature

Temperatures experienced on green roofs are dgnegey high during summer
months (Obendorfer et al., 2007) but interestinggry few substrate / root temperature
data are available for green roofs in the mid-Attaar from other regions of the US.
Plants selected for use on green roofs shouldftirerbe capable of surviving extended
drought periods and actively growing during periadeere water is available..

There have been a number of studies that havstigaéed the contribution of
plants to the storm water and insulation functiohgreen roofs (Mclvor and Lundholm
2011, Gaffin et al. 2010, Lundholm et al. 2010, Mwuosso et al. 2005). The ability of
green roofs to insulate buildings from solar heateéone possible benefit that has been
investigated in the literature. Green roofs do cedsummer roof temperatures over
conventional black tar roofs (Gaffin et al. 201 the effect of specific plant species
on green roof temperature has been less thorouglegtigated. Mclvor and Lundholm

(2011) measured surface and within substrate teatyres at five times during the course



of their study, concluding that increased plantesdended to lower roof temperatures.
However their data was not replicated over timaaoss a broad range of environmental
conditions. Monterusso et al. (2005) measured saflestemperature during a single day,
and found no differences in substrate temperatasedon species planted in their
experimental units. Lundholm et al. (2010) founatthnplanted controls had higher
temperatures than most planted treatments, anditipéinted controls also had greater
water loss rates when measured as total wateRtbbsurs after a controlled irrigation
event and with gravimetric water loss accounted Toey also went on to state that the
interaction between evapotranspiration, temperatncewater relations is still unclear
and needs to be further investigated.

Mclvor et al (2011) and Luldholm et al (2010) fouth@t increasing canopy cover
correlated with lower substrate temperatures orstintace of green roof modules. While
these results provide some preliminary temperatata, it is unclear if different plant
species provide consistent temperature reductiorggeen roofs across daily or seasonal
time intervals. Nardini et al. (2012) collected tinnous data from using thermocouples
and found no significant effect of vegetation typetemperature of an intensive green
roof system in a Mediterranean climate. They ataml that the thermal properties of
the roof were significantly affected by the subtnaater content. Temperatures were
measured at the base of the custom built experaherddular system beneath the
substrate just above the waterproofing membrars masks the effects that species
may have on substrate temperatures within thezaog, which is also where the
influence of temperature on plant physiologicalgesses and survival is greatest.

Additionally, there was no replication of experinrunits in this study, which should



be taken into account when interpreting their tssul'hus, it appears that the effect of
plant species on green roof substrate temperaagadt been thoroughly investigated in
the literature. A species effect on substrate teatpees is likely to not only have effects
on long-term green roof performance, but could ector in plant survival and health,
especially during the critical establishment phase.

It is well documented that low soil temperaturdsbit root growth, depending on
species (Lahti et al 2004). Substrate temperatifieets a variety of root processes such
as root initiation, direction of growth and turno&asper and Bland, 1992). The use of
USDA cold hardiness zones throughout the horticelfield indicates the importance of
low winter temperatures in horticultural plantesgion and survival.

Both low and high temperatures affect root groanld development. Root
turnover and production rates were found to bedsgiwhen soil temperatures and
moisture levels were high in semi-arid conditiokggjima et al. 2010). High soll
temperatures correlated with greater transpiraties and stomatal conductance rates
both during the day and at night\fitis (C3 species), independent of air temperature and
vapor pressure deficit (Rogiers and Clarke, 20IRjs indicates that water use may
increase in at least C3 species, as temperatumases, This becomes significant for
plant health particularly where high night-timeldemperatures occur. Plants
experiencing high soil temperatures at night usearpohydrate reserves faster due to
higher respiration rates. For this reason hightiighe temperatures have been attributed
to a decline in the in some agricultural crops (Brdey and Singh, 2008, Robison and

Massengale, 1969).



Plants have the ability to modify their immediateroundings over time, by
increasing the amount of organic matter in soilthay grow, cooling air temperatures
through evapotranspiration and shading the soidsarbelow their canopies.

Shading by plant canopies has a powerful effecrmnironment. A study on
shade trees in Taiwan found that species interdeptferent amounts of solar radiation
and that foliage density had the greatest effectamiing soil surface temperatures (Lin
and Lin, 2010). Increasing canopy cover in urbaasion a macro-scale results in lower
air temperatures (Ellis, 2009). At smaller scaggsphytes were found to lower microsite
temperatures in the canopy of tropical forestaur{&tet al. 2002).

Plant canopies not only affect the immediate emwirent by intercepting solar radiation;
they also affect the substrate and root zone prfflough evapotranspiration. The effect
of evapotranspiration on soil temperature is mulltif Evapotranspiration lowers the
ambient air temperature (Osman 2012) removes Wat@rthe soil and increases relative
humidity. Continuous temperature data collectedudystrate moisture and temperature
probes may to reveal some of the complex interastimetween plant species, substrate
temperature and water content. The relationsHigaes/ a complex one with numerous
interactions between physiological and morpholdgieats of the plant species and the
physical and chemical properties of the substrate.

As a plant removes water from the soil in whicls igrowing, it changes a
number of soil properties: thermal conductivity gudential heat storage capacity.
Decreasing soil moisture also decreases the patéwtat storage capacity and at the
same time has a logarithmic relationship with tredroonductivity (Oke, 1987). Water

requires greater energy to increase its temperdban other soil components; thus wet



soils tend to heat up more slowly than dry soilsif@n 2012). Thus, given the same
amount of daily solar radiation, a drier soil wéhd to be hotter than a wetter soil or
substrate. When a plant is actively removing whten the soll, it theoretically should
increase the rate at which a soil can retain heat.

Plants also increase the amount of organic mattgrden roof substrates over
time (Getter et al. 2009). Organic matter is a pmwrductor of heat (Osman 2012), so it
seems logical that as a roof ages and accumuledasio matter content, it should
become a better insulator. Increasing substrgi@noc matter content correlated with
greater soil moisture contents and greater raingéédintion amounts (Speak et al. 2013).
Thus as organic matter content increases it diredtécts the insulating capacity of the
substrate and also indirectly effects it by altgrine water holding capacity (Bouyoucos
1939). As discussed previously wetter substragsire more energy to heat, increasing
the ability to retain water may mean the subsiisaie general cooler. Green roof studies
have not focused on the effect of increased substrganic matter on temperatures
experienced on them. The argument outlined abolaegsly conjecture and needs to be

investigated in a targeted study.

1.1.2. Substrate Water Content and Retention

One of the reasons for the installation of gremsfs in urban areas is to mitigate
the effects of storm water runoff from imperviousfaces. Variable rates of storm water
retention by green roof systems have been reportdet literature. A review paper by
Obendorfer et al. (2007) found that studies repbveaiable storm water retention rates

by green roofs, between 25% of rainfall and 100%edeling on storm size and system



design. Retention rates of 100% were reportedrfalisstorms in substrates greater than
10 cm in depth. Kohler et al. (2002) reported thatalling a green roof can reduce
rainfall runoff between 60% and 79% on a yearlyidas

Several studies have shown that plants increasar wetention rates by green
roofs as discussed by Oberndorfer et al. (200 ©Qwever there is still controversy, as
other studies show small or no differences in wedgture between planted treatments
and unplanted treatments (Lundholm et al., 201@&eCand Butler, 2008, VanWoret et
al., 2005). Despite these discrepancies recerk tnas focused on how measurable
performance variables may differ between roofsteldnvith different species (Starry
2013, Maclvor et al.2011, Lundholm et al., 2010,l##4ad Lundholm , 2008, Dunnett et
al. 2008, Prowell 2006, VanWoert et al., 2005).

Plants may affect green roof water holding cagabivth through physical
modification of the roof substrate (Berghage e2@D7) and through evapotranspiration.
Plants modify the environment in which they grole tlegree to which they do so
depends in part to the amount of root and leafiéghat is present and accumulated over
time. Previous green roof studies have used atyasfenethods to quantify plant size,
growth and other characteristics.

Dunnett et al. (2008) found that increasing rooniss had a negative
relationship with storm water runoff. This resudinte from an experiment comparing
experimental green roof modules with sixteen défertreatments. Green roof modules
were grown for a single growing season and onlyrotiad volumes of simulated
rainfall were applied over the course of the stuithe analysis did not remove the effect

of treatment before the regression was preforniean root biomasses for each species



were plotted against mean runoff for the samerreat and then the regression was
plotted using these treatment specific values. gvihié effect of biomass was found to be
significant it is not clear from this study whaetéffect of biomass was on retention since
any qualitative effect of species was not accoufdedlhe species used Dunnett et al.
(2008) were a mixture of traditional green roof@ps and natives from the study region.
Lundholm et al. (2010) applied controlled volumésvater for comparison of
storm water capture for 35 different treatmentspmbination of different plant species
and combinations of species. No treatments instiidy were found to capture more
storm water than the unplanted control, though seere found to capture significantly
less. The water capture data generated in thiy stad based on a single simulated 5mm
rainfall event during the study period. It is diffit to produce any general conclusions
about species performance from the results ofstinidy since there was no replication of
simulated rainfall events and no variability in siliated rainfall amount or intensity.
Starry (2013) compared thr&adunspecies in experimental green roof platforms
for their contribution to green roof water retenti®Runoff from each experimental unit
was measured over the course of the two-year sg&idgificant differences in runoff
were found between treatments in the second yeatdans less than 12.5 mm and
between 12.5 mm and 62.5 mm. Two Sedum speSiafjumandS. kamtschatiumvere
found to reduce storm water runoff when compareadhifglanted modules and a third
SedunspeciesS sexangulareThere was a significant reduction in runoff from
treatments from the first year to the second. €fsct was attributed to increased levels
of biomass as the plants grew and establishedtbgarourse of the study. Reliable

continuous monitoring sensor systems were useddoi@ the data in Starry (2013).



These methods have the benefit of providing aceurgilicated data under real
environmental conditions. Real runoff was measui@thg natural rainfalls with
variable volumes and intensities. This makes tlia fitam this study more applicable to
commercial green roof systems.

Despite the fact that this recent study by Sta2048) showed that differences in
stormwater runoff exist between species and ungthmmtodules, it is unclear if similar
differences exist between species not in the g&edsimvhen real time data is acquired

during natural rainfalls and environmental conatisio

1.1.3. Plant Species

Quantifying the establishment, survival and growider realistic edaphic and
environmental conditions is important to determntime suitability of a plant species for
use in green roofs for various regions in the USrMrusso et al., 2005).

It has been established that m&wgdunspecies survive well on green roofs
throughout many regions of North America (Butled @rians 2011, Duhrman et al.
2006, Monterusso et al., 2005). Additionally, somaéive species from diverse genera
have also been found to survive (, Maclvor et d22Q.undholm et al., 2010, Wolf and
Lundholm, 2008, Monterusso et al., 2006¢dunspecies are, in general, highly drought-
tolerant succulents, many of which are capableratglilacean Acid Metabolism
(CAM). This physiological adaptation limits evaparispiration during the day (Ranson
and Thomas, 1960), and enhances the capabilityesktspecies to withstand drought
periods which are not uncommon on green roofs. phaosynthetic pathway that many

Sedunspecies have are not absolutely necessary foivalion green roofs; however,



species selected for this study exhibited a vanétyrought tolerance adaptations, for
several reasons. Two species that are commonlygalam green roofs in the Mid-
Atlantic region were selected, i.&edunmalbum(L.) andSedunkamtschaticungFisher).
These are both well-investigated in the literatumd some data is available about their
contribution to green roof systems and physioldgiesponses to low water availability
(Starry, 2013). Two other species were selectetthignee been found capable of
surviving on green roofs in other studies (Butled ®rians 2011, Monterusso et al.,
2005). These two specigssclepiasverticillata (L) andTradescantiaohiensis(L) have
radically different morphologies, both from eachetand fronSedumThe final species
in this study wa£hielanthedanosa(Michx), which was selected because it also differs
greatly in morphology and response to drought fedinothers in the study; also it has not
been previously researched for suitability as mgreof species.

T. ohiensigs a monocot in the family Commelinaceae. Itésaparous,
reproducing many times during its life cycle. Botgetative and sexual propagation
occur in this species. Clonal propagation can takeforms, simple division of bulbs in
the basal rosette or occasional formation of adtreas bulbs in the axils of the
flowering stems after flowering. Leaves arise fribra basal stem within the bulb and
are v-shaped, convex side upwards. This leaf shmgyeserve to funnel rainfall directly
to the basal rosette; this morphologic featurdnaed by many monocots. Leaves can
also increase or decrease their convexity basdldeowater content of their tissue.

T. ohiensigs a species of open sunny ecosystems, appeariteggvgdespread and
adaptable. It is native from Texas to Florida andimto Maine and portions of Ontario.

It is known to occur on granite outcrops in thetBeastern US (Shure, 1999), dry oak
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savannas near the Great Lakes and in deep soitrsavand barrens of the Midwestern
US (Anderson and Bowles, 1999). All these envirenta are classified as xeric, which
would require adaptation by a native plant spetmeafrought. T. ohiensisis known to
hybridize with nine other closely related specrethie wild (Faden 2006) indicating the
genotypic plasticity of the genus.

Asclepias verticillatal is a dicot in the family Apocynaceae. It is natfrom
Arizona to Florida and north to Vermont and wesbSaskatchewan. It is known to occur
in dry environments such as serpentine barrensd@lyyand Hull 1999), deep soil
savannas and barrens of the Midwestern US (AndemsdrBowles, 1999), cedar glades
of the southeastern US (Baskin and Baskin 1999)ratite alvars of the Great Lakes
region (Catling and Brownell, 1999).

Cheilanthes lanosMichx is a pteridophyte in the family Pteridacekes native
from Texas to Florida, north to New York and westllinois, with populations also in
Minnesota and Wisconsin. It is known to occur oalstand limestone outcrops (Brown
and Brown, 1984). It exhibits a drought tolerastrategy common to many resurrection
type ferns. When water is scarce its foliage desesxand curls, appearing to senesce.
When water does become available, it then rehysltasd tissue and returns to normal
function (Cobb 1984, Lellinger 1985)

There is no published literature identifying pesty which photosynthetic
pathway that the three species discussed aboveeutie it C3, C4 or CAM
(Crassulacean Acid Metabolism), though it is likidgt they are C3 plants. The
designation of photosynthetic pathway actuallynefe the chemical mechanism by

which carbon dioxide is fixed from the atmospheite ia usable form by plants (Waller
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and Lewis 1979). The photosynthetic pathway tredexies utilizes is a species level
adaptation (Waller and Lewis 1979). In generala@d CAM are considered to be
metabolic adaptations to low water availabilityténrestrial plant species and low €0
availability in aquatic plant species. TerrestG#M species open their stomates for gas
exchange at night in order to reduce water lossyThen store Cfusing malic acid for
use by the photosynthetic process during the dapgén and Thomas, 1960). C3 and C4
plants keep their stomates open during the dayaainajht. Night-time transpiration rates
are generally low in C3 and C4 plants, between3%-bf daytime values (Snyder et al.
2003). Daytime transpiration serves several fumsti@one of which is to reduce leaf
temperatures, such that temperatures suitablehfmiopynthesis are maintained. This
prevents temperature related slowing of the photib&fic process (photoinhibition).

Two of the species evaluated in this study use€Cl! photosynthetic pathway,
Sedum kamschaticuamdSedum albun(Starry 2013) Sedum kamtschaticufisher) is
a dicotyledonous species within the family Crassede. It is native to eastern Asia from
Siberia to the Kamchatka peninsula, northern Jagrash Korea south through eastern
China (Clausen, 19755. kamtschaticurhas been shown to be capable of CAM
metabolism but typically only after a significambdght period (Starry 2013).
Propagation is mainly from seed, however vegetairepagation is possible. It can
produce large thickened roots as the crown matures.

Sedum albunfL.) is native to Europe, Asia and northern Africdedum album
appears to be an obligate CAM species (Starry, R@t8wing more slowly thaB.
kamtschaticunat similar soil moisture levels (Starry, 2013.albumhas small ellipsoid

leaves that when separated from the rest of th&,dlam potential propagules. In
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addition to this very effective form of vegetatipmpagation, self-sown seed is also
likely to be pronounced under green roof conditidrige ease of self-propagation makes
S. albumand other similar species, able to colonize arfabie habitat relatively rapidly.
It is a staple on green roofs and is extremely&mieof drought conditions (Snodgrass
and Snodgrass 2006).

Measuring plant survival and growth are import@nhponents of a species
evaluation. Many studies have only used non-detstrimeans to estimate above ground
biomass and growth (Maclvor et al., 2011, Maclvwed &undholm 2010, Monterusso et
al., 2005). Other studies incorporated destrudiaswest techniques, but only for partial
plant samples. Wolf and Lundholm (2008) for examyded above ground biomass as a
covariate in their analysis, but did not attempti@asure below ground root tissue.
Dunnett et al. (2008) conducted a final whole pledtructive harvest at the conclusion
of a controlled indoor experiment to relate plamhmacteristics to storm water retention.
Increasing dry root mass showed a negative coiwalatith water runoff in their study.

In a study aimed at quantifying carbon sequestaiiogreen roofs, Getter et al. (2009)
harvested plants seven times during the growingasgdut did not attempt to determine
if there was a correlation between biomass andhgiea function. Standardized
methods for relating species contributions to gr@ah performance have not been
established. The studies cited have highly variai#¢éhods and experimental designs.

Two measurable values from green roofs afterrdathievent are runoff, defined
as water lost from the experimental unit, and staatter captured/ retained in the
experimental unit. The measure of either can aftmvwan approximate calculation of the

other, as long as the total amount of storm watptied is known. A variety of
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techniques have been used to measure both depeordihg study (Dvorak and Volder,
2010). The robustness of various methods haveeest mvestigated, and it is difficult to
draw comparisons between studies without this médron.

Long-term data collection techniques using auteshaensors and dataloggers
may provide clear results on the small scale efféspecies on temperature and
interactions of green roofs with storm water. St§R013) is the first study of its kind to
report replicated precision soil-moisture and rdigatta, in addition to other long-term
environmental monitoring data, to investigate ddfeces between plant species.
Volumetric water content was found to differ betwapecies on a seasonal basis, but
this research did not report any substrate temperaiata.

The degree of the effect that plant species caa ba green roof functions has
not been fully investigated. There is no establisimethodology for evaluating the
performance of various plant species, and it idaardf there is value in examining new
candidates not only for their ability to survivedem green roof conditions, but also for

the degree to which they may contribute to theqgrerdnce of the system.

1.2 Objectives and Hypotheses:

The purpose of this research study was to devel@gxperimental design that
would improve the ability to detect differencesspecies-specific performance, while
also determining their ability to survive and pstsn a green roof system in the first year
after establishment. This study utilized both whallent destructive harvests and
continuous recording of soil moisture and tempeeatluring a full growing season. The

best of the techniques from previous research w@mgined and replication was
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maximized to achieve a robust experimental desighwould increase the likelihood of

detecting species performance differences in thidaor study. Three primary

hypotheses were proposed:

1. Species evaluated over the course of the studydwediibit different growth and
survival rates based on their suitability for piagton green roofs within the Mid-
Atlantic region and they partition biomass to abgueund and below ground
portions differently.

2. Significant differences in temperatures experiengghin the substrate would be
found beneath planted and unplanted experimentt. un

3. Significant differences in storm water retention aubstrate water loss would be
found between treatments, and that these coulditieuded to traits such as root

biomass and leaf area.
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Chapter 2. Materials and Methods

2.1 Species Selection

Five plant species were selected for evaluatipectes were selected from those
used in prior green roof research studies, withatihdition of a new un-trialed species.
The two traditional green roof species w8etlum kamtschaticufStarry 2013,
Monterusso et. al. 2005). age¢dum albun(Starry 2013, Monterusso et. al. 2005). Two
plant species were also used which are nativeatd/id-Atlantic region and were
researched in other studi@gadescantia ohiensi@onterusso et. al. 2005) and
Asclepias verticillatgButler and Orians, 2011). The final species was-#rialed native
with radically different morphology¢heilanthes lanosa
2.2 Experimental Design

Green roof modules were used as independent expatal units. Note that the
terms ‘module’ and ‘experimental unit’ will be usederchangeably as they are
synonymous in this study. The green roof moduleasured 30 cm by 61 cm with a
depth of 10 cm. The manufacturer requested thaimdnot be disclosed. This brand was
chosen for the thin sidewalls that allowed for maependent hydrology between
experimental units and a built-in drainage layfovang for ease of installation.
Modules were installed outdoors on a 15-20 cm draee at the University of Maryland
research greenhouse, on top of a Firestone 45ubiler pond/ roof liner at ground level.
The gravel bed was graded to a 2% slope, eastsb we

Thirty modules (Fig 2.1a) were assigned to eaahtpld treatment; ten were
assigned to the unplanted control. Twenty of theeeinental units designated for each

planted treatment were specifically for destruchegvests of the plants within each
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module. These were unnecessary for the unplantedile®as no plant material was
harvested. The 160 modules were then divided evetlyeen 5 blocks, measuring 4 m
in width by 1.5 m in length (Fig 2.1b). A randonmuizenix of both planted and unplanted
non-experimental modules where then added surragritle periphery of each block as
guard rows, to buffer any edge effects to the a@rpantal units. There were an additional
110 modules used in the guard rows, 22 per bloldck were oriented lengthwise
north-south, and parallel to each other (Fig. 2.1b)

Fig 2.1. (A). Image of a planted green roof moduben directly above. The three plants
shown are within a single module and were treasesbi-samples during all destructive

harvest measurements. (B) is a photograph of thengroof modules at the start of the
experiment, in the block arrangement described2n 2
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2.3 Soil Moisture and Temperature Sensing

Ten experimental units from each of the six treatta had a Echo-TM soill
moisture and temperature sensor (Decagon Devites,Hullman, WA) placed at the
center of each module. The sensors were connaxteMb50R wireless radio data loggers
(Decagon Devices, Inc.). These loggers measmsoselata every minute; the loggers
were set to average the data and record it at bbtmintervals. Each record included
the time, date, soil temperature and soil voluroetrater content (VWC). A total of sixty
sensors were installed; all were placed diagor{dlsing southeast) in the exact center of
the experimental unit, with the blade of the semms@antated vertically (i.e. thinnest side
upwards). Sensor installation occurred on 12 J20&2 when the modules were moved
to their outdoor location, after a three-month grerise establishment period. The
sensor was placed within the substrate by firsgidigya small hole roughly 10-15 cm
from the module’s center point. The prongs of thieser were then inserted into the
undisturbed substrate beneath the center planim@dlules where then thoroughly
watered to settle the substrate around the serdussmethod allowed for minimum
disturbance of the established plants and remdvsgotential source of error.
Experimental units which received sensors wereaantyl assigned within treatment and
block by random number selection.

A suite of environmental (weather) sensors wesgailed immediately adjacent
to the green roof modules. These included ECRNHI@IO resolution rain gauge, a QSO-
S photosynthetically-active radiation Sensor, ai®aup anemometer and temperature /
relative humidity sensor (Decagon Devices Inc.he Em50R radio datalogger measured

data every 1 minute and averaged that data evern5
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2.4 Planting, Establishment and Randomization

Sedunkamtschaticunplants were purchased as standard 72 cell plogs fr
Emory Knoll Farms, MD.Tradescantiaohiensis Asclepiasverticillata andChielanthes
lanosawhere purchased from Northcreek Nurseries of Labhdey, PA. T. ohiensisand
A. verticillata were in LP50 cell trays ar@d lanosain LP32’s. Sedunmalbumwas
planted as cuttings acquired from plant materia@aaly in the possession of the green
roof research team at University of Maryland. Pasgd plant size was not quantified;
plant size was recorded in the first destructiverést (see section 2.5) after a three
month establishment period. All plugs were washeahy potting media provided by the
nursery prior to planting in the experimental un@seen roof modules were filled with
M2 green roof media (Stancills Inc., Perryville, MDhe bulk density of the M2
substrate was 0.75 g/mL with a pH of 7.2 and 3.8&&oic matter content (Starry, 2013).
Each module was then filled to a depth of 10 cnre&hndividual plants of each species
were planted in each module (Fig 2.1a). These wansidered sub-samples within the
designated experimental unit, module, in all furtiealyses. They were planted in a
straight line down the middle of the module on tbaenters, such that each plant was
equidistant from others and the edge of the moduie.green roof modules were planted
in March, 2012, three months prior to installateartdoors. Modules were placed in a
greenhouse range at the University of Marylandwsatkred every three days from
March through June 11, 2012, during this establesftrperiod. On 13 June, 2012 the
modules were randomly assigned within one of the filocks, as described in section

2.2.
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2.5 Destructive Harvests

Five destructive harvests were conducted duringtihe@y period from 13 June,
2012 through 15 May, 2013. At each harvest, éxperimental units per species where
sampled one from each block. As previously mentianesection 2.2, three individual
plants were planted in each experimental unit. &lvesre treated as sub-samples and
while each was measured separately their traite weeraged within experimental unit
for all further analysis. This avoided statistiealor and pseudo-replication. The height
of each sub-sample was recorded for all experinhenits prior to the start of the
harvest. The stem and foliage were then separededdny below ground tissues of each
plant by cutting horizontally at substrate level.

The foliage and stem samples were taken and medder all treatments within
each block, before the next block was sampled. Bagamples were taken indoors
where fresh weight and single sided leaf area wezasured. For three of the speciks (
ohiensis S kamtschaticunandA. verticillata) single-sided leaf area was measured.
Leaves were separated from stems and then passediiha single-sided leaf area meter
(Li-3100 Area Meter, Li-COR Inc., Lincoln, NebraskaSA). Leaf fresh weights were
measured using a balance (XL3100D, Denver Instréyn8tem mass per sub-sample
was also recorded. Each sub-sample was then rethaggestored at 3.3 °C until the
harvesting for all blocks was complet&kdum alburnwas harvested in a slightly
different manner, due to the ovoid shape and ssiadl of its leaves. Total above ground
fresh mass was measured without separating leewmsshoots. Then leaf area was
derived from a regression analysis relating lea&do fresh and dry weight particular to

this species (Starry, 2013).
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Once all above-ground biomass data was recoradolvibground biomass was
harvested for all replicates and species. Theeertint system and associated below
ground biomass was removed by sliding a hand ued#nrthe crown and gradually
easing it up through the media, shaking lightlye Ty porous nature of the green roof
substrate allowed for the recovery of intact ro@tems with relative ease. Each sample
was then placed in a brown paper bag and labeied tise same system as described for
above-ground biomass. Roots were then stored &C3uditil they could be gently
washed to remove any remaining substrate parti€lesroot systems were washed twice
in two separate water baths. The first time in ptdegemove the majority of coarse
particles and the bulk of substrate material. Témrd time to remove fines and
complete the cleaning process.

All above- and below-ground samples were thenaggkd and placed in drying
ovens. Root and shoot samples were dried in a dhelboratory Oven (Precision
Instruments; Winchester, VA) at 54 °C. Samples iiagdhin the oven until uniformly
dry, for a minimum of one week. Dry weights werertmeasured using a balance

(XE100, Denver Instrument) and recorded.

2.6 Data Processing and Statistical Analysis

Data was downloaded from the Em50R data loggeng) @sdirect serial
connection and the ECHO Utility program (Decagowibes Inc). Files were saved as
an Excel data file. The raw files had the data oizgd in both processed and
unprocessed form. From the raw dielectric permiftigutput by the sensor, a substrate-

specific calibration curve was applied to convetbia true percent volumetric water
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content value (Starry, 2013). The calibration cumas determined using the procedure
outlined in Cobos and Chambers (2012).

The M2 substrate VWC data were organized by treatnThe EM50R data
loggers each have five sensor ports. Two data Isggere assigned to each block. One
sensor from every treatment was connected to eatehl@gger within the block they
were placed. Treatments were assigned to the sarhmpll loggers. The excel files
were reorganized so that each treatment was iataefile. Then temperature readings
and percent VWC were separated, again by treatment.

In the original percent volumetric water conteatadthere was significant
variability due to an error in sensor operatiort teused the VWC measured by the
sensor to increase as the temperature rose aba@ea@temperature level regularly
exceeded in the substrate during this study. Tingg &vas found to increase the VWC
read by the sensor as temperature of the subsitase. It is likely an internal error of
the sensor attempts to apply a temperature cavretdithe VWC data before it is output
to the data logger. The internal sensor corredactor appears to not be resilient across
temperatures above 35 C, since soil temperaturely r@ach that level and the algorithm
was not intended to operate in the range abovdtineghold. Averaging the VWC data
on a daily basis was the most practical and sizibt justifiable solution to remove this
source of noise. The average function in excel wgasl to derive daily averages from the
96 cells representative of a single day’s data eebn2:00 am and 11:59 pm. This was
applied separately to each sensor output from esgaiitate.

Storm water retention and water loss were derik@d the daily averages, by

utilizing rainfall event start and stop times. Ralhdurations and volumes were recorded
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by the weather station sensors, as described iloset3. Retention was defined as the
substrate VWC 24 hours after rainfall stopped, maithe substrate VWC 24 hours before
rainfall began. Starry (2013) and Voyd (2009) cdastd that active drainage from green
roof substrates stopped 6 hours after rainfall@egaldowever, in this case, the use of
daily average VWC made 24 hours the smallest plessibrement upon which retention
could be calculated. For this reason, rainfall évéimat occurred within 24 hours of each
other were considered the same event for the daletemtion calculations. Dry-down
periods (referred to as water loss periods) wezatitied as periods without rainfall,
again using 24-hour delineators.

Water loss was calculated as a decrease in V\WM@eket24 hour averages. Any
days with water loss that were within 15 days bbavest date were averaged together
within treatment to estimate the rate of water foss the substrate at that time during
the study. Water loss was treated as a proxy fap@vanspiration which was not directly
measured in this study.

All statistical analysis was done using SAS stigas$ software v. 9.3 (SAS
Institute, Cary, NC). Comparisons between speamelscharacteristics within and
between destructive harvests were done using CONSIIR#tatements within the PROC
GLM routine. Daily average temperature, daily maximtemperature and daily
minimum temperature were tested for significantedénces between each planted
treatment and the unplanted control. All pairwisenparisons were determined to be an
ineffective method of comparison, since it was mgtintent to determine if all
treatments were different from all others. Statatpower would have been lost in a test

such as Tukey’'s HSD where comparisons that werefnaterest would have been
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made. Correction of the p-value for multiple comgams would have been applied
automatically through the statistical test and oedithe ability to detect real differences
between the control and planted treatments. P-gdbrecontrasts were adjusted to
account for multiple comparisons using the Bonferroethod . The Bonferroni method
divides the alpha value for detection of a sigaificdifference by the actual number of
comparisons made. In this case, for each compaakone treatment against the mean
of all others, five comparisons were actually mtudes the alpha value of .05 becomes
.01. Using an uncorrected p-value would have reduft an increased chance of type 1
error since multiple comparisons were actually nfadeach contrast of one treatment
mean against all others.

Comparisons between species within retention eerddry-down periods used
the Tukey’s HSD tests across all pairwise compadgs&ach event was analyzed

separately as they were not replicates.
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Chapter 3. Environmental Data

3.1 Temperature
3.1.1 Ambient Air and Substrate Temperatures
Monthly average air temperatures for the studyqakedid not differ significantly
from the 1981-2010 average reported by NOAA forWeshington, DC area (Table
3.1). While temperatures in green roof substrate® mot been recorded for the same
region over any length of time, the fact that amperatures during this period were
similar to the 1981-2010 average may indicate tt@tiverage green roof substrate

temperatures that were measured are a realisicatod of what could be expected.

3.1.2 Seasonal Variability of Substrate Temperature

Substrate temperature (Table 3.1; Fig 3.1) varetsiderably throughout the
growing season. The difference between the minimaothmaximum daily temperatures
was greatest during periods of warm weather. &hgeratures experienced in the
substrate during the study period varied from araye maximum of 46 C and a
minimum of -3 Celsius (Fig 3.1). From these sudisttemperatures, it is not clear what
the ideal growing conditions for each species sirge simply monitoring substrate
temperature does not provide any information ondbal growing temperature

conditions for each species, and no detailed obens were made during this study.
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Table 3.1. Average ambient air temperature bytmbetween 1981 and 2010 as
measured by NOAA for the Washington DC. Shown \aitkrage monthly air
temperature recorded at the study site and averagsrate temperature within unplanted

experimental units for comparison.

Average Air Average Air Average Sub.
Month Temp. Temp. Temp
1981-2010 (6/12-5/13) (6/12-5/13)
June 24.0 24.7 29.0+0.9
July 26.6 27.3 30.7+1.0
August 25.6 25.1 28.3+0.7
September 21.7 20.7 23.6x0.9
October 15.3 14.5 16.2+1.2
November 9.78 6.49 7.8+0.7
December 4.28 6.24 6.3+1.0
January 2.22 3.50 40+1.0
February 3.89 2.36 3.4+0.7
March 8.22 5.46 6.6 +0.8
April 13.8 13.9 16.6 +1.3
May 18.9 15.1 194+1.0
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Figure 3.1 Substrate daily maximum temperature (red line)ydainimum temperature (blue line) and daily avertayeperatur:

(black line) averaged across all treatments antgul@gainst time. Total daily rainfall in mm pledton the secondar-axis for
reference.
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3.1.3 Diurnal and Seasonal Substrate Temperatures

Daily average temperature (Table 3.2) was defirsettha average of all
temperatures measured within a 24-hour period. &ipt modules were on average
warmer than planted modules throughout the summter-harvest intervaBedum
kamtschaticumvas on average cooler than all other plantedrreats. No other
significant differences were noted between dailgrage temperatures over the study
period.

Daily maximum temperature (Table 3.2) was definetha highest temperature
reached during a 24-hour period. The Echo-TM senglaiced undehsclepias
verticillata recorded significantly higher (1.51 C) daily maxim temperatures than the
overall mean of other treatments during all intarvest periods. The unplanted control
group experienced significantly greater daily maximtemperatures during summer,
early fall and late spring when compared to plamtedtments, excluding. verticillata
Sedum kamtschaticunad lower maximum temperatures than all othetrireats during
one inter-harvest period, early fall.

Daily minimum temperature (Table 3.2) was definedree lowest temperature
reached during a 24-hour period. Unplanted modedggrienced significantly lower
minimum temperatures during late fall, and sprimgntplanted modules. After 1 Nov.,
Tradescantiahad higher minimum substrate temperatures tHaotredr treatments for
the remainder of the study period. Of all plarttedtment#\sclepiashad the lowest
average minimum temperatures from late fall throomt-winter; during the first
summer it also had the lowest minimum temperatafedl treatments. The unplanted

modules experienced the lowest average minimumeestyres during all harvest
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intervals except from Nov 38Jan 14, where differences to other treatments were not

significant.

Table 3.2Daily average, maximum and minimum temperatureayed within harvest

interval and by treatment. Treatments which areiaantly different from the unplanted

control are indicated by *.

Treatment Daily Av. Daily Max. | Daily Min.
Inter-Harvest Period 6/15-8/8
Unplanted 30.2£0.12 41.4+0.21 22.1+0.11
Sedum album 29.740.12* | 40.3+0.25* | 22.2+0.11
Asclepias verticillata 29.9+0.12 41.740.22 21.9+0.11
Sedum kamtschaticum 29.3£0.12* | 38.8£0.21* | 22.3+0.11
Tradescantia ohiensis 29.740.12* | 39.6+0.20* | 22.6+0.11*
Inter-Harvest Period 8/9-10/31
Unplanted 21.9+0.19 31.2+0.25 15.8+0.19
Sedum album 21.8+0.19 30.0+0.24* 16.1+0.18
Asclepias verticillata 22.2+0.19 32.2+0.27* | 15.940.19
Sedum kamtschaticum 21.5+0.18 28.6+0.23* | 16.6+0.18*
Tradescantia ohiensis 22.2+0.18 30.310.24 16.8+0.18*
Inter-Harvest Period 11/1-1/14
Unplanted 6.61+£0.11 11.7+0.17 3.46+0.08
Sedum album 6.74+0.11 11.6+0.16 3.66+0.09
Asclepias verticillata 6.8710.11 12.4+0.18* | 3.54+0.09
Sedum kamtschaticum 6.80+0.11 11.2+0.16 3.95+0.09*
Tradescantia ohiensis 7.01+£0.11 11.7+0.17 4.05+0.09*
Inter-Harvest Period 1/15-4/7
Unplanted 5.23+0.12 10.8+0.25 1.80+0.06
Sedum album 5.010.12 10.0+0.23 1.81+0.07
Asclepias verticillata 5.3210.13 11.1+0.25 1.76+0.07
Sedum kamtschaticum 5.17+0.13 10.2+0.24 1.89+0.07
Tradescantia ohiensis 5.2910.12 10.0+0.22 2.18+0.06*
Inter-Harvest Period 4/8-5/14
Unplanted 18.7+0.16 29.84+0.28 10.6+0.2
Sedum album 18.2+0.15 27.740.27* | 11.3+£0.19*
Asclepias verticillata 18.8+0.16 29.9+0.3 10.9+0.2
Sedum kamtschaticum 18.1+0.15 27.0+¢0.27* | 11.4+0.19*
Tradescantia ohiensis 18.31£0.15 27.1£0.26* | 11.7+0.18*
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3.1.4 Discussion

Plant tissues for the majority of plant speciesihég be damaged between 50
and 55 C (Colombo and Timmer 1992, Daubenmire 1948jhality for a particularly
drought tolerant specieBjnus ponderosébegan at 63 C for periods less than 1 minute
according to Kolb and Robberecht (1996). They distermined that movement of water
through the stem could reduce the temperatureegpldmts tissues by as much as 30 C.
The maximum temperature reached during the studyBAaC for a single 15 minute
measurement interval within the substrate of opéa&te ofAsclepias verticillataThis
is below the lethality threshold cited from KolbdaRobberecht; however these
thresholds likely vary between species. One opthats treatments in the study
Chielanthes lanosa was removed from the study during the first summiar-harvest
period, due to death of all individuals. It apelgtely that high temperatures and
perhaps the lack of significant amounts of rainfgiy. 3.1) could be attributed as the
primary cause.

However it is not possible to assign a lethaliyeshold for temperatures since
the exact time of death for individual plants ie 8tudy was not specifically noted.
Chielanthes lanosases tissue desiccation as a drought avoidaretegyrand was
functionally dormant throughout much of the summigérvas only possible to identify
mortality when growing conditions became favoradte no individuals rehydrated.
Death could have occurred at any time during tine fperiod between harvests. Mortality
was only between 0 and5% for the other specidsarstudy. It therefore appears
unlikely that lethal temperatures for these spewiee reached. Three treatments,

including the unplanted treatment never reache@ %6thin the substrate during the
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study period. This was despite temperatures duwimmer, 2012 being close to the
historic average. Substrate temperatures in AstlepiasandSedum albundid exceed
50 C on a number of occasions during the first senperiod; the amount of immediate
damage that may have occurred to roots is undeare destructive harvests were not
conducted close to when these high temperaturesrecc

All the species grown in this study are apparecdiyable of surviving to USDA
hardiness zone 4 (Snodgrass 2006, Cullina 20003.vEhue translates to plant species
tolerating minimum air temperatures as low as -&4(430 F). At no point did
temperatures reach those extremes during this stwdyvas any mortality detected that
could be attributed to low winter temperaturesdoy species.

The increased substrate temperatures notédatescantia ohiensiduring late
fall, winter and spring of the following year waderesting. Although the magnitude of
this effect was small (0.4 C from the average beotreatments) during fall and winter,
and 0.6 C during the spring, it may it may hinhatv root systems can hold greater soil
moisture, to modify temperature extremd@sadescantisexhibited greater below-ground
dry mass than all other species excepSedum kamtschaticufgee Chapter 4). Greater
differences may exist for other as yet untrialeglcggs which could perhaps provide plant
community benefits, where marginally hardy ornaralnare desired on a greenroof. It
could be speculated that a species that buffeetethperature extremes within the
substrate could aid the survival of marginal spepilanted in close proximity.

Modules planted witliAsclepias verticillatédhad the highest maximum daily
temperatures across the entire study period. Duhiadirst three harvest periods

Asclepiasalsohad the lowest minimum temperatures, when comparéte within
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period average. This species therefore experieacader temperature range than the
other treatments in this study under the same enriental conditions. It is unlikely
that some leaf canopy property contributed to thesgerature extremes, as the effect
occurred both when foliage was present and aftendocy. This species also
experienced greater temperature extremes thamgianied modules throughout the
study. This leads one to believe that there magdoee other morphological
characteristic of this species (possibly tied wtsdthat is contributing to greater heat
conductance within the substrate.

It is likely that there is an interaction betweeibStrate temperatures and biomass
accumulation, if the effects on root respiratioa eonsidered. However the nature of the
data collected in this study masks the directrigsdif this relationship, and we did not
measure root respiration data directly at any tidespecies started with individuals of
the same size and the study period was too shtestdong-term effects of temperature
on root biomass accumulation. There was no repetdf seasons with plants that were
larger and more mature, as would be the case #ttity were extended for a second
year. Temperature was also measured from one ¢omchéneath the crown of one plant
within each experimental unit. While the dynami€®iomass of each species were
established through whole plant destructive hasyelsé distribution and density of that
biomass around the sensor is unknown. Withoutar gieture of how much of that
biomass directly influenced the sensors readirigeatneasurement point it is unlikely

that an accurate relationship could be found witmoore detailed studies.
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3.2 Green Roof Water Relations
3.2.1 Rainfall Compared to Historic Average
Average cumulative monthly rainfall volumes repdrfrom NOAA from 1981

to 2010 are shown in Table 3.3, with cumulative thbnrainfalls as measured by the
weather station at the study site and a nearbyhseatation at the Beltsville agricultural
research station (Greenbelt, MD). Rainfall volumssorded at the study site were more
variable than that measured at Beltsville. Thearder this is unclear, however Jan and
Dec may be lower due to a failure by the study theastation to properly record the

volume of precipitation that fell as snow.

Table 3.3 Average cumulative monthly rainfall as reportedM®AA from 1981-2010
for the Washington DC area, with cumulative monthdynfall as measured at two

locations near the study site all in millimetergaihfall.

NOAA, USDA- University

Month Washington | Beltsville, | of Maryland
DC MD Study Site

June 60.5 88.2 58.4
July 71.4 96.8 124
Aug. 70.6 68.0 87.0
Sept. 109 81.6 25.6
Oct. 148 215 189
Nov. 15.2 20.8 35
Dec. 77.0 77.2 394
Jan. 2013 64.3 64.8 24.4
Feb. 42.4 35.6 69.2
March 71.1 72.2 41.4
April 70.1 39.8 60.4
May 71.6 52.2 36.2
Total 871 912 790
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3.2.2 Substrate Volumetric Water Content:

The substrate VWC readings from each treatmean{@pecies) were averaged
and compared around date of each destructive ptawuest (Table 3.4). When VWC
averages were regressed against biomass valuesabyént and harvest date, no
significant relationships were found. The substM¥VC of Tradescantiaohiensiswas
significantly greater than all other treatmentsiniySpring 2013 (Table 3.4) During the
summer of 2012 radescantiehad greater substrate VWC than all other planted
treatments but not the unplanted control. In tiieafad early winter for 2012
Tradescantia was significantly different from tweatments\sclepiasandS

kamtschaticum

Table 3.4: Average volumetric water content by sgggeand harvest date. Tukey’s

HSD levels shown within harvest date, comparingtireent levels.

Harvest Date | 6/12/12 | 10/1/12 | 11/30/12 | 3/1/13 | 5/15/13
Sedum album 0.19° 0.24"° 0.25"° 0.26° 0.19%°
Asclepias v. 0.12°¢ 0.19° 0.23° 0.24° 0.17°
Unplanted 0.21"° 0.24"° 0.23"° 0.23° 0.18°
Sedum kam. 0.16"° 0.20° 0.24° 0.27° 0.20"°
Tradescantia 0.25" 0.27" 0.29" 0.36" 0.27"

3.2.3 Rainfall Retention:
During the course of the study period 42 distiadtfall events occurred ranging from
1.4 mm to 165mm. The amount of rainfall retainethimi the substrate after rainfall
events was calculated by subtracting the dailyayerolumetric water content 24 hours

after rainfall had stopped from the daily averagkimetric water content 24 hours
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before rainfall began (Table 3.5). This yields apraximate measure of the amount of

rainfall that was retained within the substrateach treatment after drainage had ceased.

Tradescantia ohiensisas the only plant species that showed signiflgant
different substrate water retention over the ydacaptured more rainfall on average for
medium sized storm events and for a single largersevent (Fig 3.2). Differences were
found using Tukey’s HSD in SAS. For medium-sizemtrsis Tradescantiacaptured 3.5
mm more than the average of all other treatmem9% difference (Fig 3.2b). For the
very large 165mm storm evehtadescantiaetained 6.8 mm more rainfall than the
average of all other treatments, a 45% differekog 8.2c). The average size of the 19
storms classed as medium (Fig 3.2b) was 21.9 mmaverageJradescantiacaptured

49% of rainfall during medium sized storms while tither treatments captured 33%.
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Fig 3.2: Rainfall retention volaes in mm averaged for (a) all small storms, (b
medium sized storms and (c) for a single largast@vent during the study period. O1
Tradescantiaohiensiswas significantly different in both charts, TukeyiSD levels
displayed above each treatrhenerage

Substrate Storm Water Retention
Small Size Storms (1-12.5 mm)

-~
i

>
<)

w
&

MW
(62 BN )

g
o

=
3

=
o

It
th

Average Storm Water Retention (mm)

g
=}

Sedum album  Asclepias verticillata Unplanted Sedum Tradescantia
kamtschaticum ohiensis

Substrate Storm Water Retention
Medium Size Storms (12.5 mm-32.8 mm)

_ 120 A
g
é‘ 1
= 0.0
=]
.E
B B
3 80 B B
5]
[~
I
g 6.0 .
=
E 40
[=]
o
7]
& 20
1]
=
S
< 0.0 T T T T )
Sedum album Asclepias Unplanted Sedum Tradescantia
verticillata kamtschaticum ohiensis

36



Substrate Storm Water Retention
Large Storm Event (165 mm)

_ 250

£ A

E

E 20.0

8 ° B B

& 15.0 B

I

3

(4] |

= 10.0 S

g [E— [ E—

o [E— I [E—

= | — [ — [

% 5.0 — — —

) [E— [E— I

¥ — E— L

= I I

9 I I

> | | —__ |

< 0.0 . r T :

Sedum album Asclepias Unplanted Sedum Tradescantia

verticillata kamtschaticum ohiensis

Table 3.5: Rainfall retention amounts for similenesl storms near harvest dates. Reter
reported in mm and significant differences showedakey's HSD levels

Date 6/30/12 9/19/12 12/22/12 | 3/7/13 5/9/13
Rainfall 23.2 mm 25.0 mm 22.0 mm 23.8 mm 24.6 mm
Sedum album 4.6 11.0° 3.4 10.8" 13.0°
Asclepias v. 10.5" 9.6° 2.6" 10.3" 12.5°
Unplanted 8.3"° 12.3% 3.2 10.6" 8.8"
Sedum kam. 7.2% 11.6° 3.2 10.8" 16.7°°
Tradescantia 9.9 20.7° 3.9 12.5" 20.1°

The data shown in table 3.5 shows the amount oémtained in mm fc
storms of about the same size that occurred closkestructive harvests. This data \
derived in an attempt to investigate the effeanofeasing biomass on rainfall retenti

The effect of environmental conditions appears tekrthe effect of increasing biome
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over the course of the study period retention \v&ahre not similar for storms of the same
rainfall volume.
3.2.4 Comparison to Previous work:

A comparison of storm water retention results fidtarry (2013) are shown with
permission of the author (Fig. 3.3). Two of thensaspecies as in this study were
investigated by Starry, name$; albumandS. kamtschaticunThese were grown in
experimental green roof platforms with the sameri&lia and depth as was used in this
research study. Comparison of first year data f&earry was done against the data for
this project. Starry measured storm water runaffrfiher platforms in Liters. This value
was converted to mm of retention by multiplying tledume of storm water runoff by the
area of the platforms, and subtracting the aveohgjeis value for all 2011 storm events
from the average storm size for 2011. This appnaxed the average storm water
retention in millimeters. Figure 3.3 comparesdhaé from this study with Starry’s first
year (2011) data fd8. kamtschaticup®. aloumand the unplanted controls. Average
rainfall size for medium for each year is also shovAverage rainfall sizes for medium
and small storms were very similar between thedtudies. Rainfall retention amounts
for small storms were greater than for all treatteém Starry’s 2011 data than that
recorded in this study in 2012. Retention amounttsrfedium sized storms were similar

between both studies.
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Figure 3.3Rainfall retention amounts in millimeters for smesttbrms (A) anc
medium storms (B) fothis research study in 2012 (in blue), compare Starry’s first
year data (2011) in (ired).
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3.2.5 Substrate water loss:

The rate at which the substrate dries can be ledzlivalue from daily averages
of VWC. Periods of time where no rainfall occurredre first identified from the
weather data. Subtracting the daily average V@ fthe day preceding it, yields the
amount of water lost over that time interval. Thesakies were then selected from
periods 15 days before and after harvest dateanalysis of these values using Tukey’s
HSD show few significant differences between treatts, within harvest dates (Table
5.3). A great deal of variability exists acrossvast intervals. This may be due to
changing environmental conditions between sead@mperature and substrate VWC
being foremost as higher temperatures and watdectsshould yield greater water loss

rates than low temperatures and low water contents.

Table 3.6: Average water loss rates from the tsateswithin 15 days of each harvest
date. Tukey’'s HSD levels displayed for comparisogisveen treatments,
within harvest dates.

Harvest Date 6/12/12 10/1/12 11/30/12 3/1/13 5/15/1

Sedum album | -0.008® -0.020"® -0.009' -0.034 -0.017®

Asclepias v. -0.018' -0.016" -0.009' -0.031° -0.01%
Unplanted -0.008’ -0.020® -0.013 -0.031° -0.012
Sedum kam. -0.010® -0.017 -0.007 -0.033 -0.016

Tradescantia -0.020" -0.029" -0.012 -0.036' -0.034'
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3.2.6 Water relations vs. Biomass values
The series of charts that follow regress biomafsegaagainst volumetric water content,
water loss and storm water retention. No signifid&squared values are associated with
any of the regression lines shown. Regressions prefermed within species and also
for all species combined. The combined regressiamt plotted on these charts. Within
species regressions on each chart are plottedria salor as the data series associated
with that treatment. As stated previously no regjess were found statistically

significant, graphs with R-squared values and aststp-values are listed in App. B.

3.2.7 Discussion
One fact that became obvious during the analydiseoVWC data set recorded
throughout this project is that the seasonal vditalof these environmental variables
has a great effect on the water content of a greefirsubstrate. Water contents rose for
all treatments as the seasons progressed fromt@Nvinter, and fell again as spring
transitioned towards summer.

Comparison of rainfall retention rates for mediuged storms showed that one
treatment,Tradescantia ohiensi®tained significantly more water than all other
treatments. On averadeadescantiacaptured 49% of rainfall during medium sized
storms while the other treatments captured 33%s fidpresents a substantial increase in
storm water retention based on the use of oneeapewier the others. Unplanted controls
did not retain significantly different volumetricater contents from the other species
used in the study. This adds more evidence to pusviesearch that showed no
differences in performance of planted vs. unplagtiegn roof systems in the first year

after planting (Lundholm et al. 2010, Monterrus@le2004).
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Daily average volumetric water contents were cetignd used for all analysis
of substrate water content data, due an interabitnween substrate temperature and the
water content read by the sensors. Increasingratdsemperatures would correlate with
an increase in the VWC reported by the sensorntlade it appear than VWC was
increasing during the day as the temperature nod@acreasing again as night
approached and temperatures decreased. This ppsedlam for the analysis of
differences in retention between treatments forllssbarm events (less than 12.6mm).
Retention differences were likely short lived foese small storms, possibly across time
intervals under 24 hours. Attempting to detectettdhces through the use of daily
averages was not possible in this data set, dtleetmherent lack of precision in using
daily averages.

It is interesting to note that during one extreaiafall event (165mm)
Tradescantialid appear to retain more substrate water thaptladlr treatments. This is
counter to results in other studies that showegklaainfalls did not have any difference
in performance between treatments (Starry 2013% rfEsult may be due to the fact that
this study measured substrate VWC and calculatedtien, whereas Starry (2013)
measured water loss directly from her experimemtaén roof platforms with precision
(large tip) rain gauges. Therefore, differencesimoff between treatments may be
nonexistent or below the threshold of detectionrdularge storms. However retention
amounts calculated from runoff data in Starry 28lk@wed that retention amounts were
similar betweerSedum kamtschaticyi@edum alburand unplanted modules during the

first year of both studies, indicating that these green roof studies preformed at the
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same location did have some consistency in stortarwatention, despite being
measured during different years.

The maximum amount of water that can be helthénsubstrate is a small
percentage of the total storm volume. The averatgntion for the only significantly
different treatmenfTradescantiawas 21.8mm. The storm volume during this everg wa
165 mm, making the percent retention 13%. The @eeratention for the other
treatments was 15 mm or 9% of the 165mm of rainfafice this study was not able to
measure runoff, it is not known if this retentiaffetence would have been visible in the
amount of runoff from the green roof modules. ltimisual also in that the second largest
storm during the study period (66mm) did not showy differences between species.
These two events occurred at different times of:yth@ 165 mm storm was on
10/27/2012 and the 66 mm storm was on 7/17/2012 piossible that either
environmental conditions were such that differermetsveen treatments were masked for
the 66 mm event or that plant species were noeélargpugh to show a treatment effect at
this point. These were the only two storms durlmgdtudy period classified as large, the
next largest storm was 32.8 mm and this represehe&edpper threshold for those
considered medium sized. Thus it is difficult tawdrany general conclusions about the
performance differences between treatments foeleagfalls based on the data available
from this study.

Lundhom et al. (2010) concluded that planting a oooifture on a green roof
could lead to lower evapotranspiration rates whempared to unplanted green roof
substrates, yielding lower water capture afterfedinThis general conclusion is not

supported by this study. Modules planted Withdescantia ohinesiwere both wetter
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throughout several of the harvest periods thanamptl modules, and they also captured
more storm water and had greater rates of evasuiration at varying times throughout
the study.

Rates of water loss were greatest overall dunumopg and fall, when
temperatures were moderate and available watehighsUnplanted controls did not
lose significantly more or less water than othanpd treatments, excluding
Tradescantiaduring late spring/ early summer. The substratebthTradescantia
ohiensiswas wetter than all other treatments throughouttrey spring; it also retained
more water near the crown during many rainfall ésenhis may be due, in part, to
morphological traits of this specié&iadescantids a monocotyledonous, its leaves are
narrow and v-shaped around the mid-vein. The leaxiee from a bulb and spread
radially out from the center. The v-shape of thed Bds in capturing water and causing it
to flow downwards directly to the bulb. This maywbaontributed to the increased
volumetric water content readings taken beneatisénsor, as more water was directed
there than for the other species in the studw. ot clear how localized this effect was,
since sensors were only placed beneath the crod/na@trthroughout the whole root zone
of the specimens monitored. At first glance thgupears to be no value to redistributing
water from throughout a larger area to beneatlctbvn of a plant. It is possible though
that this water capture trait ®fadescantianay actually serve to allow it to better
survive drought by increasing available water amuldgasing its growth rate and ability to
maintain its biomass.

In addition observations made during root excavetior destructive harvest

measurements showed tAadescantiaappears to produce a large amount of root

44



exudates relative to the other species evaluat@d.Was most apparent when roots were
washed of fine solil particles. These root exudeatedd contribute to the greater
volumetric water content experienced where thigiggevas planted. as well as aiding in
the retention of storm water. However, this is mecenjecture based on an empirical
observation. and would need experimental evideocedlidation.

A question that could not be answered by thisystsidvhether or not the
increased performance for green roof water retarftioctions beneathradescantia
scales. Would a larger experimental unit plantetth Wradescantiaohiensisstill have
detectable performance differences when comparetht treatments? If rainfall is just
being redistributed and focused beneath the crdwimegplant, then it is quite possible
that a larger experimental unit would end up witlya redistribution of the same
volume of retained rainfall within the substrategdanot an actual increase in performance
of the whole experimental unit. While in thestifew years this may not result in any
real benefit to the experimental units functiooatld result in better performance as the
system ages. Pockets of greater plant availablerwatld serve to increase the ability of
Tradescantiaand other species adjacent to it to survive andtaia biomass through
drought periods. This would then result in increBls®mass accumulation over time.
More biomass could translate into greater watemte&in rates and greater
evapotranspiration rates.

If future work is done to build on this study sealgeroblems should be
addressed. The error caused by the interactiondeetWWC read by the sensors used in
this study and temperature of the substrate necs addressed if small-scale time

periods are to be analyzed for treatment differen@elonger study period would also
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have allowed for the testing of longer term effeatdifferent species, as well as organic
matter accumulation within the substrate and theuration of the specimens. This study
was only conducted over a single growing seasodisasissed in the previous section on
temperature. It is likely that the effect of sigscon storm water retention and green roof
volumetric water content will increase over timeeén roofs that have been in place for
longer than 2 years with greater levels of livimgl@lead organic matter in their
substrates have greater water retention capa@ietter et al. 2007). Different plant
species likely accumulate organic matter at difierates and this may result in increased
differences in performance of green roof functiomer time.

The nature of the data collected by the sensois insthe project masks some of
the potential effects of species on green rooftionc Sensors read volumetric water
content, changes in this value over time were egsiantifiable. While the amount of
water retained in the substrate can be calculasillydrom the available data, it is
unknown where the water that was not retained enge&or example, canopy
interception likely influenced the amount of watesit entered the substrate yet it is not
possible to what portion of rainfall was capturedhis layer. Other studies have used
runoff, perhaps better defined as gravimetric whitges, as the measure for determining
green roof performance (Starry 2013, Dunnett @088, Monterruso et al. 2004). The
advantage to this is it measures total plant effemt just what is retained within the
substrate.

In general the results of this project partiallpgarted my initial hypothesis.
Differences were detected between treatments, thoaly in one speciebradescantia

ohiensis No other treatments showed consistent signifiddférences between the other
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species or the unplanted control. All were foumgérform the same as the unplanted
control for storm water retention. There was nedetble trend in storm water retention ,
water loss or VWC over the course of the studyquetihat could be related to the passing
of time and as the plants grew, increasing biomasisleaf area. This is mainly due to the
variability of environmental conditions preventitige detection of the species effect over
the short study period of only one year. Futureknsmreking the effect of increased
biomass should be designed to take multiple groweagsons to improve the chances of

detection.
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Chapter 4. Plant Harvest Data
4.1 Destructive Harvest and Survival Results

Harvests were conducted starting at the initiatibthe outdoor study on 6/12/12,
3 months after planting. Four additional harvestsenconducted at 108 days, 168 days,
259 days and 334 days after the initiation of tielys Throughout the results portion of
this chapter, these harvests will also be refelweas harvest 1, 2, 3, 4 or 5 respectively.

4.1.1 Survival

Simple observation of plant survival is a usef@asure. It is fairly straight
forward; once a plant has died it is deducted ftbenoverall percent survival for that
species within the number of replicates in the wtudthis study death was not measured
solely due the lack of viable aboveground tissue réquired that roots and belowground
plant parts also be dead.

All Chielanthes lanosdied between the first and second harvest. Itiveas
therefore possible to compdate lanosato any of the biomass values of other species.
Asclepias veticillatdhad the second greatest mortality, at 10% ofdted individuals
planted.Tradescantia ohiensisst 5 individuals (5.5%) anSedum kamtschaticulmst 4
individuals (4.4%) over the 334 days of the stuslgdum albursuffered no whole plant
mortality during the course of the study.

4.1.2 Total Dry Biomass

Total dry biomass showed few overall differencesMeen species. All species
were identical during the second harvest in Sedum kamschaticunad more biomass
than all other species by the third harvest on@1/&. The fourth harvest on 3/1/13

again showed no statistically significant differeatetween species. The final harvest on
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May 15", 2013 withS. kamtschaticurandT. ohiensishad the greatest overall dry
biomasses and were not significantly different freach otherSedum alburhad the
next most dry biomass followed Bsclepiaspoth were significantly less than the other
species. All species grew during the course ofthdy period excef. verticlliata
which showed a decrease after the first harvestfzan failed to grow over the
remaining time.
4.1.3 Aboveground Dry Biomass

Differences were found between aboveground bionsadssespecies within
harvest timesT. ohiensishad the lowest dry shoot mass at the beginninge$tudy
(Harvest 1; Fig 3.2). The other three species \abr&tatistically identical. Both Sedum
species hadgreater shoot dry mass tharerticillataandT. ohiensidy harvest 2,which
were statistically identical. Asclepias verticillatadecreased in aboveground mass from
harvest one to harvest two and between harvesanadarvest three, when it went
dormant. It remained dormant into the fourth hatrtiesn re-sprouted for an increase in
aboveground mass by the final harvest (at 5/158.3amtschaticurdid not grow
during the summer between harvest one and twad igrdw between harvest two and
three, then went dormant for harvest four and iaed aboveground biomass for the
fifth harvest in early summe&edum alburdid not grow significantly until between the
fourth and fifth harvestdradescantisadded a significant amount of aboveground
biomass between the second and third harvestsarfdurth and fifth.

4.1.4 Belowground Dry Biomass
Differences were found between belowground bionsaksespecies within

harvest times (Fig. 3.3). The term belowgroundrass instead of root biomass since
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any plant parts that occurred within the green sutfstrate were included in this
sampled value. For instan€eadescantichas modified leaves and a basal stem within the
bulb which was considered part of the belowgrouiediass. Asclepiashad the greatest
below-ground biomass at harvest3.. kamtschaticurandT. ohiensigoth had
significantly less below-ground biomass thanverticillata, but significantly more than
S. album.By the second harvest at 10/18.Zalbumwas had significantly lower biomass
than the other species, which showed no differeanesng each other. By harvest 3 on
11/30/12,S. kamtschaticurhad the greatest below-ground biomass Witkerticillata
andT. ohiensiswith similar biomass, ang. albunstill less than all other speciesS.
kamtschaticunandT. ohiensishad similar biomass by harvestSt;albumandA.
verticillata had significantly less biomass, but were equiviaier®ach other. Differences
between species were the same through to thehfiithest, 76 days later. ..

Asclepiagdid not change root mass significantly betweewdsts.Sedum
kamtschaticundid not change significantly between the first taayvests, increased
significantly between harvest 2 and 3, but . remdiat the same level after th&edum
albumadded a significant amount of root mass betweevekts 2, 3 and 4, but showed
no change from harvests 4 andT&adescantia ohiens@id not add below ground
biomass between the first and second harvest dughdiw growth between harvests 2, 3,

4 and 5.
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Figure 4.1 Totalbiomass (A), dry aboveground biomass (B) and digviground
biomass (C) in grams for all species within handedes. Error bars illustra
standard error about the me
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4.1.5 Root to Shoot Ratio

Root to shoot ratio (RSR) is a metric used tolesta how growth is partitioned
to root and shoots, which can be species-depenitlént potentially important value in
predicting belowground biomass where destructivedsds are not desirable (Mokany et
al. 2006, Monk, 1966). RSR was calculated as bglound dry biomass divided by
aboveground dry biomass. The RSRAstlepias verticillatancreased between 6/12/12
and 10/1/12 due to a decrease in aboveground bgowlae belowground biomass
remained the same (Fig. 4.2)radescantia ohiensimaintained a consistent ratio
throughout all five harvestSedum kamtschaticuRSR increased during the fall, but
decreased slightly by the final harvest. Duringehdy spring harvest on 3/1/13 orlly
ohiensisandS. albumhad any aboveground biomass from which to derissdia from,
and were significantly different from each oth@verall, the RSR ofradescantiavas
greater than botBedunspeciesS. kamtschaticuiwas greater tha8. albumandA.

verticillata varied considerably throughout the course of thdys
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Figure 4.z Root : Shoot tatio for all species, by harvest sldigror bars illustrat
standard error about the me
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4.1.6 Leaf Area

The leaf area ocdedum albu was calculated usingragression relating leaf ar
to dry weight (Starry, 2013). As the leaf shapS. albums an ellipse calculation «
area does not reflect a single sided leaf areaaaswectly measured for the ott
species. Given this faand the relatively flat nature of the other spet@a$ area wa
doubled to better reflect total leaf area. HoweS. album’deaf area remained so gr¢
that it could not be plotted with the other spe (Fig. 4.3A).

Tradescantia ohiens increasedts leaf area between 10/1/12 and 11/30/12
degree whichwas greater than would be expey, considering its relatively sme

increase in aboveground biomass at the same¢ (Fig. 4.3B).
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Figure 4.2 Average leaf area (c®) for (a) S.album and (b) for all other species witl
harvest dates. Error bars illustrate standard etvout the mea
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4.1.7 Whole Plant Relative Growth Rate
Whole plant relative growth rate (RGR) was caltadausing the formula:

_ InWw?2—Inwi
o 2-t1

In other words the species mean total dry biomass harvest onéN1) subtracted from
the species mean total dry biomass from harvestW2), divided by the duration

(time) of interest. The study was divided into twtervals: 6/12/12- 11/30/12 (171 days)
and 11/30/12- 5/15/13 (176 days). Relative gromaths were not calculated between
each harvest due to the fact that not all spetiewed statistically significant growth

between individual harvest periods.

Table 4.1 Relative growth rates (RGR) over the study mkhbetween 6/12/12- 11/30/12

and 11/30/12- 5/15/13

Time Interval Asclepias Sedum kamt. | Sedum album | Tradescantia
6/12/12-11/30/12 -0.0027 0.0074 0.0055 0.0056
11/30/12-5/15/13 0.0007 0.0015 0.0037 0.0046

4.1.8 Discussion
Basic plant growth analyses do provide some inidicaf the relative health of
the species in a green roof environmésclepias verticillatdost biomass during the
summer between the first two harvests, but remadinedame throughout the rest of the
study. This may indicate that it is poorly adapiegdrow in a green roof environment,

though it is able to persist. kamtschaticun®. albumandT. ohiensisall grew
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significantly throughout the study. This alluded anly to an ability to survive
seasonally, but also an ability to grow and perafinitely.

Sedum kamtschaticuamdT. ohiensishad the greatest biomass at the end of the
study periodT. ohiensigartitioned a large portion of its growth into @eground tissue.
If aboveground biomass had been the only value unedthen it would have appeared
thatS. kamtschaticurandS. albumwere most successful species during the studpgberi
This demonstrates the importance of measuring dlotlve- and below-ground plant
parts when using biomass as a metric for plantesscc

Nondestructive measures of above-ground bioma&ssanmon practice in many
green roof studies (Maclvor et al., 2011, Maclved &undholm 2010, Monterusso et al.,
2005) and partial destructive harvests of abovempidiomass are used on occasion
(Wolf and Lundholm 2008). However the resultsto tstudy clearly indicate that this
only yields a partial picture of plant growth dynas Below-ground biomass should be
sampled in some way as morphological differencgmmitioning of growth can yield
misleading results as to both the growth ratessgdexies and relative success under
green roof conditions. In addition, should the hessteported in Dunnett et al. (2008)
hold true and increasing dry root mass relatesdrensing rainfall retention on green
roofs, then not being able to assess the amourlofv-ground biomass accumulated by
different plant species is a serious deficiencymwatempting to relate above-ground
biomass levels alone to performance differencesarm water mitigation functions.
Sedum alburhad significantly less biomass than these two sgdwit had 100%

survival, whereas the other two lost 4.4% and S.&8pectively.
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Derived values such as root to shoot ratio arenpialéy very useful. Root to
shoot ratios vary in many plant species based tbogan availability (Agren and
Franklin 2003). This means that root to shoot saéiee at least a partial measure of plant
health relative to nitrogen uptake and availahilipwever this requires an accurate
picture of how root to shoot ratios change in resgao nitrogen on a species to species
basis. Root to shoot ratios are also a useful mefgmsedicting below ground biomass
where harvest of roots is impractical (Mokany e28l06, Monk, 1966). Root to shoot
ratios could perhaps be used to predict levelsarhlss present on large established
green roofs if these values were well establisloe@ fparticular specieSedum
kamtschaticunandT. ohiensisvere found to have no significant variability irotdo
shoot ratios throughout the study period. This mdjcate that accurate prediction is
possible for these species using an average Huiweever this study only took place over
a single growing season more mature plants mafeldtto these valueSedum album
did vary significantly during the course of thedtwith a greater root : shoot ratio
during harvest 4. This may be indicative of seakwa@ability, but a single growing
seasons values are insufficient to draw concratelasions.

The relative growth rate (RGR) for each speciesnseasure of the plants
biomass accumulation rate per d@gdum kamtschaticunad the greatest RGR during
the first half of the study period, from 6/12/121tt/30/12. Perhaps indicating that it was
best adapted to grow under the conditions it eepegd. During the same time interval
Sedum albumandTradescantia ohiensisad similar RGR values aklcepias

verticillata lost biomass. During the second half the stlidhdescantiehad the highest
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RGR followed bySedum alburandSedum kamtschticunfihis indicates that seasonal
variability in growth does occur in these species.

While Sedum albungreatly exceeded the other species in LA duriegctburse of
the study it is difficult to find meaning in thiskable. Leaf area does not directly reflect
potential evapotranspiration as other physiologicatesses, such as stomatal
conductance, dictate it to a greater degree.

Plant species did exhibit different rates of acalation of biomass over the
course of the study period as was hypothesiZbeelanthedanosawas deemed
unsuitable for use on green roofs with conditianslar to those experienced in this
study, as no individuals survive8edum kamtschticymradescantia ohiensisaind
Sedum albunall grew significantly over the study period, vé#sclepias verticillata
loss biomass during the study. This indicatesttiafirst three of these species were well
adapted to the environmental conditions they egpegd in the green roof system.
Asclepiaswvas not able to grow in the same conditions irtdigathat it is likely

unsuitable for use on green roofs in the Mid-Atiant
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Chapter 5. Summary Discussion and Conclusions

My hypothesis that the species evaluated in thidystvould exhibit different
growth and survival rates based on their suitgbidt planting on green roofs within the
Mid-Atlantic region was supported by the destruetinarvest data&Cheilanthedanosa
was shown to be unable to survive undergreen raaditions. It appears likely that it is
poorly adapted to the temperature and water sergesrienced during the summer in
green roof modules in the Mid-Atlantic. All indiwdls in the study died after 6 months
despite the summer of 2012 not being significahditer or drier than 30-year average
temperaturesAsclepiasverticillata was able to persist throughout the study peridd ye
had a negative relative growth rate, indicating thaas not well adapted to the
conditions it experienced; yet was still bettereatol tolerate them when comparedto
lanosa Tradescantiaohiensishad the highest average relative growth ratelfacies
tested, possibly indicating that it is well-adaptedjreen roofs, especially given the
overall conditions during this study. The t8edunspeciesS. alboumandS
kamtschaticumboth exhibited positive, relative growth rateattivere close in
magnitude to each other during this establishmenbg@. However Sedum
kamtschaticungrew much more rapidly during the summer and datlythan it did
during the winter and sprin§. kamtschaticunmvested more resources in below-ground
biomass thas. album Similarly S, kamtschaticunandT. ohiensishad equivalent levels
of accumulated biomass at the end of the studpg@eyetT. ohiensisput less growth
into above-ground biomass than @ickamtschticumAs part of the experimental design
of this study all plants were established undegated conditions in a greenhouse prior

to being moved outside for the remainder of thetdhis was done to all the plants to
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be well and fully grown into the substrate priob&ng subjected to drought conditions.
The basis for this was that the most vulnerable tion these plants would be during the
early period, right after planting. Drought duritings time could yield much greater
mortality than during any other and could have stégthe results in favor of the
extremely drought tolerant species suclsadum albumirrigating a green roof in early
phase of establishment right after planting maghelong term yield more successful
establishment of plant species. However sincedbed of this study was not on factors
that aided or detracted from plant establishmémtas determined that the best approach
would be to evaluate plants based on their aliityurvive after the initial stress period
was past.

| hypothesized that there would be differencegempgeratures experienced within
the green roof substrate, storm water retentionsaibdtrate water loss between
treatments and that the data collected throughuddste harvests would be found to
relate to the magnitude of these performance vi@sabVhile some significant
differences were found for both temperature ancéwalations between treatments these
values did not appear to have clear influencesrowtly rates or the partitioning of
biomass. The effect of seasonal environmental ¢mmdi masked the direct effect that
may have potentially affected green roof perfornegimyg the different species. Between-
treatment differences in performance did not shatistically significant separations that
could be attributed to biomass, most likely becdabsestudy was conducted over a
relatively short establishment period of a yeaisThay indicate that the relationship
between biomass and green roof function is not lsimupantitative but also has a

gualitative aspect. In other words the morpholdgibaracteristics of each species may
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influence how much effect each unit of biomassdrasubstrate temperature and water,
with each species having a different level of dffec each unit of biomass. This would
require further investigation and controlled expemtation, the data from this
experiment does not provide evidence to confirrdigprove this.

Green roofs have been shown to lower roof temperativhen compared to
conventional black tar roofs (Getter et al. 200The effect of species on the magnitude
of temperature reduction has been investigateseweral studies, but without sufficient
replication of measurements. Continuous monitornidpis study allowed for detection
of any consistent effects that could be attributetfeatment. The main interest in
lowering green roof temperatures would be durirggltbat extremes in the summer
months in the Mid-Atlantic. During the summer math this study, the planted
experimental units had both significantly lowerldaiverage temperatures and daily
maximum temperatures than unplanted treatmenttjairg Asclepiasverticillata which
was actually warmer. This indicates that plantexdsan general may be cooler than
unplanted roofs. However the scale of this diffeeewas only 1-2 C cooler for daily
averages and 1-3 C cooler for daily maximum dependn treatment. The value of a
decrease of this small an amount to a green ratésyis unclear and would need further
investigation to establish the benefits of theseperature reductions.

The final hypothesis for this study was that theoaild be detectable differences
in storm water retention and substrate water letwden modules planted with different
species; additionally, that these differences cagigin be attributed to traits measured
through destructive harvests over the course o$tilndy period. Only one treatment

(Tradescantiaohiensis)experienced consistent significantly differentfpenance for
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any green roof water relation variables, The vigiband degree of the effect of this
species on storm water retention varied througtiwistudy, likely due to changes in
seasonal environmental conditions (refer Appenddaga). Tradescantiamaintained
significantly greater substrate volumetric watentemts than the unplanted control
between the dates Oct. 1, 2012 and May 15, 20t8descantialso retained more
storm water during medium sized storms throughoeistudy and had a significantly
greater water loss rate during the summer andgpompared tothe unplanted control.
As posited in chapter 3.2.7, these improvemenperformance for storm water retention
may be due to morphological traitsTrfadescantia. Higher levels of storm water
retention could be an artifact of stem flow funnglimore rainfall directly to the crown
of the plant, where the substrate water conterg®eanmas located. This would mean that
Tradescantias not increasing the ability of the roof captatermwater but rather just
redistributing the capture of rainfall within theegn roof substrate. It could also be due
to higher water content of the roots and crowi @descantiavhen compared to the
other species used in the study. This would meainvthen roots of this species are
present in the substrate, the water capture aner\watding capacity of the substrate is
actually increased. These two results could bote lraplications for green roof
performance. If the first is true, then there metpally be no improvement in overall
roof rainfall retention. If the second is true thithare may be distinct benefits to planting
green roofs with species suchTaadescantiaohiensis Further investigation is necessary
to determine the cause of this effect on storm watention for this species. A

controlled study that measured substrate watentietein multiple locations around
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specimens of radescantiacould result in evidence that could sway conclusitmwards
one hypothesis or the other.

There is need for further investigation into thieetfs that different plant species
have on the performance of green roof functiors tear from this study that some
results are evident within a single growing seastowever a longer study with similar
species as those used in this study would likebyspreater differences, that could also
be attributed to precise morphological traits meagthrough destructive harvests.
Indoor controlled experiments could also identifgre precisely what the thresholds for
mortality are in species that are not able to sterein green roofs, compared to than an
outdoor experiment such as in this research. Whiteer work is necessary this study
did provide useful information about several spgtiat are commonly planted on green

roofs in the Mid-Atlantic region of the United Stat
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Appendix A: Environmental data for the study period (6/12/2613/14/2013

Appendix Figure A.1
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Appendix Figure A.2

Relative Humidity (%)
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Appendix Figure A.3

Rainfall (mm)
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Appendix F
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Appendix Figure A.5
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Appendix B: Regression -Squared values and associateddhies fromChapter 3.2.6

Appendix Figure B1: Volumetric water content aveddpy harvest date (from 3.2.6) ¢
regressed against dry rcmass at the same harvest time.
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Appendix Figure B2: Water loss rates averaged 35 flaom 3.2.6) around harvest di
and regressed against dry root mass within sp
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Appendix Figure B5: Storm water retention ratesX&@4 cm (1 inch) storrrnear harvest
dates (from 3.2.6) and regressed against dry rassrwithin specit
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Appendix Figure B6: Water loss rates averaged 135 fl|mom 3.2.6) around harvest d
and regressed against dry shoot mass within sj
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Appendix Figure BAMWater loss rates averaged 15 days (from 3.2.6)ndrbiarvest dat
and regressed against leaf area within sp¢
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Appendix Figure B8 Water loss rates averaged 15 dayund harvest date and regres
against leaf area f@edur album(from 3.4.6).
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Appendix Table B1: Volumetric Water Content vs RBoy Mass

(Fig B1)
Regression p-value R2
Sedum album 0.61 0.10
Asclepias v. 0.97 0.001
Sedum k. 0.29 0.36
Tradescantia o. 0.59 0.11
All 0.19 0.05

Appendix Table B2: Water

Loss by Root Dry Mass (BR)

Regression p-value R?
Sedum album 0.28 0.36863
Asclepias v. 0.38 0.2594
Sedum k. 0.77 0.0335
Tradescantia o. 0.35 0.28789
All 0.17 0.0513
Appendix Table B3: Retention(linch) Storms vs DgoRMass
(Fig B3)
Regression p-value R2
Sedum album 0.37 0.26773
Asclepias v. 0.95 0.00134
Sedum k. 0.66 0.07392
Tradescantia o. 0.63 0.08873
All 0.14 0.0653

Appendix Table B4: Water

Loss vs Dry Shoot Masg &4)

Regression p-value R?
Sedum album 0.67 0.0674
Asclepias v. 0.44 0.4331

Sedum k. 0.07 0.01
Tradescantia o. 0.47 0.1841
All 0.75 0.0065

Appendix Table B5: Water Loss vs Leaf Area (Fig B6)

Regression p-value R2
Sedum album 0.21 0.1722
Asclepias v. 0.45 0.2995
Sedum k. 0.26 0.3938
Tradescantia o. 0.18 0.1875
All 0.24 0.0316
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