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Abstract

Urban stormwater is one of the leading causes tévgpuality impairment and stream
channel degradation in the United States. In torteb address the negative effects of
stormwater runoff on receiving aquatic systemst B&Emagement Practices for stormwater,
including ecologically-designed stormwater systeans,becoming more common across the
urban landscape. Throughout eastern Kansas amdshef the Midwestern United States,
prairie grasses are beginning to receive atterfitiotheir potential to enhance infiltration within
these systems. However, the function of vegetstimunwater systems and the influence of
factors such as vegetation age on infiltration system performance are not well understood
because monitoring data for these systems is imiWhen performance data is collected, it
often pertains only to the hydraulic and water gualspects of the system but neglects any
assessment of the integrity of the ecosystem fonston which the system’s performance is
dependent. The objective of this study was to eskithe need for an assessment tool that
considers the ecological integrity, or health, aflegically-designed stormwater systems, as
well as to fill the gap in the literature regardihg function of ecologically-designed stormwater
systems in the tallgrass prairie region. Sinceynwdrihe eco-based stormwater practices in the
region rely upon the establishment of native peagiasses to enhance infiltration on the site, the
specific focus of this study was to gain a bettatarstanding of infiltration processes in
ecologically-designed systems and the extent ofbility to regain these processes through
prairie restoration in previously disturbed urbaass To address these objectives, two
stormwater systems at different stages of vegetamigturity were examined. In general,
ecosystem health scores were higher for the moterenaystem and could be used to guide
future management decisions at both sites. Rdsaitsthe hydraulic analysis indicate the
function of the system may improve over the coafdhe growing season, but statistical

relationships between system age and infiltratada could not be established.



Table of Contents

LISE OF FIQUIES ...ttt e e e e e e e e e e e et e et e et e nmane e s e e e e e eaaeeaaaeeeeeeeennnes v
[ 0 I IF= 1 o] = PP PPPPPPRR vii
ACKNOWIEUGEIMENTS ...ttt e ettt e e e e e e e e e e e e e e e s s smmmnr e e e e e e e e e e e e e e e e e e e aannns viii
(O Vo e I =Y R [ 01 1o To [ [ £ SR 1
Detention for Stormwater Management ...........cuuuueiiiiiiiiie e e 2
LiMIitS OFf DETENTION .....uuiiiiiiiiiiiiieeie st e e e e e e e s ebeeeeee e 3
Infiltration-based Strategies for Stormwater MamagBt..............cccuvviiiiiiiiiieeeeeeee e e 4
(O] o] [T 1YL PP T P PP PP 6
CHAPTER 2 - Development of an Ecological Healthésssnent Tool for Ecologically-based
Y (0] 1 4 1Y LT Y] (=] 1 1 U 9
LItErature REVIEW ...ttt s e e e e e e e e e e e e e et e e e e aeeeeeeeeesessnnnn e e e e eeeas 9
Eco-based Stormwater Management in the Tallgrasmsd’Ecosystem..............ceevveevenenn. 12
1Y 11 T o £SO 13
Development of the Ecological Assessment RUDKIC . .cccoooeieeiiiiiiiiiicce e 14
e P2 U L o 1= 11 o PP 19
Yo ]| I = oS o] o I [0 | 0F= o ] £ J 21
SOIl HEAIN/SITUCTUNE.....ceiiiiiiieie e e e e e e 22
FauNal HEAITN ..o a e e 24
RESULTS AND DISCUSSION ... .ottt e e et e e e e e e e nmaa e e eanns 26
o P2 U L 1= 111 o SR RPPUPRPRRR 27
Y01 I = o XS] o o PP 30
Soil Health @and STTUCTUIE ........ooiiieee e 31
Faunal Health ... ... e e as 33
CONCLUSIONS ...ttt et e e e e e e e e e e et e e s st eeeeeeeeaaaansnsnssssesnnnneneeees 34
Ecological Implications to Stormwater Management.............cccceeeeeeiiieeeeeeeeeeeeeeiieeens 35
REFERENGCES ..ottt ettt e e e e ettt e e e e e s sns st eeanennsaeeeeeeasnnnneeeaeeans 36

CHAPTER 3 - Ability to reclaim ecological infiltretn processes in urban environments through

PrAUME TESTOTATION ..ceeeiiieieeiiiee e e+ttt ettt ettt e e e e e e e ee bbb e e e e e e e e e e e e e aeeeeaeaaaaaannns 41



Tak Yo [U Lo} {[0] o VTR TT TR 41

Properties Governing Soil INfiltration ........cccccoooi oo 41
Impacts of Urbanization on Soil Infiltrative Profes...........cccccooiiiiiiiiiiiiiiiiiii e 43
Infiltration-based Stormwater Management ... ccccceiiviiieiiiiiinii e 44
Methods and MALEIIAIS. .........ccciiiiiiiiereeee e e e e e e e e e e e e e e e e e 45
SItE DESCIIPLIONS ...ttt et e e ettt e e e e e e e e e e e e et eee s e eeeaeeeeeeeannnsaann s 45
L= o T =] £ SRR 48
WALEE BUAGET ...ttt ettt et e e e et e e e e nn e e e e e e e e e e e e e e e e e 50
Hydraulic MONITOTING .....eveveiiiiee e s e e e e e e e e e e e e 51
RESUILS @Nd DISCUSSION .....ccoeiiiiiiiiiitiaat bbbttt e e e e e e e e e e e e e e e s s s s s s snnnnne e e e e e aaaaeaaaaasaaaaans 52
1111 7= o PP 52
Water Budget and HydrauliC ANAIYSIS..........ooouiiiiiiiiiiiiiiiiieieee e 56
Contribution by Overland FIOW ..o ee e 59
INlet MEASUIEMENT EXTON ..ottt ae e e e e e s e e s e nnnes 61
Evapotranspiration and percent runoff retained. ... 64
(©0] o T0d 1115310 0 1 7R 66
TS (=TT 1= TP 68
CHAPTER 4 - CONCIUSIONS .....uiiiiiiiiiiiiiiiitteeee ettt e e e e e e e e e e s e s s s eeeeee e e e e e e e s s s s nnnnnnes 72
] (=] €= o= PP UUUPTRR 76
Appendix A - Ecological Health ASSESSMENL ... . oiieiiiiiiiiiii e 83
AppendixX B - INFIFALION ........ccooiiiii e e e e e e e e e e eaes 85
Appendix C - Hydraulic MONITOMNG...........ovieeeeiii e eree e e e e e e e 89



List of Figures

Figurel.1 EPA Level lll Ecoregion mapping for the coetital United States.. ........................ 8
Figure 1.2 Map of the original extent of the tedigs prairie................coooii i, 9
Figure 2.1 Ecological health assessment rubricrai@g ..............cooeviieiiiiiiiiii s 15

Figure2.2 Overall scores from the ecological health ss®ent conducted for the Johnson
County and Quinton Heights StOrmwater SIES. weeemmmoiiieeeeiiieiieeeeeeece e, 27

Figure 2.3 Scores for the plant health categotii@tlohnson County and Quinton Heights

5] =24
Figure 2.4 Photograph of the Quinton Heights Xlafid the Johnson County (right) sites in late

JUIY, 2007 et ettt e e e e e e e e e e e 29
Figure 2.5 Scores for the soil erosion categoth@tlohnson County and Quinton Heights

5] = |
Figure 2.6 Scores for the soil health/ structategory at the Johnson County and Quinton

HeIgNES SIS, ..ottt e e e e e e e e e 32
Figure 2.7 Scores for the faunal health categbtifeaJohnson County and Quinton Heights

5] =P 7.

Figure3.1 Aerial view of Quinton Heights basin, outlinedyellow, and its attendant
V2= =T £ T o PP PPPPPPPUPPPPPP a7
Figure 3.2 Photograph of double-ring infiltrometised in study and illustration of the bulbous
wetting front and central bulb that develop unddoable-ring infiltrometer...................... 49
Figure 3.3Comparison of effective saturated infiltration sateeasured at stormwater study sites
(Quinton Heights and Johnson County) with thosesmesl on established native grass
filter strips, Fort Riley Military base base............ccooi i o, 56
Figure 3.4Comparison of volumetric water content as predittethe Konza Prairie Biological
Station spreadsheet model and actual measuredrgriid water content. Daily
precipitation is alSo INCIUdEd............. i e e e e e aaaas 57

Figure 3.5 Inlet and outlet hydrographs for July 2007 storm at Quinton Heights basin..59.



Figure 3.5 Accumulated actual ET (reflecting watse by the grass) and precipitation for
Quinton Heights basin as predicted by the checkheater balance method for June 1
through OCtODEr 23, 2007.... ..ot ittt e ettt e e et e e e e ee e eaene 65

Figure B.1 Plot of cumulative infiltration with tien Effective saturated infiltration rate
calculated as slope of line when curve becomesaiine.............ccccoeeeiiiiiiiiiiiiiivieeeens 85

Figure B.2 Results of t-test used to test for $igant differences in average infiltration rates
between Quinton Heights (Q.H.) and Johnson CounG.)........oovvviiiini i, 85

Vi



List of Tables

Table 2.1 Ecological Health Rubric developed teas$ealth of ecologically-designed
STOrMWALET SYSTEIMS. .. ... ettt et e e e et e e e e e e eneeneee e ennneneen LT
Table 2.2 Summary of ecological health assessowmmtucted at Johnson County (planted in
June 2007) and Quinton Heights (planted in summ2004).................ccooevvvivviinnnnnnnnn. 26
Table 3.1 Soil composition at study SiteS..........cccov vt it iceiceiiiiiieie e e e enn 2048
Table 3.2 Effective saturated infiltration ratesasred at the Quinton Heights and Johnson
County stormwater sites and along grass filtepstat Fort Riley military base.. .............. 54
Table 3.3 Summary of hydrologic data measuredlat &and outlet of Quinton Heights basin

Table 3.4 Summary of volume into (including dirpogcipitation, flow from inlet, and overland
flow from adjacent hillside) and out of the basin.............ccccooi i, 61
Table 3.5. Percent retention by the basin as datedrby actual flow measurements and runoff
calculations from the NRCS curve number method.............coooovvviiiiiiiiiiiiineee e, 63
Table A.1 Ecological Health Assessment SCOres BECS. . ......uvvvrreriiiiieeeeeeeeeeeeeeeeeeeeenn 81
Table B.1. Double-ring infiltrometer measuremedatsen May 31, 2007 in Quinton Heights
StOrMWaALEr DASIN ... e —— 83
Table B.2 Results of t-test used to test for $igamt differences in average infiltration rates
between Quinton Heights and Johnson CouNnty .............cc.viiaiiceeiiiie e 85

Table B.3 Results of ANOVA used to test for sigrafit differences in mean effective saturated
infiltration rates among Quinton Heights, Johnsaudy, and Fort Riley sites

..................................................................................................................................... 86
Table C.1 Inlet flow measurement data at Quintorghts basin...................cccoiiii e 87
Table C.2 Outlet flow measurement data at Quinteights basin............cccccccciiiiiinns 88
Table C.3. Rainfall data recorded by HOBO tippiai) auge............ccoeeuvvvrmiimiiiiiiiieeeeenn. 89

vii



Acknowledgements

| would especially like to thank my advisor, Dra8y Hutchinson, for her help and
guidance throughout my undergraduate and gradaag¢eic My thanks also goes to my
advisory committee- Drs. Tim Keane and Jim KoeliKer the time they spent reading and
correcting this thesis. This work would not haeeib possible without the help of Reid
Christianson, Patrick Bussen, and Hale Sloan- tlyankfor tirelessly hammering in
infiltrometers and for your help in troubleshooti&COs. | also want to thank the City of
Topeka and Johnson County for their cooperationfimadicial support. Finally, 1 would like to
thank the EPA Science to Achieve Results Fellowphigram for funding my graduate

research.

viii



CHAPTER 1 - Introduction

Urbanization is one of the most rapidly growingnigrof land use change (Paul and
Meyer, 2001). Although the total amount of landumied by urban areas remains small, the
ecological footprint of urban land uses is dispripoately large. Among the most significant
changes associated with urbanization are increasegervious surface cover and the
efficiency with which water is transmitted from therface to the receiving water body (Booth
and Jackson, 1997; Dunne and Leopold, 1978). st of these changes, infiltration is
restricted while the volume and flow rate of suefagnoff generated by precipitation increases.
In addition to altering the predevelopment hydrataggime, urbanization also impacts the
quality of runoff flows. Stormwater picks up comi@mants such as sediment, petroleum
products, heavy metals, and excess nutrientsflasvé over the urban landscape (Paul and
Meyer, 2001).

Since the ultimate destination of stormwater flasva stream, lake, or other water body,
the impacts of urban runoff on water quality arespécial concern. The connection between
urbanizing watersheds and the degradation of doeanst water bodies is well-established in the
literature (Booth and Jackson, 1997; Dunne and alelpi978; McCrea, 1997). In the United
States alone, nearly 81,000 miles of streams aedsrhave been impaired by urbanization (Paul
and Meyer, 2001). Stream channels in urbaniziegsaare degraded as they become a means of
conveyance for urban stormwater flows. Oftenhiminterests of reducing flooding in urban
areas, channels are intentionally widened, strargdd, or lined with concrete to increase the
efficiency with which they transport floodwatersawfrom the urban populace (Booth and
Jackson, 1997). Small ephemeral streams are eittegr graded over or placed in a pipe during
development so that many of the headwater chatimatisvould otherwise play a role in
attenuating flood peaks and providing channel gmare destroyed (Dunne and Leopold, 1978).
The level of development at which the degradatiioaqoiatic systems is readily observable is
quite low; Booth and Jackson (1997) reported sigguitt changes in stream channel morphology
and water quality after the effective imperviousace area of the watershed was increased by

only 10% in urbanizing watersheds in western Waghbim State.



The degradation of aquatic systems in urbanizeénslaéds, even at low levels of
development, has driven the evolution of best mamemt practices (BMPs) to mitigate the
impacts of urban stormwater runoff on receivingewsit Of the suite of BMPs that have been
developed to manage urban stormwater, most canoo@ed into one of two categories: storage-
based and infiltration-based. The following sewtidliscuss detention, one of the most widely
used storage-based mitigation method, and itsa&haihgs, followed by a review of infiltration-

based mitigation methods and their potential toroup stormwater management efforts.

Detention for Stormwater Management

Detention basins are perhaps the most common sttvagspd stormwater practice (Perez-
Pedini et al, 2005). Detention basins are desigoeeduce peak flow rates by temporarily
storing a design volume of stormwater and therasétgy it at a slower rate. In doing so,
detention basins aim to more closely maintain tleel@velopment timing and peak rate of flows
and, in effect, reduce both flooding and the impacthigh runoff rates on receiving water
systems (WEF and ASCE, 1998).

Detention basins came into use at about the sameas the Clean Water Act of

1972 (WEF and ASCE, 1998). By this time, the uirdbte effects of urbanization on receiving
waters had been recognized, and stormwater detdodisins arose as the hopeful champion of
stormwater mitigation. Initially, stormwater detem basins were designed to control peak flow
rates from storms with a 10- to 100-year returgdency (WEF and ASCE, 1998). However,
studies of fluvial systems have shown that chaforetation and maintenance is most strongly
influenced by smaller, more frequent flows. In m@astural systems, the threshold channel-
forming flow, also called the bankfull flow, corpasnds to the stream discharge that occurs, on
average, once every 1.5 years (Dunne and Leop®i8)1 Therefore, early detention basins
provided little protection against channel erodr@m these more frequent flows. In the
particularly environmentally-sensitive Chesapeakg Begion, the need to control peak rates
from smaller storms to protect water quality proatbthe state of Maryland to require detention
to limit the peak flow rate from the 2-year stomrpredevelopment conditions in the late 1970’s
(WEF and ASCE, 1998). Since that time, detentamilities have become the most common
engineering approach taken to control the impafctskan runoff (Perez-Pedini, 2005) and are
often implemented as large, end-of-the-pipe faedito manage runoff flows from the upstream



development (USEPA, 2000). The use of detenti@miao control the peak runoff rate from
the 2-year storm has become an acceptable mitigptarctice across most of the United States
(WEF and ASCE, 1998).

Limits of Detention

Although detention basins are designed to mairgast-development peak flows to the
2-year return frequency discharge for pre-develaggroenditions, studies have found that
stream channel degradation persists (Beyerleirg;2B0Ooth and Jackson, 1997; MacRae, 1997).
The inability of detention to adequately mitigate impacts of urban runoff stem from the
simplified design approach taken to size deterdtaunctures (Beyerlein, 2005; Wulliman and
Urbonas, 2005). Detention basins are typicallygies] using a single design storm as the
criterion for storage volume and peak dischargeirements (MacRea, 1997). While such an
approach simplifies design equations and calculatitt does not address the duration or
frequency of flows. As noted previously, as thecpatage of impervious surface cover in the
watershed increases, so does the volume of sudac# produced. Therefore, even when the
peak flow rate is reduced to predevelopment levieés|arger runoff volume prolongs the
duration of higher flow rates. Because detentiasirs trap sediment, the effect of extended
flow duration from these facilities may be exacéedaas the flows leaving the basin are
“sediment-starved,” and thereby remove sedimemn fifee within the channel to reach
equilibrium between flow rate and sediment load a/esult, stormwater discharged from
detention basins may accelerate channel degradagidrconducts geomorphic work on stream
channels over a longer period of time (Beyerled)3). In addition, reducing flows to the
standard 2-year peak flow rate may not be adequidte.frequency of bankfull discharge has
been found to decrease from a 1.5-year return émecputo a return frequency closer to the 1-
year return frequency as urban development proggg8sdacRae, 1997). Thus, it is the range of
flows below the 2-year design criterion used inngjzdetention basins that typically do the most
erosional work in urban streams. A detention desigich does not address this shift in
bankfull discharge cannot be expected to adequegdlyce stream degradation (MacRae, 1997).

The intended function of detention basins is furthmited by the effect of multiple
detention basins. Wulliman and Urbonas (2005) Hiaued that while it may be possible to

control peak rates directly downstream of a simigleention basin, the flows released from



individual basins have an additive effect in reg®vstreams served by multiple detention
systems. As a result, peak flow rates in receiwatgers are often not reduced to

predevelopment levels.

Infiltration-based Strategies for Stormwater Management

The shortcomings of detention-based mitigatiortagjias indicate that simply
controlling peak flow rates will not satisfactorilgduce the impact of stormwater flows on
streams in urbanizing watersheds. Rather, voluméal is also needed to maintain the duration
of stormwater flows to predevelopment conditionsu(Nhon and Urbonas, 2005). The need for
volume control is slowly initiating a shift in thFresent stormwater management paradigm from
conveying, storing, and discharging from a detenswucture to one of collecting and
infiltrating stormwater on the site in order to ued both peak flows and volume. This new
approach to stormwater management is part of telhgpact Development (LID) site design
strategy developed in Prince George’s County, Mexylin the early 1990’s. LID practices
include flatter grades in developments, open gthssales for stormwater conveyance,
depression storage, and functional bioretentioddeaping, all of which are aimed at preventing
stormwater from running off to encourage infiltcation the site (USEPA, 2000). The use of
LID practices to reduce runoff volume through inétion is supported by infiltration studies
found in the literature; studies citing infiltratigates in soils report that many undisturbed soils
are able to completely infiltrate low intensitynll (Gregory et al., 2006; Pitt et al., 1999)n A
additional advantage of LID and infiltration-bas#drmwater management practices over
conventional drainage systems and regional detebasins is that they typically offer greater
water quality improvements. Because LID practaies to infiltrate stormwater onsite rather
than allow it to run off, the physical, chemicatdebiological processes that remove
contaminants from stormwater are able to take plRoshton, 2001). Oftentimes, LID practices
can be more easily and cost-effectively integraténlthe existing stormwater infrastructure as
compared to more conventional structural stormwatgnagement practices (USEPA, 2000;
WEF and ASCE, 1998).

As mentioned above, LID and infiltration-based pics rely largely on naturally-
occurring ecosystem processes- including infilbmtisedimentation, pollutant sorption to soils,
microbial degradation of organics, nutrient cycliagd evapotranspiration- in order to



successfully manage runoff quantity and qualitythie interest of enhancing these processes
and ensuring their long-term sustainability, vetietais a key component in infiltration-based
stormwater practices. The role of vegetation d@uoeng surface runoff is well known.
Vegetation can enhance infiltration rates by insimegmacropore flow within the soil (Perrygo
et al, 2001). Between storm events, vegetatioredrevapotranspiration rates so that the
moisture stored in the soil is returned to the a&phere and the storage capacity of the soill
profile to infiltrate the next storm is increas&une and Leopold, 1978). When the magnitude
of the storm exceeds the landscape’s capacityfitbate precipitation, the roughness and
irregularity of vegetated surfaces reduces runefbeity, thus delaying flood peaks to receiving
channels (Gregory et al, 2006). As runoff veloditglowed, vegetation helps improve runoff
quality by promoting sedimentation. Plants alsay@ direct role in nutrient cycling, removing
excess nitrogen and phosphorus from stormwateriaftas infiltrated into the soil profile
through biological uptake (USEPA, 2000). Indireeiter quality improvements are facilitated in
the region of soil surrounding the plants’ rootsjat is rich in sugars and other root exudates
which support the bacterial populations that plagle in nutrient cycling and pollutant
degradation (Bradshaw, 1997).

As a consequence of the reliance of LID performarmmn naturally-occurring
ecosystem processes, the specific set of enviroraineamditions- including climate, soil type,
and rainfall patterns- native to the area in whiehpractice is being implemented will determine
design factors such as vegetation type and soilarf(etfSEPA, 2000). Therefore, the same
vegetation types and soil media used in Marylarttere LID practices were pioneered, may not
transfer directly to other regions of the countithvdifferent climatic regimes. Herein lies one
of the challenges to successfully implementing @gichlly-based systems for stormwater
management: designing systems that are ecologigpiyopriate for the climatic and
environmental setting in which they are located.

Another challenge to the successful design andeamehtation of eco-based stormwater
systems is the long term monitoring and maintenahtieese systems. Despite their growing
popularity and use, there is relatively little datenilable to assess the performance of eco-based
stormwater systems. Vegetated systems require timoeehan conventional systems to
establish; the root systems of some prairie plentginue to develop over a period of three or

more years, meaning that the performance of thesywill also continue to develop over this



time (Weaver and Zinc, 1946). Since many of tregstems have been installed within the past
few years, the time required for extensive monitpitio evaluate long-term performance has not
been available. Monitoring data from infiltratibl@sed systems in Kansas and the Great Plains
region is nearly absent from the literature evethase systems are being designed and
implemented more frequently in the area. Manyhefltioretention and other ecologically-based
stormwater systems are managed by city municipalttiat have come under the mandate of
Non-point Pollution Discharge Elimination SystenPDES) permits which regulate the quality
of urban runoff entering natural water bodies.teAfnstallation, funding for long-term
monitoring is typically not available. Of the sgsts that have been monitored, the primary
focus has been on their performance in terms oémgaiantity and quality. While both are
certainly important metrics in assessing the peréorce of ecologically-designed stormwater
systems, they do not consider the ecological compioof these systems, which, as established
earlier, is closely linked to the overall functiohthe system and has important implications for

their long-term maintenance.

Objectives

The objective of this study was to address twdefrieeds presented by ecologically-
designed stormwater systems. First was the negeMelop an assessment tool that considers
the ecological components of these systems. ditiad to providing an assessment of the
ecological aspects of the stormwater system, tloksshould be one that could easily be applied
by municipal stormwater managers with minimal tiamel financial input while providing
meaningful contributions to the long-term mainteseadecisions for these systems. The second
need addressed by this study was to fill the gapatiterature regarding ecologically-based
stormwater systems designed after the tallgrassgeosystem. As noted previously, the
design of eco-based stormwater systems must be@gte to the ecoregion, which is an area
defined by specific climatic and environmental dtinds, in which they are located. The sites
chosen for this study were both located in North&asisas in the region defined as the Osage
Cuestas Ecoregion by the EPA level Il ecoregi@ssification system (Figure 1.1). Although
this ecoregion classification is based on the $ijgaggetation types, soils, landforms, and
climatic patterns of the region in which the stitgs were located, it is believed that the



findings of this study are applicable to the rdghe historic extent of the tallgrass prairie,
shown in Figure 1.2, which also shares similar tatisn types and climate patterns

Since many of the eco-based stormwater practicéseiregion rely upon the
establishment of native prairie grasses to enhanfiiteation on the site, the specific focus ofghi
study was to gain a better understanding of iafikkm process in ecologically-designed systems
and of the extent of our ability to regain thesecgsses through prairie restoration in previously
disturbed urban sites. This need was examineaimpming field-measured values of saturated
infiltration rates with inlet and outlet flow rateasd volumes collected at an ecologically-based
stormwater system designed specifically after #tlgrass ecosystem in Northeastern Kansas.

The remainder of this thesis is organized into tlapters that address the objectives of
this study. The second chapter describes the a@vent of an ecological health assessment
tool for application to ecologically-designed stevater systems. The third chapter examines
infiltration and hydraulic function in a stormwatesisin restored with native prairie grasses in

northeastern Kansas.



Figure 1.1. EPA Level lll Ecoregion mapping for the continental United States. Inset displays Osagzuestas Ecoreglon in
which study sites were located. Image from USEPA&007. ' -

Map Source: LUSEPA, 2007




Figure 1.2. Map of the original extent of the tdfrass prairie, the potential area to which
this research is applicable. The extent of the méd-grassand shortgrass prairies is also
shown. Image from www.earlparkindiana.com/
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CHAPTER 2 - Development of an Ecological Health

Assessment Tool for Ecologically-based StormwateryStems

The ability to understand and improve the desigacologically-based stormwater
systems depends on the proper assessment of tineincperformance. Typically, the same
metrics used to assess traditionally-designed statar structures are applied to ecologically-
designed systems, and include measures of both guaéty (such as total suspended solids,
contaminant concentrations, and BOD) and water tijygsuch as peak flow and volume
reduction). However, unlike the concrete-linedroteds and detention facilities traditionally
used to manage stormwater, the performance of gicalb/-designed stormwater systems
hinges upon ecosystem processes - including sethitian infiltration, sorption, biological
degradation, nutrient transformation, and evapspaation - occurring within the system. For
this reason, the overall health of the ecosystemnldhbe considered when assessing the
performance of these systems. While physical &wednical indicators such as water quality and
guantity are important assessment tools, additimaatators which integrate the biological and
ecological aspects of the system are needed todagravmore complete picture of overall health
and performance potential of ecological stormwaystems (Watzin and Mcintosh, 1999). The
following section includes a review of the litenawescribing some of the metrics developed to
assess ecosystem health, and how these metricstm®alpplied to ecologically-based

stormwater systems.

Literature Review
A healthy ecosystem is one that maintains its argdion and autonomy over time and is
resilient to stress (Doran and Parkin, 1996). Maitybutes of ecosystem health, such as the
integrity of nutrient cycles, energy flowpaths, aedilience, are difficult to directly measure
(Pyke et al., 2002). As a result, ecological amdbigical indicators representing components of
these difficult-to-measure attributes were devedoipethe late 1980’s to aid in assessing

ecosystem health (Jgrgenson et al., 2005). Shatdime, a variety of indicators have been

9



suggested for use across a wide spectrum of bottiagand terrestrial ecosystems. Indicators
can be as simple as a general presence or abdemepecies, or as complex as detailed energy
balances (Jagrengson et al., 2005). Due to theenheomplexity and heterogeneity of natural
systems, ecologists recognize that it is not féasduse a single indicator, or even a few, as a
general assessment of ecosystem health. Rattenfsedicators tailored to a particular
ecosystem are used in concert to assess ecosys#dtin (Jgrgenson et al., 2005).

Biological indicators developed to assess the hedlaguatic ecosystems are
documented extensively in the literature. The &bthfbtates Environmental Protection Agency
(EPA) has established detailed methodologies feessng wetland health and function based on
the resident plant, microbial, and macroinvertebrammunities (Adamus, 1996). Jgrgenson et
al. (2005) presented a compilation of ecologicdlaators developed for a wide range of
ecosystems in The Handbook of Ecological Indicatorg\ssessment of Ecosystem Heattre

majority of which were specific to aquatic ecosyste In addition, the majority of case studies
presented in the literature to demonstrate thetiseological indicators were conducted in
aguatic ecosystems (Jgrgenson et al., 2005; WatzirMcIntosh, 1999).

Many of the metrics presented in the scientifierbture have been developed for a
specific ecosystem and require large amounts af @ad time to apply (Jgrgenson et al, 2005).
However, more generalized and simplified assessyraquatic ecosystem health have been
developed, particularly for use by lay groups teesas the integrity of lakes, streams, and
wetlands.

Quantitative measures have also been developesséssthe health of terrestrial
ecosystems, including forests, rangeland, desarbkind, and agricultural landuses. Soil
guality is the predominant focus of many terrebagsessments because it is the soil that
provides vital ecosystem services such as supgagotant growth, filtering water and cycling
nutrients. Doran and Parkin (1996) present a minindata set for assessing soil quality,
including soil texture, rooting depth, infiltratipbulk density, water holding capacity, nutrient
content, microbial biomass, and respiration. Mahthe quantitative indicators developed to
assess terrestrial ecosystem health can be jesi@slex and time-consuming as those
developed for aquatic ecosystems. So, as sinplatitative measures of health were developed
for aquatic ecosystems, simple tools that can pielisaapplied to assess the integrity of

terrestrial ecosystems have also been developadexample, Manske (2002) presents a
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nonguantitative procedure for assessing rangelaatihthat can be easily conducted by
rangeland managers. While such a qualitative agsa# does not provide the level of precision
of more complex, scientific methods, the resulta glialitative assessment can still provide
valuable insight to changes in ecosystem health towe when conducted via valid scientific
procedures. Manske’s method combines an annuahiary of the major plant species present
with a qualitative health assessment to evaluaéetiel at which ecosystem processes are
operating and examine interactions among climaié,\egetation, and biota (Manske, 2002).
A standardized scoring rubric is used to assigroeesof one to four to each component of the
health assessment based on the condition of #he After completing this assessment,
rangeland managers can make decisions based sndies for each ecosystem component to
ensure that the rangeland ecosystem as a wholpevithrm at its peak potential.

Clearly, ecological health indicators have alrebdgn developed for and applied to
naturally occurring aquatic and terrestrial ecamyst- the same systems upon which ecological
stormwater systems are engineered. As noted, opzamytitative ecological indices which have
been developed are relatively involved and mayiredarge amounts of data, time, and
expertise to calculate. While such a degree ofptexity is desirable for some ecological
studies, it is less likely to be practical for tpeneral assessment of ecological stormwater
systems, the monitoring of which is typically leftmunicipalities with limited time and
finances. The objective of this study was to exanthe feasibility of applying a qualitative
ecological assessment tool to ecologically-desigtednwater systems in order to provide
municipal stormwater managers and consultants avitbasy-to-use and inexpensive means of
quickly assessing the general system health aridrpence of the system.

The assessment tool developed in this study wasdl@s ecologically-designed
stormwater systems in Northeastern Kansas. Thenolg section briefly describes ecological
and infiltration-based stormwater management pgrestin Kansas and throughout the Midwest,
and how the development of an ecological assessim@rntould aid in the monitoring and

management of these systems.
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Eco-based Stormwater Management in the Tallgrass Prairie Ecosystem

Throughout Northeast Kansas and much of the midioamtal United States,
infiltration-based stormwater management practecesdeginning to be adopted as a means of
reducing stormwater volume while improving stormsvajuality. The majority of these
practices focus on incorporating vegetation to cedueak runoff rates and improve infiltration.
Prior to the advent of agriculture and urbanizattbe tallgrass prairie ecosystem dominated
most of the Midwest. In addition to their exteresioot systems that enhance the infiltration
properties of the soil, these robust prairie grasse also adapted to the region’s climatic
patterns, enabling them to survive intense storemesvfollowed by extended periods of drought.
Studies have shown that prairie grasses can beetfegtive in intercepting rainfall before it
reaches the soil, thus reducing runoff. For examyleaver and Rowland (1952) found that
thick stands of big bluestemridropogon gerardii) were capable of intercepting 97% of the
rainfall during very light showers and about 66%iniy storms in which 3 cm to 4.5 cm (1.2-1.8
inches) of rain fell. Stated in other terms, alwlelveloped stand of big bluestem with fully-
developed foliage may intercept over 1.3-cm of wpe acre when 2.5-cm of rain falls in 1
hour (Weaver and Rowland, 1952). Infiltration satexder well-developed prairie grasses are
also impressive. In a study comparing infiltratrates under the tallgrass prairie native big
bluestem and Kentucky bluegraf®4 pratensis), a shallower-rooted cool-season grass which
has been domesticated for use in lawns, big bloessénibited infiltration rates up to 480%
greater than bluegrass (Weaver and Rowland, 195 \irtue of their ability to substantially
improve infiltration and reduce surface runoff,imatprairie grasses are ideal candidates for
vegetated stormwater systems in the Midwest.

Although vegetated stormwater systems are beingeimgnted as a means of controlling
urban non-point source pollution, the overall intpEfcdhese systems on receiving aquatic
ecosystems still requires much study. Typical iogtused to evaluate the performance of these
systems include peak flow rate and stormwater veluaduction, as well as pollutant removal
capabilities. While such hydraulic and chemicallgses provide valuable insight to the
system’s performance, collection of these datacglfyi require specialized equipment or costly
laboratory analysis. In addition, these measuoasad incorporate the ecological processes upon
which the system’s pollutant removal mechanismsased. The limitations of hydraulic and

chemical measures present a challenge to the &yngshonitoring of vegetated stormwater
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systems. In this study, traditional hydraulic @hémical performance assessments were applied
in addition to a quantitative ecological healthrralbo determine if such an ecological health
assessment tool can provide some indication oésygerformance. The development of the
ecological health rubric is discussed in the follogyvsections. The rubric developed for this
study is intended to provide a better understandfregological function and assessment in
ecologically-designed stormwater systems and hesgliunctions can improve system

performance.

Methods

Two study sites at different stages of vegetatiatunity were selected for the
development of the ecological assessment toolh B&ere located in Northeastern Kansas, in an
area once dominated by the tallgrass prairie et@sysThe first of these sites was a stormwater
detention basin located in a medium-density residiemeighborhood in Topeka, Kansas. The
basin, which will be referred to as the Quintondteés basin after the neighborhood in which it
was built, was constructed in 2004 to relieve fiogdn the area. The 1,550 square-meter basin
was designed to receive runoff from a 6,000 squater area, the majority of which flows
down a street and into the basin through a grgpediag placed in the middle of the street
(Spaar, 2004). After excavation, the basin wakargpd with grasses native to the tallgrass
prairie, including big bluestenftdropogon gerardii), IndiangrassSorghastrum nutans),
switchgrassHanicum virgatum), and sideoats grammBduteloua curtipendula). At the time of
the study, the Quinton Heights basin was in itdtliear of operation, so the grasses were well-
developed and approaching vegetative maturity setkby Weaver and Zink (1946). The
second site, located in Johnson County, Kansasawaairie restoration project intended to
intercept runoff from an adjacent municipal builglinThe yard surrounding the building was
originally a traditional fescue lawn. The lawn v&msayed with Roundup® in the spring of 2007
and a mix of mid-height prairie grasses, includsidgoats grammautel oua curtipendul a)
and hairy gramaBputel oua hirsute), was seeded directly into the lawn in June 2003 help
prevent erosion, a cover crop of annual tyai(m multiflorum) was planted after the native
grass was seeded. Soil samples were taken frdmsties and analyzed by the Kansas State
University Soil Testing Lab. Both sites were ciied as silty clay loams, the expected
saturated hydraulic conductivity of which is 0.18/br (Rawils, et al., 1982). Double-ring
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infiltrometers were used to conduct infiltrationdies to examine changes in effective saturated
hydraulic conductivity (K¢) throughout the study period in addition to difieces in Kx

between the two systems at different stages ofta@ge maturity. Infiltration tests were
conducted at both sites on a monthly basis ineef@s of three. In addition to monitoring
infiltration rates, both sites were instrumentethWSCO automated water samplers (ISCO Inc.,
Lincoln, NE) to measure peak runoff rates and tatabff volume entering and leaving the site.
Water samples were also analyzed for total susgesales (TSS), phosphorus and nitrogen
content, as these are among the pollutants ofegieebncern in the region. An ecological health
rubric, which will be described in the followingd®n, was also developed to assess system

health on a monthly basis.

Development of the Ecological Assessment Rubric

Using qualitative assessments already developesbiband rangeland health as a guide,
an ecological assessment rubric was developedgfaication to the study sites described above,
both of which were modeled after prairie ecosysteiftse rubric was broken into four main
categories: vegetation health, soil structure,exmision, and faunal health. Each of these
categories contained three to four indicators wkwehe given a score of one through four, with
one being poor condition, two being fair, threengejjood, and four being excellent condition.
These scores were assigned based upon how theionsadit the site compared with the
conditions described in the rubric for each rankihgicators within each category were chosen
based on their relevance both to ecosystem headthl@sired function of a stormwater
management system, namely to soil stability, hyaiyial function, and biotic integrity. To
determine the overall score for each categoryintiwidual scores assigned to each indicator
within the category were summed. A final ratingdoerall ecosystem health was determined
by summing the scores for each of the four categorA diagram of the rubric developed for
this study is presented in Figure 2.1 to graphyadllistrate the indicators within each category
and their contribution to the overall health score

It should be noted that the scoring system usethfsrassessment rubric assumed that all
indicators contribute equally to the overall healtlthe ecosystem and did not account for the
relative importance of one indicator to anotheitill, &n equally-weighted rubric was selected as

the best model for the assessment developed fostindy as it is simple and its use is supported
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Figure 2.1. Ecological health assessment rubricatyram.

Density OM Color
Root Depth
Diversity/ i
» Plant Healt| Soil Health/Structur
Composition
Compaction
Vigor Overall |
Ecological Tilth
Health
( Soil Erosiol Faunal HeaItD
Indicators of the Result of the Desirable Species Undesirable Species
Erosional Process Erosional Process :
Sheet and Rill Deposition Earthworms Mosquitoes
Gulley Pedastaling Soil macrofaun

Terrestrial macrofauna
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by similar assessments in the literature which megatisfactory response despite being equally
weighted (Manske 2002; Romig, 1996).

The following sections describe each of the indicsatncluded in the rubric in greater
detail and provide reasoning for their inclusiormamassessment for the function of an ecological
stormwater system. Descriptions of the “Excellaritl “Poor” ranking are given for each
indicator to illustrate the full range of possibtenditions. The complete ecological health rubric
developed for this study includes descriptiongher“Good” and “Fair” rankings as well, and is
displayed in Table 2.1. A Student’s t-test wadqrered using the data analysis function in
Microsoft] Office Excell to compare average scores between the two sieschnof the

categories to determine statistical significancihat95% confidence level (p < 0.05).
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Table 2.1, part 1. Ecological Health Rubric develped to assess health of ecologically-designed stavater systems.

4 - Excellent

3 - Good

2 - Fair

1 - Poor

Tota

Plant Health
-Density

-Diversity/
Composition

-Vigor

-Plants closely spaced
with even distribution
pattern. Less than 20%
soil surface exposed.

-Diverse plant community
with no invasive species.

-Plants are vigorous with
balanced mix of young
and mature growth.

-Plants closely spaced
with somewhat even
distribution pattern. 20-
40 % soil surface exposed

-Diverse plant community
with a few less desirable
species.

-Plants are vigorous with
no deformed growth
patterns

- Patchy plant spacing an
distribution pattern. 40-

60% soil surface exposed.

-Reduced diversity with
some less desirable and
invasive species.

-Plants pale green or
yellowing, deformed
growth patterns or are
developing close to the

d- Fragmented/clumped
plant spacing and
distribution pattern. Over

-Restricted diversity with
many undesirable or
invasive species.

-Plants appear stressed ,
are developing close to th
ground. Most are dead o

ground.

dying.

60% soil surface exposed.

1

Comments: (record presence of desirable and/osimeapecies and whether appropriate to ecoregidrsmrmwater system goals.)

Soil Erosion -Soil removal by wind or | -Small rills developing. -Sheet and/or rill erosion | -Sheet and rill erosion
Indicators water is not evident Transported soil remains | occurring in small areas. | occurring in large areas.
-Sheet & Rill on site. Most soil remains on site.. Much of the soil
-Gullies -No bare soil deposits. transported off site.
Plants have colonized soil -A few bare soil deposits.| -Several small soil
deposits. Plants are stabilizing deposits due to deposition.-Deposited soil inhibiting
. recent deposits. Plants have not stabilized. plant growth or present as
-Deposition -Recent gully formation is large, bare deposits.
not evident. If gullies are| -Very little recent gully -Some recent gully
present, they are small andormation. If some gullies formation but still small | -Well-developed, active
vegetated. present, they are small andand unbranched. gullies present.
vegetated.
-Pedestaling -Plant pedestaling is not -Plant pedestaling is -Plant pedestaling has
evident. -Very little plant evident but not so severe| exposed plant roots.
pedestaling. that roots are exposed.
Comments:
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Table 2.1, part 2. Ecological Health Rubric depeld to assess health of ecologically-designed stater systems

4 — Excellent

3 — Good

2 — Fair

1- Poor

Total

Soil Health/
Structure

-OM Color
-Roots/Residue

-Topsoil clearly defined,
darker than subsoil

-Roots penetrate over 15
cm deep; surface residue
abundant

-Topsoil somewhat darker
than subsaoill

-Roots 10 cm to 15 cm
deep; surface residue
abundant

-Topsoil only slightly
darker than subsoil

-Roots 5 cm to 10 cm deeq
some surface residue

-No difference between
color of topsoil and subsaoil
-Roots less than 5 cm
;deep; no or little surface
residue

-Wire cannot be inserted tp

-Subsurfa_lce -Wire flag easily inserted -Considerable effort 20 cm depth without
Compaction | 50 cm or more -Wire flag inserted 20 cm | required to insert flag up td bending or breaking
deep or more, but with 20 cm
some effort -Soil very cloddy; clods
-Soll Tilth -Soil crumbles well and is -Soil is cloddy hard like brick
easy to slice through -Soil crumbles fairly well
but some clods persist
Comments:

(Structure assessment can be performed while ekingwaea for earthworm count or with a soil buadity corer.)

Living

Organisms

-Desirable

Species
-earthworms
-soil
macrofauna
-others (birds,
dragonflies,
butterflies,
ect.)

-Undesirable
Species

(mosquitoes)

-10 or more earthworms in
excavated area with many
casts and holes

-several other species of
soil macrofauna (ie, beetle
and cicadae larvae,
millipedes, etc) present

-several different organism
present in/ around the
system

-No mosquitoes or
mosquito larvae present

-5 to 9 earthworms in
excavated area with some
casts and holes

-a few other species of soil
macrofauna present

s-several different organism
present in/ around the
system

-No mosquito larvae,
though a few mosquitoes

-1-4 earthworms in
excavated area with few
casts and holes

-1 other species of soill
macrofauna present

s-One species of organism
present in/ around the
system

-Mosquito larvae present i
standing water

-neither earthworms or the
casts and holes in excavat
area

-no other species of soil
macrofauna present

-No organisms present in/
around the system

-Both mosquitoes and
mosquito larvae prevalent

Comments/ Record organisms observed here:
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Plant Health

The category for plant health considered plant élgrdiversity, and overall vigor. In an
ecological stormwater system, vegetation healfierbaps one of the easiest characteristics of
the system to observe. Let us consider each afdhmgponents used to assess plant health. In an
ecological stormwater system, as well as in mdstrotegetated systems, establishing a dense
stand of vegetation is extremely important in ortdegprevent soil erosion from the system. In
addition to holding soil in place, vegetation atedps to prevent the occurrence of soil sealing
and the formation of soil crusts by protecting $mm the impact of raindrops (Holman-Dodds,
2006). An additional advantage of closely spacsgevation in vegetated stormwater systems is
that dense vegetation slows the flow of water mgimough the system better than fragmented
clumps of vegetation, thus improving the removasugpended sediments. The rubric
developed for this study assessed density on this baplant distribution and the amount of soill
surface exposed. Systems in which plants werallistd such that less than 20% of the soll
surface was exposed received a score of “Excelld@tvhile those with a clumped or
fragmented distribution pattern which left over 66%the soil surface exposed received a
ranking of “Poor” (1). Percent cover partitions fbe plant distribution category were based on
a similar partitioning scheme set forth by Mansk@0R) for rating plant distribution in
rangeland health assessments.

In addition to plant density, plant diversity isoéimer important component of vegetation
health. Diversity is desirable for many reasohs,foremost of which is that diverse systems are
usually more resilient against stressors suchasmthoduction of disease, pests, or toxic
chemicals, and unfavorable climatic conditions (i@s] et al. 1998). In the case of prairie
ecosystems, plant biodiversity is an importantdeabf ecosystem function. Different species
of grasses and forbs exhibit different rooting cinves to extract water and nutrients from
different depths within the soil profile (WeaveB85B). Such diversity in root structure is a
desirable feature for ecological stormwater systbatause it allows the soil profile to be dried
out more completely between rainfall events smtogase the storage capacity of the soil for the
next storm. Plant diversity is also important wigensidering the hydrologic aspects of a
vegetated stormwater system as some plants tofeegigent inundation with water while others

flourish in drier environments. In addition to thl®rementioned functional aspects, the
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aesthetic appeal of a diverse plant community sféeother advantage to vegetated stormwater
systems. For example, the various heights, codmd flowering parts of different grasses, forbs
and wildflowers can be exploited to design a stoatewsystem that is both functional and
pleasing to the public eye. For the purposesisfabsessment, “Excellent” sites are those with a
diverse plant community with no invasive speciedevites with greatly restricted diversity or
many undesirable or invasive species was consideeat.”

While a diverse vegetative community is desirabtg,all plants are as desirable as
others. In the case of prairie ecosystems, ineagpecies such &ericea lespedeza can crowd
out native grasses and transform the system intoreoculture (Ohlenbusch et al., 2001). Ina
stormwater system designed after a prairie ecasysither less desirable plants include weedy
annuals such as foxtalbdtaria spp.), crabgrasstigitaria spp.), and stinkgrassfagrostis
cilianensis). These grasses have a shallow root system anefdne contribute minimally to
improving soil structure or infiltration propertieShallow-rooted plants are also unable to
access water once it has percolated below thestwpriches of soil, rendering these plants
relatively ineffective at drying out deeper porsaof the soil profile between rain events. The
desired plant composition will depend upon bothsgstem type and the goals of the system. In
the case of prairie ecosystems after which therst@ter systems in this study were modeled, a
ranking of “Excellent” was assigned for systemshatdiverse plant community of grasses,
forbs, and wildflowers with no invasive species.“Roor” ranking was given to systems with
relatively little diversity and many invasive ordesirable species such as weedy annuals.

The final indicator of plant health used in therialvas the overall appearance of the
plant, including color, vigor, and growth patterri®lant appearance can be used as an indicator
of plant stress due to environmental conditionqagnutrient or water limitations. A high
proportion of dead or dying vegetation indicates tiecruitment is not occurring and that the site
is at risk of being overtaken by undesirable plasiish as weedy annuals and invasive species
(USDA NRCS, 1997). In the assessment developethi®study, sites at which the vegetative
community exhibited vigorous growth and a balanoexdture of young and mature plants were
given an “Excellent” score. Sites at which the onigy of the plants appeared stressed, were

developing close to the ground, or were dead arglyiere given a “Poor” classification.

20



Soil Erosion I ndicators

Since the goal of most stormwater systems is toigeeosome degree of water quality
improvement, the loss of soil from the system ys&m- and subsequent addition of soil to
stormwater leaving the system- is typically notigdde. Soil erosion indicators have been
incorporated into other assessments of terregtitiadystem health (Manske, 2002; Romig et al.,
1998) and were also included in the rubric devaldpe this study. To assess the prevalence of
erosional activity in the system, erosional indscatincluding sheet and rill erosion, gully
formation, plant pedestals and terracettes, anessxee deposition were considered.

Soil loss by sheet or rill erosion is evidencedhmsy presence of linear streamlets cut by
flowing water. The frequency and spatial distribatof these streamlets was used as an
indicator to assess rill erosion at the site. Ercellent” rating was given to sites with no
evidence of soil removal by either wind or watér‘Poor” rating was assigned to sites at which
rills were widely distributed across the area amcbanpanied by evidence of soil transport off
the site.

If the streamlets formed by sheet and rill erosimnot revegetated, continued erosion
may transform these small channels into gulliesesSt which gullies were present and actively
eroding were given a “Poor” rating. If recent gutbrmation was not evident and gullies that
were present were small and vegetated, an “Exdélating was assigned.

Plant pedestals and scouring can be used as additnalicators of soil erosion (Pyke,
2002) and were also included in the rubric. Ppmdestalling occurs when soil is removed from
around the base of plants via erosion and can sereéd by checking for exposed roots
(Manske, 2002).

Scour around and beneath rocks or other hard ssfawluding the inlet and outlet
pipes of stormwater systems, is another indicatgpi loss and excessive erosional energy. |If
neither pedestalling nor scour was present atitbgas “Excellent” rating was assigned. Sites at
which plant roots were exposed and/or severe suptiad occurred received a rating of “Poor.”

In keeping with the goal of water quality improvemedeposition is expected in
ecologically-designed stormwater systems as stotenflaws are slowed and sedimentation
occurs. However, excessive deposition can havativegeffects on the system by decreasing
capacity or clogging of pores by fine sedimentbede potential negative impacts are countered

by the establishment of vegetation on soil dep@stsoot development and associated biological
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activity will improve porosity and the overall stture of deposits. To assess the impact of
deposition on the health of the system, the presand extent of soil deposits were observed.
Sites in which soil deposits were being revegetatek given an “Excellent” rating. If
deposited soil appeared to be inhibiting plant dlhoer occurred in large, bare deposits, a “Poor”

rating was assigned.

Soil Health/Structure

Soil health indicators included in the assessmdmic were the organic matter layer, the
density of roots and residue, the presence of cotepaoil layers, and soil tilth. Unlike the
indicators for plant health, which could be deteredi from the surface, the indicators for soil
health require a look below the ground. Other itaiale assessments of soil health have
employed either a shovel (Manske, 2002) or soi ¢érshad et al., 1996) to observe soil health
indicators. In this study, a both tools were ugedbserve soil characteristics. The methods
used to score each of the aforementioned soiltheadtcators, along with the reasoning behind
their inclusion in the assessment developed farghidy, follows.

A well-developed organic layer is beneficial foflsin stormwater management systems
as this nutrient rich layer provides nutrientsuport the growth of vegetation at the site while
helping to improve infiltration properties of theilsyHolman-Dodds, 2006). Soils rich in
organic matter tend to be darker in color thansthiesoil beneath, and the relative color of the
upper soil layer has been used as a simple qusaditadicator of healthy soil (Manske, 2002).
The rubric developed for this study incorporatedemsure of organic matter by comparing the
color of the topsoil with that of the subsoil. fasdard soil bulk-density core was used to
remove soil from the upper 8 cm of the profile xamine the coloration of the topsoil and
subsurface layers. Soils in which the topsoil wlaarly darker than the subsoil were given an
“Excellent” rating. If topsoil was light in col@nd could not be differentiated from the subsaoil,
a rating of “Poor” was assigned.

The abundance of roots and residue are also impartanponents of a healthy soll
ecosystem. The degree of root development wilf d@pending on vegetation age and type, soil
conditions, and climate. For stormwater managenusap, well-developed root systems are
desirable as they have a greater impact on irtftneand stormwater volume than do shallow-
rooted grasses (Perrygo et al. 2001; Weaver andaRdw1952). This is partly due to the effect

of roots on soil physical properties. Over tinetrpenetration has been found to contribute to
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increased soil porosity and the development oflstsdil aggregates, both of which promote
higher infiltration rates (Holman-Dodds, 2006). d&ocontinue to enhance soil infiltration
properties as they decay by increasing the orgaaiter content and creating macropores
through which high infiltration rates have beeneed due to preferential flow (Linden et al.,
1991). The other advantage of deeply-rooted plawes those with shallow root systems is that
deeply-rooted plants are able to consume water &@meater portion of the soil profile for
transpiration in between storms, thus increasiegstbrage capacity of the soil for the next
runoff event (Holman-Dodds, 2006). Rooting deptl density were observed using a shovel to
expose the top 15 to 20 cm of soil. Although thet Isystems of many tallgrass prairie species,
including those planted at the study sites, cawdoodepths greater than 1.5 meters, sites at
which roots penetrated 15 cm or more were givetEanellent” rating for the purposes of this
study. A dense root system at this depth woulldrsipact infiltration for a typical rain event in
the Midwest, and the required sampling depth afol®0 cm makes observation of this indicator
more practical for the intended user of this aseess. A “Poor” rating was given to sites at
which roots were sparsely distributed or did notgisate beyond 5 cm.

Root development can be adversely impacted byrésepce of compacted soil layers.
Subsurface compaction can also restrict infiltragmd nutrient cycling processes (USDA
NRCS, 1997) and is therefore undesirable in ecodgitormwater systems. Compacted soil
layers can be detected through the use of a peneteo, or, more simply, by probing the soll
with a sharp rod or shovel (USDA NRCS, 1997). Teak for the presence of compacted layers
in this study, the ease with which a wire flag colbé inserted was gauged as suggested by
Romig (1996). An “Excellent” rating was assignedsbils in which the flag is easily inserted to
a depth of 15 cm (6 inches) or more, while a “Paating was given to soils in which the flag
cannot be inserted to this depth without considerbénding or breaking. The 15 cm depth was
selected as a threshold for determining the presehcompacted layers based on literature
reports that cite compaction layers typically oceuthe upper 15 cm of the soil profile (Pyke,
2002; USDA NRCS, 1997).

Soil tilth is a qualitative indicator commonly usiedagronomic applications to describe
the soil’s suitability for supporting plant and tgwowth. Good tilth pertains to soils which are
friable with a stable assemblage of aggregatesisaadunction of soil texture, soil structure, and

organic matter content (Hillel, 1998). The poraapg in soils with good tilth is large enough to
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allow adequate air and water movement throughdhe Soll tilth can be assessed by crumbling
a fistful of soil in one’s hand and observing tlase with which the soil crumbles and the size of

the aggregates, or soil crumbs, into which thels@éks (Manske, 2002).

Faunal Health

Although largely ignored in stormwater managemgetdture, the ecological literature
focuses heavily upon the interaction between kaoththe physical and chemical components of
the ecosystem, including infiltration and nutriegtling. In the soil, earthworms are among the
most important components of the soil biota dutiéir role in the formation and maintenance
of soil structure and fertility (Edwards, 2004)s Aarthworms burrow through soil, they ingest
mineral particles, which are then mixed with orgamitter in the earthworm gut and form stable
aggregates when excreted. The soil aggregategébduring passage through the earthworm
gut contribute to improved drainage and moisturieihg capacity of the soil profile (Edwards,
2004). Of particular interest to stormwater mamaget is the affect of earthworms on
infiltration. Earthworms are a major source oflbgical macropores in many soils, including
those in the Midwest, and thus impact the ratelathwater is transmitted through the soll
profile (Linden, et al., 1991). Studies that hguantified infiltration due to earthworm burrows
and have reported a wide range of infiltrationsataut all conclude that the flow rate in burrows
is much greater than in the surrounding soil mdtitwards, 2004; Shipitalo and Butt, 1999;
Weiler and Naef, 2003).

In addition to their influence on soil propertiegdgrocesses, earthworms also respond to
ecosystem disturbances, such as urbanizationexaonple, in a study of different-aged urban
systems, Smetak (1998) observed significantly fexegthworms in urban yards less than 10
years old (26 worms per square meter) than in uybedas greater than 75 years old (121 worms
per square meter). Earthworm population densmie)0 per square meter have been reported
for the Konza Prairie, a native tallgrass praiggerve in northeastern Kansas (Ransom et al.,
1998). Coupled with the relative ease of obsereaghworms over other soil organisms, these
important soil macroinvertebrates have been idedtés excellent biological indicators of soil
health and, therefore, were included in the hesddessment developed for this study.

The sampling method chosen to quantify earthworepedds on the basic life histories
of the earthworms found in the study area (Blaalet1996). Earthworms are classified into one

of three groups based upon their feeding and bumngpeatrategies: (1) Epigeic species, which
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live in or near the surface litter, (2) Endogeiedps, which live within the soil profile in
temporary, horizontally-oriented burrow systemg #ra filled with cast material as the
earthworm moves through the soil, and (3) Anecexgs, which create permanent, vertically-
oriented burrow systems extending up to 2 m ingosibil profile. Since both shallow and deeper
dwelling earthworms have been reported in theradig prairie ecoregion (Ransom, et al., 1998),
a combination of sampling procedures was choseordiog to sampling methods outlined in the
literature (Blair et al., 1996). First, vegetatiemd residue at the surface was cleared from an
approximately 50 cm square area (2%ydnd examined for surface-dwelling earthworms. A
shovel was then used to excavate the area to b dep0 cm. All excavated soil was hand-
sorted to determine the presence of earthwormsgiii the upper region of the soil profile. A
solution containing 5 g/L of dry mustard dissolvedap water was then applied to the bottom of
the excavated area to elicit any deeper-dwellireg@nearthworms present in the excavation
area from their burrows to the surface. Earthwonese sampled a total of three times at each
site: once in late spring and twice in the falhe§e sampling times were chosen to correspond
with the seasonal height of earthworm activity (Bé&t al., 1996). Due to the relative
invasiveness of the excavation method, only onaweatton was made at the site per sampling
event. Sites at which 10 or more earthworms wawed were given an “Excellent” rating. If
neither earthworms nor their casts or burrows i@sed in the excavated area, a “Poor” rating
was assigned.

In addition to earthworms, other species of macnadainhabit the soil and contribute to
biological diversity. Beetle and cicadae larvaédlipedes, and centipedes are among the most
common arthropods present in prairie ecosystemss@a, et al. 1998) and their presence or
absence was included in the rubric developed ferstudy. Soils in which four or more other
species of soil macrofauna were found receivedexéllent” rating while soils devoid of soil
macrofauna received a “Poor” rating.

Above-ground species diversity was also consideréide rubric. While not directly
vital to the performance of the stormwater syst@sects such as bees and butterflies can aid in
pollinating wildflowers planted for aesthetic valmethe stormwater system. Other insects, such
as beetles, grasshoppers, and crickets attract tointhake ecological stormwater systems more

of a public amenity. Sites at which several ddfd@rspecies of insects, birds, or other wildlife
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were observed were given an “Excellent” rating eisites at which no organisms were observed
were assigned a “Poor” rating.

While species diversity was used as an indicatsysfem health, some organisms are
not desirable in ecologically-designed stormwaystesns. Mosquitoes are perhaps the foremost
of these, primarily for reasons concerning pubdgalth and relations. Systems in which no adult
mosquitoes or their larvae were observed were giwetiExcellent” rating, while a “Poor” rating

was assigned to sites at which both mosquitoesrarsdjuito larvae were prevalent.

RESULTS AND DISCUSSION

The ecological health rubric developed for thigigtwas applied to the two study sites
once every three to four weeks over the coursheofitowing season. The results and overall
assessed health of the stormwater system are suzedhar Table 2.2. The complete data set
and statistical analysis for the health assessimémtluded in Appendix A. The Total column in
the table represents the sum of the health scayesdach of the four categories and is used as
an indicator of the overall ecological health ofleaystem. In basing the total score on the
summation of category scores, this rubric assutregghe indicators in each category contribute
equally to the overall ecological health of thetegs Although this assumption overly
simplifies the complex relationships related tossbem health and function, it was deemed

acceptable for the purposes of this assessment.

Table 2.2 Summary of scores from ecological healssessment conducted at Johnson
County (planted in June 2007) and Quinton Heightsplanted in summer of 2004).

Ecological Health Assessment
Johnson County Quinton Heights
Plant Soil Soil Faunal Plant  Soil Soil  Fauna
Date Health Erosion Health Health Total Date Health Erosion Health Health Total
6/26/2007 2 6 15 10 7 38] 5/8/2007 10 11° 21 26
7/10/2007 8 15 9 9 41] 5/31/2007 11 14 13 38 46
8/6/2007 9 16 9 9 43]6/22/2007 2 9 14 13 36 45
8/24/2007 10 16 7 11 44] 7/20/2007 10 15 13 38 47
9/5/2007 9 16 7 10 42] 8/7/2007 11 16 14 41 52
9/28/2007 2 10 16 10 9 45] 9/7/2007 11 16 14 41 51
10/10/2007 10 16 11 15 52|10/2/2007 ° 10 13 14 37 48

%denotes dates on which earthworms were sampled.
®soil health not assessed due to overly wet soitlitioms
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A more graphic comparison of the changes in théogaal health scores at the two sites
during the study period is provided in Figure 245 seen from the figure, the overall health
score generally increased throughout the growiagae at both sites. This was expected
because many of the indicators used in the ruparjcularly vegetation density and vigor,
improve as the growing season progresses. Nurligrittee average overall score at Quinton
Heights was higher than that at Johnson Countyweiter, the Student’s t-test conducted
between the overall health scores at the two sitksated the differences in overall health
scores at the two sites were not statisticallyiBgant (p = 0.71). So, although the vegetative
community at Quinton Heights was more mature thanhat the Johnson County site, its overall
ecological health was not significantly greatemtittzat of a recently revegetated site. The
following sections will discuss observations focleaf the four assessment categories and their
contribution to the overall ecological health scateach site.

Figure 2.2 Overall scores from the ecological he&ltassessment conducted for the
stormwater systems at Johnson County and Quinton Hghts.
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Plant Health
Observed scores for plant health at the Quintogitsiand Johnson County sites are
displayed in Figure 2.3. In general, plant heatires at Quinton Heights were consistently
higher than that at Johnson County, primarily beeahe Quinton Heights site was in its third

growing season at the time of the study, whereagithsses at Johnson County were seeded at

27



the start of the study period. The difference leetwthe vegetative maturity of the sites was
most apparent in the density and types of plamiisdbminated either site. The grasses at the
Quinton Heights site covered approximately 80%hefground surface from the start of the
growing season, whereas the emerging vegetatioainesh sparsely distributed for the first two
months at the Johnson County site. The grass corityrat the Quinton Heights basin was
dominated by perennial prairie grasses, includiggphuestem, sideoats gramma and indian
grass. The wet, central channel of the basin wasmthted by the moisture-loving species
barnyardgrassHchinochloa crus-galli), switchgrass, and prairie cord graSsaftina pectinata).
Plant health at the Johnson County site was loateste beginning of the observation period due
to the sparse distribution of the emerging vegetiatbut gradually increased as the growing
season progressed and the grasses began talfid site. Although grasses were healthy in
appearance and covered approximately 80% of thewdace by early August (both of which
earned the site “Excellent” scores in the plantthezategory) the plant community was
dominated by weedy annuals, including yellow faxtstinkgrass, and crabgrass. Dominance by
such less desirable plants is, however, expectdtkirarly stages of prairie restoration projects,
and the site at Johnson County proved to be ngpéirce It is expected that perennial prairie
grasses originally planted at the site, namelyagtkeand hairy grama, will become established
over the next one to two years to move the siteetlto its ecological potential. The
photographs in Figure 2.4 depict the Quinton Heigintd Johnson County sites toward the peak
of the growing season.
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Figure 2.3 Scores for the plant health category ahe Johnson County (JCT) and Quinton
Heights (QH) sites.
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Figure 2.4 Photograph of the Quinton Heights (leftand Johnson County (right) study sites
_in late July 2007.

Given the differences in plant density and specwsposition, differences in the overall
plant health scores at the two sites were staitisignificant by the Student’s t-test (p = 0.047
at the 95% confidence level. Although plant heal#is significantly higher at Quinton Heights,
scores at the 3-year old site were lower than @rdeprimarily as a result of two mowing
occurrences. The basin was mowed once in early dnd again in early October, both of which
are reflected by a drop in plant health scores.il@&\feriodic mowing can be used as an

alternative to burning to maintain a healthy gre@smunity (Diboll, 1982), inappropriate
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timing and frequency of mowing may adversely affeet health of prairie grasses. Studies of
grasslands and restored prairies suggest mowirggn@mnual or semi-annual basis either in early
spring or at the end of the growing season (D&841Diboll, 1982). In addition to the less than
desirable timing and frequency of mowing in theitbbasoth mowings left a considerable thatch
layer in the basin, particularly along the centtannel where grass growth is most vigorous.
While a moderate mulch covering is desirable tonte infiltration, maintain plant-water
relations, and help prevent erosion, excessive s been found to retard emergence of
regrowth, reduce the amount of biomass producedigiout the growing season, and reduce
plant diversity (Weaver and Rowland, 1952). Thewing in early October was potentially
damaging to the development of the grass belowithend as well; since temperatures were still
warm enough to support above-ground biomass grahhgrasses may have pulled reserves
from the roots to support recovery growth abovegdythus weakening the root system (Knapp
et al., 1999). Due to the potentially negative @t of over-mowing on the growth of tallgrass
species, mowing treatments are recommended eithkeispring or late fall after the first killing
frost (Schach et al., 1996).

Soil Erosion

Scores for soil erosion remained fairly constardaath site throughout the observation
period and, although numerically higher at the 3ohnCounty site, were not found to be
statistically different (p = 0.058). Soil erosiscores are displayed in Figure 2.5. The Johnson
County site maintained scores in the “Excellentiga, a result which can most likely be
attributed to the sites’s relatively flat topogrg@nd small watershed. Erosive and depositional
forces were more prevalent at the Quinton Heiglésvwghere small gullies had formed along the
steep sides of the basin and incoming stormwatersffrom the streets provided an abundant
supply of sediment and debris to the basin. Thsienal and depositional features of the
Quinton Heights basin did not, however, presentatgconcern to the stability of the site as the
grasses in the basin began revegetating the galieésediment deposits. Accordingly, the
relationship between soil erosion indicators angetation health is evidenced by the increase in
soil erosion scores throughout the growing pertoQ@nton Heights, despite heavy rainfall
events that also occurred during this period. ditog in the erosional indicator score for the

October observation at Quinton Heights is relatetthe late-season mowing of the basin, which
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removed vegetation along gullies and sides of g thus leaving the basin more susceptible

to erosion.

Figure 2.5 Scores for the soil erosion category #te Johnson County (JCT) and Quinton
Heights (QH) sites.
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Soil Health and Structure

The scores for the soil health and structure caye@@ displayed in Figure 2.6. As seen
in the figure, soil health and structure scores edsnained fairly constant throughout the
observation period, particularly at the Quintongies site where the coefficient of variation
(C.V.)was 4.1%. Scores were found to be stasibyihigher at the Quinton Heights site (p =
8.65 x 10°). The observed stability in scores was anticipaiace the majority of the indicators
upon which the soil health score was based- nathelgepth of the organic matter layer, soil
compaction, and tilth- are related to the structiréhe soil and would not be expected to change
significantly over a single growing season (Voge¢lal., 2001). Because the grasses at Quinton
Heights were further along in their developmennttiaose at Johnson County, the rooting depth
and density at Quinton Heights was greater andritom¢d to higher soil health scores for the

site.
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Figure 2.6 Scores for the soil health and structureategory at the Johnson County (JCT)
and Quinton Heights (QH) sites.
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In comparison to the relatively constant soil Healtores at Quinton Heights, greater
variability was observed in the scores at the Jom@ounty site (C.V.= 17%). The spatial
variability of soil properties across the Johnsaudy site, particularly with regards to the
organic matter layer, is believed to have contglub the increased variability in scores. An
additional source of variability was the soil maigt at the time the assessment was completed.
The soil moisture was found to affect the ease which the wire flag, used to determine the
presence of compacted soil layers, could be indémnte the soil so that drier soils appear to be
more compacted. Skewed compaction scores duel tma@isture content could be avoided by
conducting the health assessment when the soituneis about the same, for instance, 48 hours
after rainfall. Other physical features could digoincorporated into the rubric to confirm the
presence of suspected soil compaction, includiogkyl, dense soil structure over less dense soil
layers or horizontal root growth (USDA NRCS, 199Another adjustment that could be made
to the assessment developed for this study woutd beeasure the depth of the granular, organic
matter rich layer in the upper-most region of tbe grofile rather than simply compare the color
of the topsoil to that of the subsoil. The deptthcs layer was easily observed while with the
soil core and conducting the earthworm surveyJdkinson County, the upper 1 to 3 cm of the
soil profile exhibited a granular organic layer quared to the top 6 cm at Quinton Heights.

Differences in the development of this layer arestli@ely related to the depth and activity of
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the roots of the grasses at each of the siteshamditnpact on soil structure. A quantified
measure such as this would provide a better indicatf changes in the organic content and

structure of the soil over time than the more sttbje color-comparison method.

Faunal Health

Of the four categories used to assess the ecoldwetth of the study sites, the scores for
the faunal health category were the most variabée tme. The inconsistent nature of scores
for this category can be observed from the valisgdaled in Figure 2.7. This result could also
be expected since the biological indicators upoitkwhcores were based are mobile, and, unlike
the grasses or soils in the system, may or map@g@resent at the time and location at which the
assessment was conducted. Due to the variableenaitthe Fauna scores at each site, the
Student’s t-test returned no significant differengescores between the two (p = 0.35). Both
sites played host to a variety of birds and insantsreceived scores of “Good” to “Excellent” at
each assessment date. Earthworms were found dohimson County site in each of the three
earthworm sampling trials, but none were observédeaQuinton Heights site. The earthworms
recovered at the Johnson County site were predaoniynaf the epigeic or endogeic variety and
resided near the soil surface. Because the eantihspecies encountered at the site were found
near the surface, the earthworm sampling procedaseadjusted to more effectively account for
the earthworms present in the sampling area. Quha sampling trials, it was found that more
worms could be found when the sampling area waseteof vegetation and the dry mustard
solution was applied directly to the soil surfac@ipto excavation. After sufficient time was
allowed for shallow-dwelling earthworms to navigtddhe surface, the area was excavated to
the 20-cm depth, hand-sorted, and the dry mustduti@n was then applied to the bottom of the
excavated area. Earthworm densities at the Johldsuonty site ranged from 15 to 25
individuals per square meter, which is in line witlues reported in the literature for recently
developed urban lawns (Smetak, 1998). The abs#rearthworms from the sampling trials at
the Quinton Heights sites does not preclude thegmee of earthworms in the basin. It does,
however, suggest that a migrational barrier orrotleadition may exist to hinder the
establishment of a substantial earthworm populatiadghe basin.

As explained previously, the Fauna category alsowatted for the presence of

nondesirable species. The primary organism of @mnto stormwater systems is the mosquito.
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Throughout the study period, only one mosquito alzserved at the Johnson County site, and its
presence there was not necessarily linked to thetself. Mosquito larvae were, however, a
regular inhabitant of the stormwater system at @uirndeights. The presence of mosquitoes at
the site can be attributed to ponded water whiofareed standing in the central channel of the
basin for several days after rainfall and it predd place for the larvae to grow. Mosquito
larvae could be observed in this channel and wecasionally present in water samples taken at
the outlet of the system. Despite the presenceasiquito larvae at the site, adult mosquitoes
were never observed, even during lengthy visithédoasin to conduct infiltration tests. Full
development of the larvae to adult mosquitoes walgbly somewhat controlled by the drying

out of the channel before larvae emerged or by watshf the larvae during storms.

Figure 2.7 Scores for the faunal health category dhe Johnson County (JCT) and Quinton
Heights (QH) sites.
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CONCLUSIONS
One of the challenges to the successful implemientaft ecologically-engineered
stormwater systems is their continued maintenandengonitoring after installation. The
application of an easy-to-use ecological healthicutould help in making post-installation
monitoring efforts more successful. Although gizive in nature, the assessment rubric

developed in this study can still provide valuabhfermation about a stormwater system’s
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condition and potential performance, especially nvheantitative data is not available. The
health assessment developed in this study waseapolitwo urban stormwater sites planted with
native prairie grasses. One of the sites, Quikteights, was in its third season of operation and
approaching vegetative maturity. The second 3dknson County, had just been converted
from a traditional turf lawn to prairie grassedsha start of the study period. Although the scores
for the overall ecosystem health were generalladigt the more mature Quinton Heights site,
differences between the two sites were not fourtzktetatistically significant. Statistically
significant differences in the scores between weedites were observed for the plant health, soll
erosion, and soil health and structure categorié®e most evident difference between the two
sites was in the soil health and structure categ®he significantly higher soil health scores at
the Quinton Heights site are attributed to greaiet development and density, which have in
turn contributed to soil tilth and structure at #hiee. One of the most obvious visual differences
between the two sites was the vegetation. Thetaige community at Quinton Heights, which
was composed primarily of perennial tallgrass paipecies, received higher scores than the
Johnson County site, which was dominated by weedyals. Still, the difference between
vegetation health scores were not as high as eeghetiower than anticipated vegetation health
scores at the Quinton Heights site are attribuded/db mowing events in which the grasses were

cut very short and a thick layer of potentiallygtb-inhibiting grass clippings was left.

Ecological Implicationsto Stormwater Management

The function and sustainability of ecologically-iged stormwater systems depends in
part on the maintenance of ecosystem processesic§lased to assess the performance of
ecologically-designed systems are incomplete dpart the consideration of the health of the
ecosystem. Maintaining a healthy ecosystem hasrigupt implications for the long-term
management of ecologically-designed systems. ¥ample, in the case of the integration of a
tallgrass prairie ecosystem with stormwater managgna proper burning or mowing regime
should be followed to ensure the continued hedlthevegetation, and thus the root structures
which positively impact soil infiltrative properse If a mowing regime is adopted, care should
be taken to mow either early in the growing seamsuaat its conclusion, and to remove at least

part of the grass clippings to make way for reghowt
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Despite the lack of statistical significance, tremtl in overall health scores at the sites
supports the hypothesis that ecological healthsifeaimproves over time. These improvements
are likely to be most evident over the span of yeather than a single growing season. The
time to establish a healthy, functioning ecosystéso has important implications for the design
of ecologically-based stormwater systems. Unlikéitionally constructed systems,
ecologically-designed systems will not be fully étional at the time of their installation, but
will have the potential to improve over the firstiM growing seasons.

The next step in this research is to establishrigelation between the ecological health
score and the actual hydraulic and pollutant rerfovections of the system. Although
hydraulic and water quality data were collectethatQuinton Heights basin, the amount of data
collected was not sufficient to make any firm caetiens between the ecological health score
from the rubric developed for this study and the tiunctionality of the system. In order to
make this ecological assessment tool more usethetstormwater management community, the
rubric will be applied over the next few growingasens at these sites. Coupling the health
scores with continued hydraulic and water qualignitoring data will allow closer comparisons
between ecological health and system function tedbablished. Therefore, practicality of using
an ecological health rubric to rapidly assess titential of the system to fulfill its intended

hydraulic and water quality functions may be deiagd.
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CHAPTER 3 - Ability to reclaim ecological infiltrat ion

processes in urban environments through prairie re®ration

Introduction

The success of Low-Impact Development (LID) stregegn mitigating the impacts of
increased runoff volume and flow rate following amiization hinges upon infiltration. In order
to meet the goals of LID, it is important to undargl the processes and properties that govern
infiltration. This chapter discusses these propeidnd their application in infiltration-based
stormwater management in eastern Kansas and in arkas throughout the historical extent of

the tallgrass prairie region.

Properties Governing Sail I nfiltration

Infiltration in soils has long been a topic of irest. Henry Darcy set the stage with his
column studies of the movement of water throughraéed soils in the 1850s (Kirkham, 2005).
Several decades later, Horton (1940) suggesteditiiiation rates in soils were a function of
both the physical and biological properties ofsb#, as well as the vegetation type and land
use. Physical soil properties that govern infiltnainclude soil texture, structure, bulk density,
and the size and distribution of pores. In anrmsitee review of the literature published
concerning hydrologic soil properties, Rawls e{#882) provides a summary of values reported
for saturated hydraulic conductivity based on s®oiture. In general, soils classified as sands or
loams exhibit the highest hydraulic conductivitéssa result of the coarser particle size of these
soils. Silty clay loams, including the soils andbsoils commonly found in Eastern Kansas
(USDA SCS, 1970), are typified by saturated hydcacdnductivities in the 0.15 cm/h range, or
over 100 times less than rates expected for samithy(Rawls, 1982). In addition to texture, the
soil structure is also important in determiningguial infiltration rates. Soil structure refeos t
the arrangement of soil particles. In the intecésnfiltration, aggregated soils, or those in

which individual grains are flocculated togethewotigh a combination of physical, biological,
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and chemical processes in the solil, are the mastatiée (Hillel, 1998). The size and
interconnectedness of the pores between soil aggegre important components of soil
structure. The diameter of these pores typicalhge from 0.21m to 10 mm. While smaller
pore sizes are important for water retention inghié pores 7%um or more in diameter, referred
to as macropores, are most important in consiaerati the infiltration process (Kirkham, 2005;
Linden et al, 1991). Soil bulk density is alsatetl to soil structure. Defined as the ratio ef th
mass of soil solids to the total soil volume (HjlE998), bulk density is typically inversely
related to infiltration rates (Holman-Dodds, 2008his relationship can be explained by the
reduced pore space typical of soils with high kiéksities, which inhibits the transmission of
water through the soil.

Beyond the physical properties of the soil itsel& biological components of the
ecosystem can have profound impacts on infiltratiearacteristics. Higher rates of infiltration
on vegetated areas versus bare ground cover havenmt documented (Holman-Dodds, 2006,
Perrygo et al. 2001; Weaver and Rowland, 1952jjltrition gains observed in the presence of
vegetative cover have been attributed to changsailiproperties as a direct result of
interactions between soil and plant roots. Asudlised in the previous chapter, root penetration
contributes to those soil properties which enhanftération, namely increased soil porosity and
the development of stable soil aggregates. RawiBruie to enhance soil infiltration properties
as they decay by increasing the organic mattereob@ind creating macropores through which
high infiltration rates have been observed duaébegpential flow (Linden et al., 1991). In
addition to enhancing soil infiltrative propertigsough macropore development, actively
respiring vegetation also alter the soil moist@gme by using water stored in the soil for
transpiration. In effect, the antecedent moistanaent of the soil prior to the next precipitation
event will be lower in soils with vegetation thanthose without, increasing initial infiltration
rates and prolonging the time to soil saturatiom@-et al., 1987).

In addition to vegetation, other biological for@svork within the soil alter infiltration
characteristics. Earthworms are among the madsieinfial of the soil biota with respect to
infiltration (Edwards, 2004). In addition to cabtiting to the formation of infiltration-
promoting soil aggregates, earthworms are a majmcs of biological macropores through

which significantly higher infiltration rates habeen observed (Linden, et al., 1991). Microbial
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activity, which is promoted by exudates releaseglapt roots in the root zone, also plays a role
in improving soil structure and, thus, infiltratipnoperties (Holman-Dodds, 2006).

From the preceding discussion, the intimate tigvbeh both the physical and biological
soil environment in the infiltration process is@emt. As such, both should be considered when
designing infiltration-based stormwater managemsgstems. In much of the Midwest United
States, where the tallgrass prairie ecosystemrluatly predominated, the soil environment that
formed under the cover of tallgrass prairie spewias ideal for rapid infiltration. Although
many of the soils in the region are classifiedilg-clay loams, high rates of infiltration have
been observed in prairie systems. This observati@sts to the role of vegetation, particularly
of deeply-rooted prairie grasses, in improving gdiltration characteristics. Prairie soils boast
well-developed soil aggregates and rich organidenéayers to enhance movement of water into
and through these soils (Jastrow, 1987).

I mpacts of Urbanization on Soil Infiltrative Properties

Soil infiltration properties, which have been depsd through hundreds of years of root
growth and decay, can be lost quickly. The chamgssil structure and infiltration processes
following the conversion of virgin or long-term gsdand to agricultural cropland have been well
documented. Multiple studies report significargdes of water-stable aggregates as well as
changes in the distribution of aggregate size emg¥astrow, 1987; Mohanty et al., 1991).
Urbanization, likewise, alters the soil structunel @ignificantly reduces the infiltrative capacity
of the landscape. One of the most obvious causesductions in infiltration as an area is
converted to urban uses is the addition of streetking lots, buildings, and other impervious
surfaces to the landscape. Compaction during aarigin activities has also been identified as a
leading source of infiltration reductions assodatgth urbanization. Compaction restricts water
and air movement through the soil by increasingotli& density, decreasing porosity, and
forcing a smaller pore size distribution (Gregatyal., 2006). Both the deliberate compaction
of a site to increase the structural strength efsihil to support subsequent developments and
unintentional compaction caused by the use of hegupment and lot grading reduce
infiltration in soils. In a study of the effects @mpaction on both wooded and pasture lots
before and after construction, Gregory et al. (306ported significant reductions in infiltration

rates post construction activities. Furthermargltiation loses occurred regardless of the
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intensity of compaction; infiltration rates werelueed whether light or heavy compaction
occurred.

In addition to soil compaction that results as lyeayuipment is driven over development
sites, typical construction processes involve sogathe top 10 cm (3.9 in.) of soil from the
entire site prior to construction. The processaraping, flipping, and refilling soil during
development results in infiltration rates that fagbehind predevelopment rates even after

vegetation is reestablished (Gregory, et al., 2006)

I nfiltration-based Stormwater Management

As part of the effort to mitigate the increaseunaff flow rate and volume following
urbanization, infiltration-based stormwater managenstrategies are being adopted across the
nation. In eastern Kansas, some ecologically-esggad stormwater systems have been
designed after the landscape that has proven todef the most effective in infiltrating
precipitation in the ecoregion: the tallgrass peaifThe prairie species native to the region offer
several infiltration-related advantages over thalstv-rooted turf grasses introduced in most
urban open spaces. Infiltration studies condubtediastrow (1982) suggest higher infiltration
rates under warm season, prairie grasses than oodeseason grasses such as brome.
Similarly, Perrygo et al. (2001) reported highdiliration rates associated with Eastern Gamma
grass, a native of the tallgrass prairie, than ¥a#itue, a cool-season pasture grass that has also
been adapted for lawn plantings. The extensivesysiems of prairie grasses are believed to
contribute to higher infiltration rates under thgsasses. In contrast to the shallow root systems
of turf grasses, which are typically concentratethe upper 10 to 15 cm due to frequent
mowing (Qian and Follett, 2002), the fibrous rogétems of tallgrass prairie species can
penetrate to depths exceeding 1.2 m (4 ft) (WeandrZinc, 1946), thus improving the
hydraulic properties of a greater portion of thié gmfile. However, regaining predevelopment
infiltration processes following development is asteasy as simply restoring prairie vegetation.
The soils that originally developed under the pesimrmed over hundreds of years, and
regaining full ecological function following distoance and subsequent restoration of prairie
grasses may require years. Although substantetases in infiltration rates have been
observed within a few months of the establishmégrasses with extensive rooting systems in

mesocosm studies (Hino et al., 1987; CulbertsonHaridhinson, 2004), field-scale studies have
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reported periods of 30-50 years to regain soiltiafive properties after revegetating disturbed
soil (Jastrow, 1989).

Regardless, incorporating native tallgrass praipecies into stormwater systems poses
an attractive option for ecological stormwater ngemaent in the Midwest. Still, important
guestions remain to be answered. To what extdhkand restored to prairie recover its ability
to infiltrate? Can infiltration gains obtaineddligh the root structure of these grasses supersede
the need for engineered soil media- a potentiaht-prohibitive means of increasing infiltration
rates, especially over large areas, in stormwatgems? The objective of this study was to
examine the potential to enhance infiltration tlylothe incorporation of prairie grasses into
stormwater systems and to explore how the desidgineske systems could capitalize upon

infiltration gains to further reduce peak runoftesiand volume.
Methods and Materials

Site Descriptions

To investigate how infiltration is effected by trentroduction of prairie grasses in urban
sites, two study sites were selected. The fitstwas located at the Johnson County Transit
Center in Johnson County, Kan. The yard surrounthie transit center was converted from a
traditional fescue turfgrass to a mix of mid-heighdirie grasses, including hairy grama
(Bouteloua hirsute) and sideoats gramBdutel oua curtipendula), in June 2007 as a stormwater
management demonstration site. The native grassvas seeded directly into the lawn after
killing the fescue with Roundup earlier in the sgri Therefore, the soil at the site had not
undergone significant disturbance since the coastm of the transit center in 2001. Since this
site was in its first growing season at the timéhef study, it represented a baseline with regards
to vegetation development.

The second site was a retention basin locatednedium-density neighborhood in
Topeka, Kan. and will be referred to as QuintongHts after the name of the neighborhood in
which it is located. The Quinton Heights basinugges a 1,500 square meter area and was
constructed in 2004 to relieve flooding in the iigrhood. The basin and its drainage area are
depicted in Figure 3.1 with flow boundaries ovetlas depicted in the drainage plan produced
by the Topeka Public Works (Spaar, 2004). The ritgjof the 6000-r (1.5-acre) watershed

draining to the basin inlet is paved, consisting df600-r(0.4-acre) parking lot and an

45



additional 1,000 mof streets. Runoff from the parking lot in thei$rn most portion of the
watershed enters a subsurface sewer network atadivered to the basin’s 45.7 cm (18 in.)
diameter inlet pipe. Runoff from the rest of thhaidage area runs down the street on the eastern
border of the basin and enters the basin areaghrawgrated opening placed in the middle of the
street. In addition to the 6,000 that drains to the basin’s inlet, an adjacenshifie and
residence to the south of the basin also contréouteoff to the basin via overland flow. After
excavation, the basin was replanted with grasstagerta the tallgrass prairie, including big
bluestem Andropogon gerardii), indiangrassSorghastrum nutans), switchgrassKanicum
virgatum), and side-oats grama. A shallow, sinuous chawaslconstructed through the center
of the basin to link the inlet to the outlet. Tio&al length of the channel was approximately 35.5
m and its average width was 2 m. For most storam®ff delivered to the basin through the

inlet pipe is contained in this channel; overflamtihe remainder of the basin occurs during
larger storms. Since this channel remained w#ttar the rest of the basin following
precipitation, vegetation growth was most vigorbase and was dominated by more hydric
plants, including switchgrass, prairie cordgr&&m(tina pectinata), and barnyard grass
(Echinochloa crusgalli). At the time of the study, the vegetation in fasin was in its fourth
growing season and, as such, was nearing the tameefat which the vegetation’s rooting

structure is approaching maturity as suggested bgw&t and Zinc (1946).
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Figure 3.1 Aerial view of Quinton Heights basin, otlined in yellow, and its attendant
watershed. Drainage boundaries, areas, and curve numberstalere from the drainage
mapping produced by the Topeka Public Works Depamtr{Spaar, 2004). Image from Google
Earth (retrieved March 31, 2008).
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Although the Quinton Heights and Johnson Coungsgieépresent different stages of
vegetative maturity, they are both relatively yodirggn the viewpoint of soil development. In
consideration of the question of our ability tolagm ecological infiltration processes in
urbanized sites through prairie restoration, therated infiltration rates from the Quinton
Heights and Johnson County sites were comparedtoe measured in a more established
native grassland system. Native grass bufferstigre established at the Fort Riley Military
Installation in Fort Riley, Kan. in 2001 (Ramir&06). Prior to this date, the site had been

grazed until the 1960s when it was procured by Raey and used for training maneuvers. The
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vegetative community and soil types at the ForeyRrdite were very similar to those at Johnson
County and Quinton Heights.

The soil texture at the Johnson County and Quihkteights sites were determined by the
hydrometer method at the Kansas State Universiitg $esting Lab. The soil composition at
the Fort Riley site was taken from the texturassification previously conducted at the site (St.
Clair, 2007). The soils at all three sites wesssified as silty clay loams (Table 3.1).

Table 3.1 Soil composition at study sites.

Site Sand Silt Clay Textural Classification
Johnson County 13 54 33 Silty clay loam
Quinton Heights 15 55 30 Silty clay loam

Fort Riley 18 50 32 Silty clay loam

Infiltration Tests

Double-ring infiltrometers were used to measuradyestate infiltration rates at the
Johnson County and Quinton Heights sites on a noh#sis from May to October 2007, with
one measurement in late March at the Johnson Caitsty Infiltration measurements at the Fort
Riley site were conducted in 2006 by Amy St. Céirpart of her M.S. research at Kansas State
University using the same method (St. Clair, 200iMe double-ring infiltrometer (Figure 3.2) is
commonly used for the field measurement of infiicla rates. As seen in the figure, a constant
head is maintained so that a bulbous wetting flfembs under the outer ring. The water level in
the inner ring is allowed to draw down and is meegat regular time intervals to determine the
rate of water movement into the soil. Although lbidb of water that infiltrates below the outer
ring moves both laterally and horizontally, it prot®s one-dimensional, vertical flow beneath
the inner ring (ASTM, 2006).
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Figure 3.2 Photograph of double-ring infiltrometerused in study (on left) and illustration
of the bulbous wetting front and central bulb thatdevelop under a double-ring
infiltrometer (on right, from Ramirez, 2006).
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The infiltrometers used in this study were conderd®f 0.64-cm (0.25-in.) thick steel
pipe. The outer rings were 16.5 cm (6.5 in) tathvan inner diameter of 34.3 cm (13.5in). The
inner rings stood 35.5-cm (14-in) tall with an indémeter of 20.3 cm (8 in). A 4.5-kg (10-1b)
sledge hammer was used to drive the rings to andd#pt.6 cm (3 in.) below the ground surface.
All vegetation within the infiltrometer area wagtlm place. The ends of both the inner and
outer rings were beveled in order to minimize dis&mce as the rings were driven into the
ground. After placement, the outer ring was fileith tap water to the top of the ring. This
water level was maintained throughout the infilbatmeasurement period. Next, the inner
infiltrometer was filled by pouring tap water inadbucket with holes emanating radially from its
center to distribute the inflowing water over thieaof the inner ring and minimize surface
compaction due to a concentrated stream of watke water level inside the inner ring was
measured with a ruler at 10-minute intervals uhgl movement of water into the soil profile
reached an approximately steady rate (usually tioré&ur hours, depending upon the initial soil
moisture). In between measurements, the innernwamgcovered to prevent evaporation from
contributing to infiltration rate measurements.eThner ring was refilled as needed, typically
after the depth of water in the ring had falled focm.

Infiltration tests were conducted in replicateshote. Infiltrometer locations were
selected to best represent the average conditidhs #gesting site. To determine the saturated,
steady-state infiltration rate, the cumulative tiepttwater infiltrated was plotted against time.
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The slope of this line represents the steady-siéitation rate, which is taken to be the
effective saturated hydraulic conductivityfK A Student’s t-test was performed in Microgoft
Office Excell to compare the mean saturated infiltration ratasueements at each site and to
determine if differences in measured rates wenmafgignt. One-way analysis of variance
(ANOVA) tests were performed to test for significaifferences among the three sites- the two
stormwater sites and the Fort Riley native grdsey fstrips- with Microsoftl Office Excell. A

significance level of = 0.05 was used for both ANOVA and Student’s tges

Water Budget

Infiltration tests with the double-ring infiltromat allow estimations of the infiltration
rate under saturated conditions. The amount & fnmm the onset of precipitation until
saturated conditions are reached depends on tie moisture content of the soil profile.
Although daily soil moisture was not monitored tighout the study period, it was estimated
using a water balance spreadsheet developed fétaiea Prairie Biological Station (KPBS) in
Riley County Kansas (Hutchinson et al., 2008). 3peeadsheet calculates the volumetric soill
water content using a check-book accounting metfide method assumes that the maximum
water content corresponds to field capacity, wisciipproximately 30% by volume for silty clay
loam soils. The soil water content is a functibthe evapotranspiration (ET) rate calculated
using the modified Penman-Monteith method (Ham 0208 warm season grass water usage
coefficient (Hutchinson et al., 2008), and the antaf water applied via precipitation or
irrigation. While this spreadsheet is calibratedthe soil and vegetation at the KPBS, the soil,
vegetation, and climatic conditions at the Topela\s site were assumed to be similar enough
to obtain reasonable estimates of the soil wateterd. Estimates of soil-moisture from the
check-book accounting method were compared witd-fieeasured values of gravimetric
moisture content, which were taken at the same @snbe infiltration measurements, in order to
check the accuracy of values predicted from themzdlance spreadsheet. Gravimetric
moisture content was determined by oven-dryingsaiples taken from the top 8-cm of the soil
profile (excluding the uppermost layer of organiattar) for 24 hours at 106. Samples were
taken in replicates of three using the standardcsoe method (ASTM, 1992).

Based on daily estimates of the actual ET for grgrasses calculated with the check-

book balance method, the difference between thernuae by the grass in a fully-watered
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situation and under the actual precipitation tke#tvas determined. This difference is of interest
to stormwater system design because it indicateavhilable water storage in the soil profile. It
is believed that deep-rooted prairie grasses wiplete the moisture stored in the soil more
rapidly than a traditional manicured urban landsctiyough ET, thus increasing the storage
capacity of the system before the next precipitativent. The difference between the fully-
watered situation, which represents a potentialimar depth of water that the grasses could
use, and the actual rainfall was used to make rewardations as to the potential ponding height
that could be maintained at the Quinton Heightsnb@sfurther reduce stormwater volume

outflow while allowing all ponded water to infilttaor be lost through ET within 48-hours.

Hydraulic Monitoring

ISCO automated water samplers (Model 6712, Isan) Wmere installed at both the inlet
and outlet of the Quinton Heights basin to meathuedlow rate of stormwater entering and
exiting the system. The inlet consisted of a 4GtByin.) diameter concrete pipe, while flow at
the outlet was controlled by a 90-degree V-notcir.wélow was determined with an ISCO
bubbler module (Model 720, Isco, Inc.), which measuhe height of the stormwater above the
bubbler tube through a pressure transducer logasgde the flow meter (Grant and Dawson,
2001). The ISCOs were programmed to take a deptiisorement reading every five minutes.
To relate the height measured by the ISCO to a faie, discharge equations for a pipe (at the
inlet) and a free-flowing 90-degree V-notch weirt(e outlet) were used. Flo®, (in L/s)
through the circular inlet pipe was calculated hyltiplying the Manning’s Equation (Equation
3.1) for velocity by the area of the pipe:

Q= 1000z g2 (Equation 3.1)
n

Here,n is Manning’s roughness coefficient (selected 84@to correspond with the
value for concreteR is the hydraulic radius in metefSis the slope of the pipe (measured as
0.035 m/m), and\ is the cross-sectional area of the flow throughgipe in square meters (Haan

et al., 1994). Discharge at the outlet was catedlasing the weir equation (Equation 3.2).

Q=KH? (Edjon 3.2)
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Here,K is a constant dependent upon the angle of the(@@&i and the units of) (L/s),
and was taken to be 1380 as reported by Grant amé@n (2001) H is the head above the weir
in meters (Grant and Dawson, 2001) and was takémeagepth measurement recorded by the
ISCO at the outlet.

Runoff hydrographs for the inlet and outlet werastaucted using the calculated flow
rates. The total volume of stormwater entering exiting the system for a given storm was
calculated by integrating and summing the areagutie hydrograph for each 5-minute period.

Rainfall at the site was recorded with a HOBO diag@ing rain gauge (Model RG2M,
Onset). In addition to recording the total amanfimain that fell during a given event, data from
this tipping-style rain gauge was used to constiietspecific rainfall hyetographs for each

storm.

Results and Discussion

Infiltration

Measured saturated infiltration rates at the TomeichJohnson County study sites are
displayed in Table 3.2. Measured effective satratfiltration rates vary considerably across
replicate measurements taken on the same daysegsenal average was 4.4 cm/hr with a
standard deviation of 7.7 cm/hr and 3.7 cm/hr witandard deviation of 6.0 cm/hr for Quinton
Heights and Johnson County, respectively. Suciabitity was expected with the double-ring
infiltrometer method (ASTM, 2006) and was consitigith the variability reported by other
infiltration studies using similar methods (Gregetyal., 2006; Holmann-Dodds, 2006). The
variability in measurements was probably due téed#hces in soil composition and structure at
the site. Soils in urbanized areas- including ¢haisthe Quinton Heights and Johnson County
Transit Center study sites- have been scrapedited;eand otherwise disturbed and can exhibit
unexpected subsurface heterogeneities. For exathplenpact of soil heterogeneity on
observed infiltration rates was evident at the @unrHeights study site during the infiltration
measurements taken on May 31, 2007. The measahed of 32.8 cm/hr was taken along the
central channel in the basin where the upper apdrl gives way to a shallow gravel pack which
enhanced drainage through the channel. The uratkastically high infiltration rate of 22.5
cm/hr measured on September 28, 2007 at the Jol@wmanty site was thought to have resulted
from inadvertently placing the infiltrometer ovar anderground sprinkler line. While such
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rapid infiltration rates are not characteristidlod entire site, they do attest to the heteroggneit
of the soil profile.

Table 3.2 also contains effective saturated imatfiim rates measured along native grass
filter strips at the Fort Riley military base. Aeted earlier, the Fort Riley site offers a
comparison between infiltration rates measureduani@n Heights and Johnson County with
those measured at a more mature site. As seerlipalculated standard deviations and
coefficient of variance, the effective saturatefiltnation rates are substantially more consistent
at Fort Riley than at either of the less maturensteater sites.
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Table 3.2 Effective saturated infiltration rates masured at the Quinton Heights and
Johnson County stormwater sites and along grass tr strips at Fort Riley military base.

QUINTON HEIGHTS
Infiltration Rate, cm/hr
Replicate
Date 1 2 3] Average Std.Dev. %CV
5/31/2007 32.8 7.9 1.7 14.1 16.4 116
7/20/2007 1.5 2.8 1.3 1.9 0.8 41.7
8/8/2007 8.7 2.3 1.9 4.3 3.8 89.0
9/7/2007 1.5 0.8 0.5 0.9 0.5 57.0
10/2/2007 1.9 0.2 9.8 4.0 5.1 129
10/17/2007 0.4 2.4 0.1 0.9 1.2 134
Seasonal Averages 4.4 7.7 176
JOHNSON COUNTY
Infiltration Rate, cm/hr
Date Replicate Average Std. Dev. %CV
1 2 3
3/30/2007 1.8 0.9 0.2 1.0 0.8 80.7
7/10/2007 0.9 1.6 0.6 1.0 0.5 52.6
8/6/2007 1.5 1.3 1.3 1.4 0.1 9.7
9/5/2007 1.9 14.2 8.7 8.3 6.2 74.8
9/28/2007 0.1 0.2 225 7.6 12.9 170
10/10/2007 7.7 25 0.4 35 3.8 107
Seasonal Averages 3.8 6.0 158
FORT RILEY
Infiltration Rate, cm/hr
Date Replicate Average Std.Dev. %CV
1 2 3
5/12/2007 0.9 0.1 0.8 0.6 0.4 68.6
5/24/2007 0.8 1.2 0.5 0.8 04 434
6/2/2007 3.2 2.7 3.0 3.0 0.3 8.5
6/12/2007 3.0 3.7 1.9 29 0.9 31.7
6/13/2007 6.9 1.2 1.0 3.0 3.4 110
6/14/2007 1.6 1.2 1.0 1.3 0.3 24.1
6/15/2007 2.0 2.7 1.5 2.1 0.6 29.2
6/22/2007 3.9 5.8 3.4 4.4 1.3 29
7/16/2007 6.7 4.7 1.9 4.4 2.4 54.4
7/17/2007 1.2 1.2 1.3 1.2 0.1 4.7
7/18/2007 35 2.1 1.8 2.5 0.9 36.8
8/1/2007 1.8 6.3 7.0 5.0 2.8 56.1
8/2/2007 1.8 1.6 1.0 15 0.4 28.4
8/4/2007 1.0 0.3 0.4 0.6 0.4 66.8
8/10/2007 9.4 2.4 3.8 5.2 3.7 71.2
8/11/2007 6.8 1.8 4.2 4.3 25 58.6
8/25/2007 4.6 1.4 2.1 2.7 1.7 62.3
9/7/2007 2.7 24 0.7 1.9 1.1 55.8
9/28/2007 1.9 4.2 1.2 2.4 1.6 64.5
10/7/2007 1.0 1.6 0.5 1.0 0.6 53.1
10/14/2007 7.4 1.1 3.8 4.1 3.2 77.1
Seasonal Averages 2.6 1.4 49.3
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Figure 3.3 provides a more graphic comparison @fstiturated infiltration rates
measured at the sites. Here, the average rateidypthe symbol) andll standard deviation
(shown by the bar) for each infiltration test anewn. Between the two stormwater sites, the
overall mean infiltration rate was higher at Qumtdeights. However, mean saturated
infiltration rates between the two sites were tatistically different as determined by the
Student’s t-test (p=0.82) and as is visually dertratesd by the overlap of the error bars (Figure
3.3). Differences between infiltration rates & #lites remain insignificant even when extreme
infiltration measurements are removed from the data

The ANOVA analysis of mean saturated infiltratiates between the relatively young
study sites (Quinton Heights and Johnson Countlf) thie more ecologically-mature site at Fort
Riley also yielded no significant difference (p=8).2 However, as can be seen from the graph
and in Table 3.2, the variance of infiltration m&@snents at the Fort Riley site is much lower
than that observed at either of the urban stormvestees. The lack of significant differences
among the infiltration rates measured at the tbi®s supports previous research stating that
reclamation of infiltration processes following lstisturbance may require several decades
(Jastrow, 1987). Reduced variability at the FakeyRsite could indicate that older, more mature
grassland systems have a broader impact over tlie area as the root system is denser in both
vertical and lateral directions. It should be watieat the saturated infiltration rates measured at
all three sites were well above the predicted o&t&15 cm/hr for silty clay loams as predicted

by Rawls (1982) based on soil properties alone.
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Figure 3.3Comparison of effective saturated infiltration rates measured at stormwater
study sites (Quinton Heights and Johnson County) \th those measured on established
native grass filter strips, Fort Riley Military base.
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Water Budget and Hydraulic Analysis

Based on the precipitation recorded at the Quihteights basin, soil moisture was
predicted over the duration of the growing seastay(8, 2007 to Oct. 23, 2007) using the
check-book balance method developed for tallgresisigp at the KPBS. Predicted values for
volumetric soil moisture, along with the daily pigtation values, are displayed in Figure 3.4.
Field-measured values of gravimetric moisture aotrdee also overlaid in the figure. Ideally,
the offset between the measured gravimetric m@stantent and the predicted volumetric
moisture content would be constant, representiadthk density of the soil. However, as can
be seen in the figure, a constant offset doesxist eThe first measurement, taken the afternoon
following a light, 2-mm shower, fell below the preigd volumetric measurement by a factor of
1.77, indicating a bulk density of 1.77 g/niThis value is much higher than expected; sdk bu
density typically ranges from 1.2 to 1.3 d/Hillel, 1998). The remainder of the gravimetric
soil moisture measurements, all of which were tadfégr precipitation events ranging from 20
to 45 mm, were well above predicted values. Tesult implies that the model under-predicted
soil moisture for the Quinton Heights basin. Ungexdiction by the model was possible for
several reasons. First, the upper 10 cm of sdiierbasin was underlain by a thick clay layer

which would impede water movement through the $lils preventing the upper soil layer from
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draining as rapidly as the deeper soils for whighrmodel was developed. Secondly, because
the basin received runoff from its 7,90G-watershed, more water actually entered the bhain t
was accounted for in the model, which considerdyd precipitation. Differences between
measured and predicted moisture levels were prglzaigientuated by the fact that the majority
of gravimetric measurements were taken followingcjpitation events. This is perhaps one of
the reasons that the first measurement, which akaentfollowing a relatively dry period with

only light rain showers, was much closer to prestiotalues.

Figure 3.4Comparison of volumetric water content as predictedy the Konza Prairie
Biological Station spreadsheet model and actual meared gravimetric water content.
Daily precipitation is also included.
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Although the values for soil moisture shown in Feg3.4 do not represent actual field-
measured values, they do provide a new vantagerioich to examine the hydrologic data
collected at the Quinton Heights basin. Combiniregpredicted soil moisture values with the
HOBO rain gauge data provides a better understgrafithe hydrologic response of the basin to
individual storm events. A summary of the hydraualata collected at the site- including
precipitation, flow volume into and out of the basand the peak inlet and outlet flow rates- are
presented alongside modeled values of antecedasturecontent in Table 3.3. The percent
water retained by the basin was also calculateddas the total volume of water delivered to

the basin (rainfall plus inflow) and the volumevadter discharged through the outlet.
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Table 3.3 Summary of hydrologic data measured at let and outlet of Quinton Heights

basin.
Anteced-| Precipitation Inlet Total In | Outlet % Vol. Peak Flow
ent Soil | Depth Volume'| Volume Depth’ | Volume® | Volume | Retained | Inlet Outlet

Date Moisture mm m® m® mm m® m® L/s L/s
6/1/2007 0.28 28 44 57 10 101 92 9 9 45
6/4/2007 0.27 1 2 4 1 6 5 24 6 1
6/18/2007 0.22 5 7 9 2 16 0 100 9 0
6/23/2007] 0.22 15 23 32 5 55 56 -1 9 13
6/27/2007 0.21 23 36 51 9 87 93 -6 10 20
6/29/2007] 0.22 36 55 108 18 163 224 -37 9 9
71412007 0.26 15 23 26 4 49 63 -29 11 26
7/12/2007 0.23 2 3 4 1 7 0 100 6 0
7/20/2007 0.18 2 3 1 0 5 0 100 1 0
7/23/2007 0.17 3 4 1 0 5 0 100 1 0
7/29/2007 0.14 5 7 9 1 16 0 100 17 0
7/30/2007 0.18 44 68 67 11 135 126 6 17 45
7/31/2007 0.18 3 4 2 0 6 0 100 3 0
8/2/2007] 0.19 16 24 16 3 40 43 -10 9 34
8/8/2007 0.17 20 31 26 4 57 60 -5 13 23
8/16/2007] 0.15 30 47 22 4 69 2 97 9 0
8/18/2007 0.15 9 14 9 2 23 0 100 7 0
8/24/2007] 0.13 9 13 16 3 29 0 100 9 0
9/10/2007 0.12 2 3 1 0 4 0 100 1 0
9/18/2007] 0.12 8 13 15 3 28 21 25 6 3
9/30/2007 0.11 3 4 4 1 8 0 100 10 0
10/2/2007 0.12 19 29 13 2 42 66 -58 3 71
10/7/2007 0.2 0 1 8 1 9 0 100 7 0
10/8/2007 0.14 20 31 44 7 75 93 -25 20 34
10/13/2007 0.17 39 61 * * * 232 * * 45
10/14/2007 0.19 29 45 * * * 220 * * 37
10/17/2007 0.24 46 72 * * * 352 * * 35
10/22/2007 0.25 26 40 * * * 167 * * 7

'Precipitation volume calculated by multiplying ttepth measured at the basin with the HOBO rain
gauge by the area of the basin (1,560.m
Runoff depth calculated by dividing the volume mead at the inlet by the area of the inlet’s
watershed (6,000 fas given by Spaar (2004)).
fTotaI In includes volume contributions from dir@cecipitation and inlet pipe flow.
indicates storms for which inlet bubbler was notkimg properly; therefore, data is not reported.
From the table, it can be seen that the percentrafff retained by the basin varied
widely. In general, the basin either completetgireed runoff, particularly for precipitation
events less than 10 mm, or retained less than 25%toff, particularly for storms in which
more than 10 mm of rain fell. For a number of st®yretention values less than zero were
calculated, indicating that more water was floming of the basin than was actually entering. A

comparison of the peak flow rates entering andihgpthe basin revealed very limited reduction,
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if any, in peak flows. Aside from the eventsttivare completely retained by the basin, peak
flows exiting the basin were much greater thaneiresorded at the inlet. This is illustrated by
the inlet and outlet hydrographs generated duhegstorm that occurred on July 30, 2007
(Figure 3.5). Although this storm was one of tagést recorded during the study period (44
mm), the inlet and outlet hydrographs producedriytinis storm were representative of those

from the rest of the study.

Figure 3.5 Inlet and outlet hydrographs for July 3Q 2007 storm at Quinton Heights basin.
The peak flow rate and volumes at the outlet wereigher than those measured at the inlet.
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Both the peak flow and percent retention calcufetimdicate that the basin did not
effectively manage storms greater than 10 mm. Kewaealata collected at the inlet provokes the
guestion of why the inlet readings were so low, aften even lower, in comparison to the
outlet. There are several reasons to explain wiey flow measurements are lower than
expected, the foremost being the addition of unawct=al for overland flow to the basin and
measurement error due to the configuration of titebker in the inlet pipe. These reasons will

be examined further in the following discussion.

Contribution by Overland Flow
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One of the reasons that the inlet volumes and flies are low in comparison to those
measured at the outlet is that runoff also entdredasin via overland flow which was not
accounted for in the quantity of water that was sneed at the inlet pipe. As seen in Figure 3.1,
the flow boundary of the area lying directly sooftthe basin was delineated in the drainage
plan for the area created by the City of Topekaweler, since this area was not hydraulically
connected to the inlet pipe, it was not includethmndrainage area calculated for the basin. This
area does, however, contribute runoff directlyhi basin through overland surface flow. To
account for this area, the NRCS curve number metiasdapplied to calculate the depth of
runoff expected from this area for each preciptatgvent. The depth of runoff was calculated
using equation 3.3 (Schwab et al, 1993).

_(- 0.2S)?
| +0.8S
Here, Q is the direct surface runoff depth (mmg,the storm rainfall (mm) and S is the

Q Equati®.3

maximum potential difference between rainfall andaff at the time the storm begins (mm).
The calculation for S is given by Equation 3.4, vehl represents the curve number.

S= 2%400— 254 Equati®.4.

A curve number of 85 was selected based on theusesl and soil types of the area from
the table of curve number values presented in B3 Urban Hydrology for Small Watersheds
handbook (USDA NRCS, 1996). The S value calculatiga a curve number of 85 was 44.8
mm. It should be noted that the NRCS method assaménitial abstraction of 0.2S, so if the
total amount of precipitation that falls does nate=d this amount (9 mm) then runoff is not
expected and Q equals zero.

The depth of runoff as calculated by the NRCS cmw@ber method was converted to a
volume by multiplying it by the area of the hillsid1,900 rf) as given by the drainage plans for
the Quinton Heights basin (Spaar, 2004). The tatlied depth and volume of runoff contributed
through overland flow from this area is displayed able 3.4. When the overland flow
component is accounted for, the basin’s water lealamproves slightly, with only five events
producing more volume at the outlet than enteredttsin through overland flow, pipe flow at

the inlet, or direct precipitation. Still, a neigatpercent retention by the basin cannot be
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explained physically. The following section disses the second reason by which the

discrepancy between flow coming into and exiting ilasin is thought to occur.

Table 3.4 Summary of volume into (including directprecipitation, flow from inlet, and
overland flow from adjacent hillside) and out of the basin.

Precipitation1 Runoff In Inlet? Overland Flow® | Total In®*  Outlet % Vol.

Depth Volume | Volume Depth Depth  Volume] Volume Volume Retained

Date mm m’ m’ mm mm m® m?® m?*
6/1/2007 28 42 57 10 6 11 110 92 17
6/4/2007 1 2 4 1 0 0 6 5 18
6/18/2007 5 7 9 2 0 0 16 0 100
6/23/2007 15 23 32 5 1 1 56 56 0
6/27/2007 23 35 51 9 3 7 92 93 -1
6/29/2007 36 54 108 18 10 19 181 224 -24
7/4/2007 15 22 26 4 1 1 49 63 -28
7/12/2007 2 3 4 1 0 0 7 0 100
7/20/2007 2 3 1 0 0 0 4 0 100
7/23/2007 3 4 1 0 0 0 5 0 100
7/29/2007 5 7 9 2 0 0 16 0 100
7/30/2007 44 66 67 11 15 29 162 126 22
7/31/2007 3 4 2 0 0 0 6 0 100
8/2/2007 16 24 16 3 1 2 41 43 -4
8/8/2007 20 30 26 4 2 4 60 60 0
8/16/2007 30 45 22 4 7 13 80 2 98
8/18/2007 9 14 9 2 0 0 23 0 100
8/24/2007 9 13 16 3 0 0 29 0 100
9/10/2007 2 3 1 0 0 0 4 0 100
9/18/2007 8 13 15 3 0 0 28 21 24
9/30/2007 3 4 4 1 0 0 8 0 100
10/2/2007 19 28 13 2 2 3 45 66 -48
10/7/2007 0 1 8 1 0 0 9 0 100
10/8/2007 20 30 44 7 2 4 78 93 -20

Precipitation volume calculated by multiplying ttiepth measured at the basin with the HOBO rain

gauge by the area of the basin (1,53). m

“Runoff depth calculated by dividing the volume meed at the inlet by the area of the inlet’s
watershed (6,000 fas given by Spaar (2004)).
*0verland flow depth calculated with NRCS Curve Neméquation using a curve number of 85.
Overland flow volume calculated by multiplying defity area of the contributing area (1,908.m
“Total In includes volume contributions from dir@cecipitation, inlet pipe flow, and overland flow.

I nlet Measurement Error

In addition to the additional contribution of ruftd the basin through overland flow,

error in the inlet measurement is believed to h@eeluced inlet flows that were much lower

than expected when compared to the outlet. Enrtire inlet flow measurements is validated by

an examination of the percent runoff generatetiéniasin’s watershed. Based on the inlet
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ISCO flow data, the percent runoff from the dramagea ranged from 9% to 50%, with an
average value of 26%. Such low levels of runafficate that a large portion of rainfall was
being infiltrated or intercepted upstream of theiba However, observation of the land cover in
the watershed, the primary components of whichagrarking lot and streets, and the drainage
plans for the Quinton Heights basin indicates thiatresult is not realistic. To examine the
possibility of under-measurement of stormwater fiiabthe inlet pipe by the ISCO, the NRCS
curve number method was applied to the 6,06@mma which drained to the inlet pipe, similarly
as it was applied to calculate overland flow. Bbse the land uses and soil types in the
delineated watershed, curve numbers were seleatehth of the sub-watersheds from the table
of curve number values presented in the TR-55 (USIRCS, 1996). A weighted curve

number of 95 was calculated for the drainage ayeauddtiplying the curve number for each sub-
watershed by the percent of the total drainageiaiEupied. The runoff depth and volume
calculated for the area draining to the basin iatetpresented in Table 3.5. It should be noted
that in almost every case, the amount of runoffudated for the site was greater than that
measured at the basin inlet with the ISCO. Exoegtare for storms in which less than 8 mm of
rain fell because these small storms fell belowQU2S initial abstraction threshold assumed by
the NRCS method. Although the runoff calculatedtifi®se storms was zero, inlet
measurements indicate than some runoff was gederakech could indicate that the 0.2S initial
abstraction assumption is too high for this site.

Using the runoff depth predicted by the NRCS cutvmber method, the percent
retention by the basin was recalculated. The cetatied retention rate includes volume
expected from this calculated, along with inputsrirdirect rainfall and overland flow (as
discussed in the previous section. Use of the NB@fation to predict the amount of runoff at
the inlet pipe also enabled comparisons of inlet@utlet flow volumes for storms that occurred
from October 13 to 22 to be made. Actual inflowasuwements for this time period are not
available due to a malfunctioning inlet bubbler mied so measured inlet data is not presented.
Runoff predictions from the NRCS curve number mdtlimwever, allowed estimates of the
percent retention for this period to be made. ristied percent retention rates are also presented
in Table 3.5.
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Table 3.5 Percent retention by the basin as determed by actual flow measurements and
runoff calculations from the NRCS curve number mettod.

Measured Inflow* Calculated Inflow (CN=95) % Retained?®
Precip | Volume Depth % Depth  Volume % Measured Calculated

Date mm m® mm Runoff mm m® Runoff % %
6/1/2007 28 57 9 34 17 101 59 9 40
6/4/2007 1 4 1 46 0 0 0 24 -119
6/18/2007 5 9 2 31 0 2 6 100 100
6/23/2007 15 32 5 36 6 35 39 -1 6
6/27/2007 23 51 9 37 12 75 54 -6 20
6/29/2007 36 108 18 50 24 142 66 -37 -4
7/4/2007 15 26 4 30 6 34 39 -29 -12
7/12/2007 2 4 1 30 0 0 0 100 100
7/20/2007 2 1 0 12 0 0 0 100 100
7/23/2007 3 1 0 7 0 0 0 100 100
7/29/2007 5 9 1 30 0 2 6 100 100
7/30/2007 44 67 11 25 31 187 71 6 55
7/31/2007 3 2 0 14 0 0 0 100 100
8/2/2007 16 16 3 16 7 39 41 -10 33
8/8/2007 20 26 4 22 10 58 49 -5 34
8/16/2007 30 22 4 12 19 111 61 97 99
8/18/2007 9 9 2 17 2 13 23 100 100
8/24/2007 9 16 3 30 2 11 21 100 100
9/10/2007 2 1 0 11 0 0 0 100 100
9/18/2007 8 15 3 30 2 10 20 25 7
9/30/2007 3 4 1 26 0 0 0 100 100
10/2/2007 19 13 2 11 9 53 47 -58 22
10/7/2007 1 8 1 334 0 0 0 100 100
10/8/2007 20 44 7 37 10 58 49 -25 -2
10/13/2007 39 * * * 27 160 68 * 48
10/14/2007 29 * * * 17 104 60 * 24
10/17/2007 46 * * * 33 200 72 * 35
10/22/2007 26 * * * 15 88 57 * 32

Measured inflow depth calculated by dividing théumee measured at the inlet by the area of
the inlet's watershed (6,000’ nas given by Spaar (2004)).
“Calculated inflow determined using NRCS curve nunmbethod and a weighted curve number
of 95. The runoff depth calculated from this methas converted to a volume by multiplying

by area of inlet watershed (6,006, ras given by Spaar (2004)).
3Measured % retained considers only volume inputsitgct precipitation and measured inflow;
calculated percent retained considers direct pitatipn and NRCS curve number method

calculations for overland flow and runoff to théeinpipe.

* indicates storms for which inlet bubbler was nothkireg properly; therefore, data is not

reported.
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The measurement error at the inlet was most liaelysult of the configuration of the
ISCO bubbler in the inlet pipe. Unlike the bubkdéthe outlet, which measured outflow over a
90° v-notch weir, the inlet bubbler was placed insadé5.7-cm (18 in.) diameter concrete pipe.
While the ISCO can measure low flows over a v-noetelr with a fair degree of accuracy (Grant
and Dawson, 2001), low flows in the large diameipe are believed to have produced
substantial measurement errors. Measurement etréower flows would account for inlet flow
rates and runoff volumes that were consistentlyelotivan the volume and flow rates measured
at the outlet. Such error would also explain whglpdischarge rates at the inlet were lower than
expected when compared with the outlet.

An examination of the recalculated percent voluetention indicates that, in general,
the basin either completely retained the runofint\ae retained very little of it. The basin
completely retained storms in which less than 10 ofmain fell. Such small showers accounted
for 11 of the 28 precipitation events recorded miyithe study period. For storms in which more
than 10 mm of rain fell, retention rates were lotye&m desirable, ranging from 0% to 55%. The
following section discusses probable reasons ®p#rcent retentions observed at the basin,

with particular emphasis on the role of ET in tlyddaulic performance of the basin.

Evapotranspiration and percent runoff retained

Low retention rates were especially characteritithe period from June 1 to July 4 and
from October 8 to October 22. The inability of thesin to retain a substantial portion of the
runoff during these periods can be partially expdi by the short duration between rain events,
which likely resulted in saturated conditions ie tiasin. Figure 3.5 helps illustrate this point.
The figure displays the accumulated depth of prtipn that fell on the basin along with the
modeled accumulated ET of the grasses. During@iin which the soil profile was near field
capacity, there was little difference between the turves. As the soil moisture was depleted
through ET, the gap between the two curves incteass seen from the figure, the modeled ET
of the grasses was nearly the same as the depindhat fell on the basin from June 1 to July
4. Since the water added to the basin does rettetinoff contributions from the rest of the
watershed, it can safely be assumed that the safilgpwas full at this time. Therefore, water

added to the basin was not able to infiltrate, lasd was retained by the basin. A similar result
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was observed during the series of storms in midktas frequent storms refilled the soll
profile, reducing the infiltrative capacity and th@ume retention of the basin.

In between these two periods, the gap between wagand water supplied increased,
indicating that the soil profile was being depletédvater even while multiple rain events during
this period attempted to refill the profile. Loogiback to the modeled soil moisture values in
Figure 3.3, it was evident that this drying outtté basin occurred even as multiple storms
greater than 25 mm (1 in.) fell on the basin. @h#cit that developed between the amount of
water stored in the soil profile and that usedh®ydrasses during this period was largely a result
of high rates of water use by the grasses in teapaarm season grasses in this region enter the
reproductive stage of plant growth during late Jang early August, during which time water
demand is high. Due to higher rates of waterhysthe grasses during this period, it was
surmised that ET by the grasses played a largerralg/ing out the basin despite multiple rain

events.

Figure 3.5 Accumulated actual ET (reflecting watemse by the grass) and precipitation for
Quinton Heights basin as predicted by the check-bd&owater balance method for June 1
through October 23, 2007.
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Although the curve for the accumulated ET in theifbé a modeled prediction, it can be
used to estimate the storage available in thepsofile. The difference between the summation
of the accumulated water use (actual ET for fulteved grass) and water supplied
(precipitation) curves represents the storage avialin the profile. The gap between the curves
in Figure 3.5 indicates that there was excessgtoagailable during the latter half of the
growing season. It was also during this period tihe basin was most successful in retaining
and reducing the volume of runoff generated dueacgh precipitation event, as evidenced in
Table 3.5. The amount of storage available irptiodile will change seasonally depending upon
the timing and amount of rainfall and the actualrgies of the vegetation. Thus, it is difficult to
predict how the deficit between plant water useaater supply will change from year to year.
Still, this concept can be applied to recommendebabnfigurations to improve the system’s
effectiveness in managing stormwater runoff floudbservations of the basin during and after
rainfall indicate that that the majority of the afhentering the basin through the inlet remained
confined to the central channel. In order to zeilihe soil storage available in the rest of the
basin, the outlet should be reconfigured to fotoeoff to spread across a greater portion of the
basin. By temporarily ponding runoff across adargrea, more time would be allowed for
infiltration processes to occur, thus further radgadhe total volume of runoff to exit the basin.
As the grasses and their root systems continueatarey thus improving soil structure and
hydraulic properties, the outlet configuration @bbk further adjusted to take advantage of
higher infiltration rates.

Conclusions

In order to successfully implement infiltration-lkedsstormwater management practices,
an understanding of infiltration processes and tiwge processes can change over time is
needed. This study examined infiltration at trsites planted with tallgrass prairie species at
different stages of vegetative maturity. Two adghb sites, Johnson County and Quinton
Heights, functioned for urban stormwater manageraadtwere in their first and fourth seasons
of growth, respectively. Statistically significatifferences in saturated infiltration rates
between the two sites were not detected, probabéyrasult of the high variability in rates
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measured at each site. However, the numerical migactive saturated infiltration rate at the
more established Quinton Heights site was highean #t the newly planted Johnson County site,
suggesting that slight gains in infiltration magu# over relatively short periods of time (four
years). Comparisons of infiltration rates at thieam sites with a grass filter strip in its seventh
year of growth also yielded no significant diffeces, although the variability of saturated
infiltration rates measured at the older site verastantially less than at the Quinton Heights or
Johnson County sites. These results suggestiitraigises in root development and density may
help promote infiltration over more of the areajsldecreasing the spatial variability of
infiltration rates as encountered at the less éstedal urban sites. However, since saturated
infiltration rates were not significantly differeatnong any of the sites, the findings of this study
support previous work stating that long periodsrok may be required to regain predisturbance
soil characteristics, including the size distribatof water-stable soil aggregates (Jastrow, 1987).
Actual infiltration rates, and thus stormwater vokireductions, realized by infiltration-
based stormwater management systems depend uperthmaarthe saturated infiltration rate of
the soil profile; rainfall amount, intensity, andt@cedent moisture conditions also affect the
performance of infiltration-based systems. In otdebetter understand the interplay of these
factors on actual stormwater volume and peak fleguctions, stormwater inflow and outflow
was monitored at the Quinton Heights basin with@Sdlitomated water samplers. Upon
examination of measured inlet flows, it was deteedithat the inlet data did not capture all of
the runoff delivered to the basin due to the camfigion of the bubbler in the large inlet pipe,
which is believed to have led to substantial mezrsent errors at low flows, and additional
runoff inputs via overland flow from a hillside adent to the basin. To adjust inlet flow
measurements to reflect these additional runofitsythe NRCS curve number method was
used to calculate the depth of runoff from the tvasilrainage area. The percent of runoff
captured by the basin was calculated using thestadjunlet flows and outlet discharge.
Frequent rainstorms through the months of JuneCantdber kept the basin wet and reduced the
infiltrative capacity of the system. Less frequstarms coupled with the active growth and
higher ET rates of the grasses from July to Sepeenabdeplete the soil moisture content of the
profile, thus increasing the deficit between plasatiter use and supply. As a result, the basin was

most successful in capturing storms during thisopler
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While the basin performed moderately well in tewhpercent volume retained, field
observations indicated that the majority of rurddfivered to the basin remained confined in the
central channel. By reconfiguring the outlet, rfimould be forced to spread over a larger area
of the basin, thus allowing a greater portion @f $lil's storage capacity to be utilized and

further reducing the volume of outflow leaving thestem.

References

ASTM, 2006 Standard D 3385-03. Standard test method fdtration rate of soils in field
using double-ring infiltrometer. West ConshohockeA: ASTM International.

ASTM. 1992. Standard D 2937-83. Standard teshatefor density of soil in place by the
drive-cylinder method. West Conshohocken, PA: ASIhkrnational.

Culbertson, T.L. and S.L. Hutchinson. 2004. Assgskioretention cell function in a midwest
continental climate. Paper number 047051. 2004 A3Anual Meeting.

Edwards, C. 2004. The importance of earthwornmgeggsepresentatives of the soil fauna. In
Earthworm Ecology, 3-11. C. Edwards, Ed. Boca Raton, FL: CRC Press

Grant, D.M. and B.D. Dawson. 200lsco Open Channel flow Measurement Handbook. 5" ed.

Lincoln, NB: Isco, Inc.

Gregory, J.H., M.D. Dukes, P.H. Jones, and G.LIavil2006. Effect of urban soil compaction
on infiltration rate.Journal of Soil and Water Conservation 61(3): 117-124.

Haan, C.T., B.J. Barfield, J.C. Hays. 19%lesign Hydrology and Sedimentology for Small
Catchments. San Diego, CA: Academic Press.

68



Ham, J.M. 2000. Equations for Calculating Refeee@cop ET from Hourly Weather Data.
Manhattan, Kan.: Konza Prairie LTER Program Webs#gailable at:
http://climate.konza.ksu.edu. Accessed 7 Januady .2

Hillel, D. 1998. Environmental Soil Physics. San Diego, CA: Academic Press.

Hino, M., K.Fujita, and H. Shutto. 1987. A labtmg experiment on the role of grass for
infiltration and runoff processesournal of Hydrology 90: 303-325.

Holman-Dodds, J.K. 2006. Evaluation of the hydgit benefits of infiltration-based
stormwater management. PhD diss. lowa City, |dwaversity of lowa, Department of

Civil and Environmental Engineering.

Hutchinson, S.L., J.K. Koelliker, and A.K. Knap@008. Technical note: development of water
usage coefficients for a fully watered tallgrassige. Transactions of the ASAE. 51(1):
153-159.

Jastrow, J.D. 1987. Changes in soil aggregassn@ated with tallgrass prairie restoration.
American Journal of Botany 74(11): 1656-1664.

Kirkham, M.B. 2005.Principles of soil and plant water relations. Burlington, MA: Elsevier

Academic Press.

Linden, D.R., M.D. Trojan, F. Zheng, and R.R. Alias. 1991. Modeling preferential flow in
earthworm burrows. InPreferential Flow: Proc. of the National Symposium, 268-277.
T.J. Gish and A. Shiromohammadi. eds. St. JosefhAMerican Society of Agricultural
Eng.

Mohanty, B.P., R.S. Kanwar, and R. Horton. 1981lrobust-resistant approach to interpret
spatial behavior of saturated conductivity of acglhtill soil under no-tillage system.

Water Resources Research, 27(11): 2979-2992.

69



Perrygo, C. L., A. Shirmohammadi, J.C. Ritchie, 8"d. Rawls. 2001. Effect of eastern
gamagrass on infiltration rate and soil physical aypdraulic properties. In: David Bosch
& Kevin King, Eds. Preferential Flow Water: Movement and Chemical Transport in the
Environment, Proc. 2nd Intl. Symp, 265-268 St. Joseph, MI: ASAE.

Qian, Y.L. and R.F. Follett. 2002. Assessing saibon sequestration in turfgrass systems

using long-term soil testing datégronomy Journal 94:930-935.

Ramirez, M.P. 2006. Assessment of bioretentiols ¢ef stormwater treatment applied to the
Midwestern region. M.S. thesis. Manhattan, KSngas State University, Department
of Biological and Agricultural Engineering.

Rawls, W.J., D.L. Brakensiek, and K.E. Saxton. 2L9Bstimation of soil water properties.
Transactions of the ASAE, 25(5)1316-1320, 1328.

Rushton, B. 2001. Low-impact parking lot desigduces runoff and pollutant load¥ournal

of Water Resources Planning and Management v. 127 no. 3:172-179

Schwab, G.O., D.D. Fangmeier, W.J. Elliot, and REkevert. 1993.Soil and Water
Conservation Engineering, 4" Ed. New York, NY: John Wiley & Sons, Inc.

Spaar, J. 2004. Drainage improvement plan, projecb0218-00, Quinton Heights area. City
of Topeka Public Works Engineering: Topeka, KS.

St. Clair, A.K. 2007. Suitability of tallgrassgmie filter strips for control of non-point source
pollution originating from military activities. M. thesis. Manhattan, KS: Kansas State

University, Department of Biological and AgriculaitfEngineering.

Weaver, J.E. and N.W. Rowland. 1952. Effectsxakssive natural mulch on development,

yield, and structure of native grasslambtanical Gazette 114 (1): 1-19.

70



Weaver, J.E. and E. Zink. 1946. Annual incredaesnderground materials in three range
grassesEcology 27 (2):115-127.

Wulliman, J. and Urbonas, B. 2005. Peak flow oarfor full spectrum of design storms.
Retrieved Sept 21, 2006 from
http://www.udfcd.org/downloads/pdf/Full%20Spectru2@etention%202005-01-
01%20Concept%20Paper.pdf.

USDA, NRCS. 1997. National range and pasture Ibaoki USDA, NRCS, Grazing Lands
Technol. Inst. 190-vi-NRPH, Washington, D.C.

USDA NRCS. 1986.Urban hydrology for urban watersheds. 210-VI-Technical Release 55.
Washington, DC: U.S. Government Printing Office.

USDA SCS. 197050il survey Shawnee, County Kansas. Washington, DC: U.S. Government
Printing Office.

71



CHAPTER 4 - Conclusions

Stormwater management remains one of the gredtel¢eges to urban planners and
engineers in terms of both runoff quantity and gualln the interest of curtailing flooding in
urban areas, stormwater management has traditydoalised on the issue of quantity, targeting
practices that quickly convey runoff from the sifEhe most common management methods
encountered in the urban landscape- includinggsttaned, concrete-lined channels,
subterranean stormwater pipes, and occasionalnalgietention basins- reflect this
management philosophy. While such management metiealuce flooding in and directly
adjacent to urban areas, the erosive energy, ldlyime, and poor quality of urban runoff has
led to stream channel and water quality degradatisaceiving water bodies. To combat the
negative effects of urban stormwater runoff, eclaly-designed stormwater systems are being
implemented. These systems capitalize upon nataoaystem functions, particularly
infiltration, to reduce stormwater volume while iroping stormwater quality.

Although these systems are becoming more commasstine urban landscape, there
are challenges involving the maintenance and mongmf these systems that must be
overcome in order to more effectively mitigate #fects of urban runoff. Because the desired
operation of these systems hinges on the maintenafrecosystem processes, assessment of
theses systems should include an ecological heaittponent in addition to the more traditional
hydrologic and chemical metrics. In addition, nb@mance regimes which will ensure the
sustainability of these functions should be adopfEde first objective of this study was to
examine the feasibility of developing an ecologiwaalth rubric that could be used to assess the
ecological health of an ecologically-designed stoater system. A simple rubric containing
biological and ecological health indicators whicaresrelevant to stormwater system
performance was developed and applied to two statsvgystems in eastern Kansas designed
after the tallgrass prairie ecosystem. The datsgmted in this study represents the preliminary
development of the ecological health assessmem. n€xt step is to tie the health scores with
hydrologic and water quality data from the sit@ider to establish a correlation between
ecological health and system function and, if neass to further refine the scoring system. The
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overall goal for the ecological health assessnmaitdeveloped in this study is to provide
municipal stormwater managers and employees- wdoféen responsible for the maintenance
of these systems- with a tool that would allow theneasily track the function of the system
over time without the need for time consuming grensive hydraulic and chemical analysis.
The initial application of the assessment develdpethis study indicates that the ecological
health assessment could be used to help guideeanaimte decisions, such as mowing or
burning regimes, to maintain the health of the gsi@sn.

Many stormwater BMPs in the region occupying thetdric extent of the tallgrass prairie
incorporate tallgrass prairie species, which wheedominant vegetation type prior to the rise of
agriculture and urbanization, in order to improwitration rates at the site and reduce
stormwater volume. However, the paucity of momitgdata for these systems, especially for
those in eastern Kansas and the rest of the regieates challenges to improving system design
and to quantifying actual infiltration gains in thgstem. The second objective of this study was
to examine infiltration in a stormwater retenticasn vegetated with prairie grasses in order to
determine the ability to regain infiltration proses in the disturbed urban landscape. A
comparison of the effective saturated infiltratrates measured at sites at different stages of
vegetative maturity yielded no significant diffeces. This result suggests that the time required
to realize significant improvements in infiltratioates may be longer than the three to five years
required for the extensive root systems of prarasses to fully develop. Rather, regaining the
hydraulic properties of the soil after disturbingyrequire decades, as suggested by Jastrow
(1987). This result has important implicationstfog planning and construction of infiltration-
based stormwater systems. Since a period of yeayde required to regain pre-disturbance
infiltration rates even after vegetation is estidd, infiltraton-based practices will be most
effective on land that has not been disturbedthdéncontext of urban development, this would
require a paradigm shift away from the current ficacf razing the entire area prior to
development and reestablishing vegetation aftersviarghreserving undisturbed sites within the
development area which can serve as infiltratiosedeBMPs.

Implementing infiltration-based stormwater systemandisturbed sites is not always
possible, especially in the case of urban retrofiti the construction of retention basins similar
to the Quinton Heights site. To better understiechydraulic performance of a disturbed site

after being revegetated with deeply-rooted prarasses, the flow into and out of the basin was
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monitored. The basin completely contained stoess than 10 cm in depth, and retained 20% to
64% of storms larger than this, depending on the sf the event and the antecedent soil
moisture. Field observations indicate that theamiyj of runoff remained in the central channel
of the basin rather than spreading over the ebtigen floor. By incorporating an orifice plate or
other outlet reconfiguration, it is believed thamoff could be forced to temporarily pond over
the remaining area of the basin, thus utilizing enofrthe available soil storage and further
reducing the volume exiting the system. This Biagout another important point for the
implementation and improved design of these systedBesause of the dynamic nature of
biological systems, eco-based systems will conttoudevelop and, if maintained properly,
improve in function after construction. By gainiadpetter understanding of how the functions
of these systems, including infiltration, changéwime, designs- including adjustable outlet
orifices- can be adopted to have a greater impastamwater runoff as the system matures.

Taking a step back from the single stormwater syst®nitored in this study allows
bigger picture to come into focus. Questions esldb the overall impact of ecologically-
designed stormwater systems on the quality of veagistreams and water bodies are still in
need of answers. Based on the results of thiysaab-based stormwater systems such as the
Quinton Heights basin do have the potential toiBaantly reduce stormwater volume,
especially if steps are taken to increase the pgnaliea in the basin. The basin was especially
effective in capturing the runoff volume from sneajlmore frequent storms. Studies of fluvial
systems, and particularly those in urbanizing grieage demonstrated that it is the smaller, more
frequent discharges that conduct the majority afkvo stream channels. In urban areas, this
discharge has been equated with the runoff froroipitation events with a 1.1- to 1.5-year
return frequency (McCrea, 1997). The ability of thasin to significantly reduce the volume of
runoff from these smaller flows indicates that thegstems could protect receiving streams from
further degradation in urbanizing watersheds.

Of course, one system cannot be expected to signify reduce the volume or rate of
runoff delivered to receiving streams and waterésidhe Quinton Heights basin was only
designed to control runoff from a 7,908 (& acre) area. In order to have a significantsiotp
similar infiltration-based systems must be disti@nliacross the landscape. This gives rise to
guestions of regarding the optimum number and iocaif stormwater BMPs. The results from

this study adds to the foundation from which thsvears to these questions, and hence our
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ability to truly protect the quality of receivingygsams and water bodies in urban watersheds, will

come.
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Appendix A - Ecological Health Assessment

This appendix includes all data recorded for thr@aggical health assessment, including

scores for individual indicators within each catggadotal scores, and results from statistical

analysis. Scores and statistical analysis cantsdound at

L:\WaterQuality\UrbanSites\Trisha\EcoAssessComexe.

Table A.1 Ecological Health Assessment scores artatsstics.

Johnson County Quinton Heights
Date Plant Health Date Plant Health
Density Diversity Vigor Total Density Diversity Vigor Total
6/26/2007 1 2 3 6] 5/8/2007 4 3 3 10
7/10/2007 2 2 4 8| 5/31/2007 4 3 4 11
8/6/2007 3 2 4 9] 6/22/2007 3 3 3 9
8/24/2007 4 2 4 10] 7/20/2007 3 4 3 10
9/5/2007 3 2 4 9] 8/7/2007 4 3 4 11
9/28/2007 4 2 4 10] 9/7/2007 4 3 4 11
10/10/2007 4 2 4 10] 10/2/2007 4 4 2 10
Average 8.9]Average 10.3
Standard Deviation 1.5]Standard Deviation 0.8
Coefficient of Variation 16.5]Coefficient of Variation 7.3
t-test: p=0.047
Soil Erosion Soil Erosion
Date Sheet/R Depositi- Gulli- Pedes- Date |Sheet/Ri Depositi- Gulli- Pedes-
ill on es taling Total Il on es taling  Total
6/26/2007 3.0 4 4 4 15] 5/8/2007 4.0 2 2 3 11
7/10/2007 3.0 4 4 4 15] 5/31/2007 4.0 3 3 4 14
8/6/2007 4.0 4 4 4 16] 6/22/2007 4.0 3 3 4 14
8/24/2007 4.0 4 4 4 16] 7/20/2007 4.0 4 3 4 15
9/5/2007 4.0 4 4 4 16] 8/7/2007 4.0 4 4 4 16
9/28/2007 4.0 4 4 4 16] 9/7/2007 4.0 4 4 4 16
10/10/2007 4 4 4 4 16] 10/2/2007 4 3 2 4 13
Average 15.7]Average 14.1
Standard Deviation 0.5]Standard Deviation 1.8
Coefficient of Variation 3.1]Coefficient of Variation 12.5
t-test: p=0.058
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Table A.1 (cont.). Ecological Health Assessment@es and statistics.

Johnson County

Quinton Heights

Soil Health Soil Health
Date OM Comp- Date |OM Comp-
Color Roots Tilth action Total Color Roots Tilth  action  Total
6/26/2007 3 1 3 3 7] 5/8/2007|* * * * *
7/10/2007 3 1 2 3 6] 5/31/2007 4 3 3 3 10
8/6/2007 3 2 2 2 7] 6/22/2007 4 3 3 3 10
8/24/2007 1 2 2 2 5] 7/20/2007 4 3 3 3 10
9/5/2007 1 2 2 2 5] 8/7/2007 4 3 4 3 11
9/28/2007 3 2 2 3 71 9/7/2007 4 3 4 3 11
10/10/2007 4 2 2 3 8| 10/2/2007 4 3 4 3 11
Average 6.4]Average 10.5
Standard Deviation 1.1]Standard Deviation 0.5
Coefficient of Variation 17.64|Coefficient of Variation 5.2

t-test: p= 8.65E-05

* assessment not conducted- saturated conditions

Faunal Health Faunal Health
Date Earth-  Soil Mosqu- Date Earth-  Soil Mosqu-
worms fauna  Other itoes Total worms fauna Other itoes Total
6/26/2007 1 1 1 4 7] 5/8/2007 1 1 1 2 1
7/10/2007 2 1 3 3 9] 5/31/2007 1 1 4 2 8
8/6/2007 1 1 3 4 9] 6/22/2007 1 1 3 4 9
8/24/2007 2 2 3 4 11) 7/20/2007 1 1 3 4 9
9/5/2007 1 1 4 4 10] 8/7/2007 1 2 4 4 11
9/28/2007 1 1 3 4 9] 9/7/2007 1 1 4 4 10
10/10/2007 3 4 4 4 15] 10/2/2007 1 3 4 3 11
Average 10.0jAverage 85
Standard Deviation 2.5]Standard Deviation 34
Coefficient of Variation 25.17]Coefficient of Variation 39.8
t-test: p=0.35
Date Overall Date Overall
6/26/2007 38] 5/8/2007 26
7/10/2007 41| 5/31/2007 46
8/6/2007 43| 6/22/2007 45
8/24/2007 44| 7/20/2007 47
9/5/2007 42| 8/7/2007 52
9/28/2007 45| 9/7/2007 51
10/10/2007 52| 10/2/2007 48
Average 43.6]Average 45.0
Standard Deviation 4.4])Standard Deviation 8.8
Coefficient of Variation 10.0]Coefficient of Variation 19.5
t-test: p=0.71
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Appendix B - Infiltration

This appendix includes a sample data sheet usetaood effective saturated infiltration

rates. The final statistical analysis used toftassignificant differences in mean saturatedgate

among sites is also included. All data for infitton measurements can be found at

L:\WaterQuality\UrbanSites\Trisha\lnfiltration.exe.

Table B.1 Double-ring infiltrometer measurements t&aen May 31, 2007 in Quinton Heights
stormwater basin.

Site: Quinton Heights
Date: 5/31/2007
Infiltrometer 1 Refill Depth
Cum. Cum. Time Cum.
Time A Time Time Time Between Reading Reading Infil. Rate
minutes hours minutes cm cm cm cm/hr
2:43:50 0.00 0.00 0.00 3.3 0.00
2:55:40 0:11:50 11.83 0.20 11.83 9.0 125 9.20 46.65
3:06:00 0:10:20 22.17 0.37 10.33 5.2 14.2 14.40 30.19
3:20:40 0:14:40 36.83 0.61 14.67 3.9 135 22.70 33.95
3:35:15 0:14:35 51.42 0.86 14.58 5.1 11.8 30.60 32.50
3:49:50 0:14:35 67.13 1.12 15.71 5.6 13.0 38.50 30.16
4:03:00 0:13:10 80.30 1.34 13.17 7.1 135 46.40 36.00
4:17:00 0:14:00 94.30 1.57 14.00 4.4 14.6 53.90 32.14
4:30:10 0:13:10 107.46 1.79 13.17 11.5 61.00 32.35
4:34:30 0:04:20 111.80 1.86 4.33 3.3 135 63.00 27.69
4:53:10 0:18:40 130.46 2.17 18.67 3.1 135 73.20 32.79
5:14:00 0:20:50 151.30 2.52 20.83 14.6 84.70 33.12
5:18:30 0:04:30 155.80 2.60 4.50 7.7 16.6 86.70 26.67
5:31:00 0:12:30 168.30 2.80 12.50 3.6 14.2 93.20 31.20
5:47:50 0:16:50 185.13 3.09 16.83 13.6 103.20 35.64
Infiltrometer 2
Cum. Cum. Time Refill Depth Cum.
Time A Time Time Time Between Reading Reading Infil. Rate
minutes hours minutes cm cm cm cm/hr
2:45:10 0.00 0.00 0.00 3.0 0.00
2:57:30 0:12:20 12.33 0.21 12.33 8.9 5.90 28.70
3:06:40 0:09:10 21.50 0.36 9.17 11.0 8.00 13.75
3:15:40 0:09:00 30.50 0.51 9.00 5.3 12.0 9.00 6.67
3:27:50 0:12:10 42.67 0.71 12.17 8.9 12.60 17.75
3:38:20 0:10:30 53.17 0.89 10.50 10.6 14.30 9.71
3:51:50 0:13:30 66.67 1.11 13.50 11.8 15.50 5.33
4:05:40 0:13:50 80.50 1.34 13.83 5.1 12.4 16.10 2.60
4:20:30 0:14:50 95.33 1.59 14.83 8.8 19.80 14.97
4:31:00 0:10:30 105.83 1.76 10.50 10.3 21.30 8.57
4:56:30 0:25:30 131.33 2.19 25.50 11.8 22.80 3.53
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5:14:40 0:18:10 149.50 2.49 18.17 12.1 23.10 0.99
Cum. Cum. Time Refill Depth Cum.
Time A Time Time Time Between Reading Reading Infil. Rate
minutes hours minutes cm cm cm cm/hr
5:20:50 0:06:10 155.67 2.59 6.17 5.2 12.3 23.30 1.95
5:33:50 0:13:00 168.67 281 13.00 8.5 26.60 15.23
5:49:10 0:15:20 184.00 3.07 15.33 10.5 28.60 7.83
Infiltrometer 3
Cum. Cum. Time Refill Depth Cum.
Time A Time Time Time Between Reading Reading Infil. Rate
minutes hours minutes cm cm cm cm/hr
2:46:50 0.00 0.00 0.00 2.3 0.00
2:58:20 0:11:30 11.50 0.19 11.50 4.5 2.20 11.48
3:07:40 0:09:20 20.83 0.35 9.33 5.5 3.20 6.43
3:18:10 0:10:30 31.33 0.52 10.50 6.5 4.20 5.71
3:28:40 0:10:30 41.83 0.70 10.50 7.0 4.70 2.86
3:39:30 0:10:50 52.67 0.88 10.83 7.5 5.20 2.77
3:52:42 0:13:12 78.27 1.30 25.60 8.0 5.70 1.17
4:07:48 0:15:06 93.37 1.56 15.10 8.5 6.20 1.99
4:22:00 0:14:12 107.57 1.79 14.20 8.9 6.60 1.69
4:32:30 0:10:30 118.07 1.97 10.50 9.1 6.80 1.14
4:59:00 0:26:30 144.57 241 26.50 9.7 7.40 1.36
5:16:00 0:17:00 161.57 2.69 17.00 10.0 7.70 1.06
5:35:40 0:19:40 181.23 3.02 19.67 4.0 10.3 8.00 0.92
5:50:10 0:14:30 195.73 3.26 14.50 4.8 8.80 3.31
6:04:40 0:14:30 210.23 3.50 14.50 55 9.50 2.90
6:24:40 0:20:00 230.23 3.84 20.00 6.5 10.50 3.00
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Figure B.1 Plot of cumulative infiltration with tim e. Effective saturated infiltration rate
calculated as slope of line when curve becomes lare
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Table B.2 Results of t-test used to test for sigmifant differences in average infiltration
rates between Quinton Heights (Q.H.) and Johnson Qaty (J.C.).

t-Test: Paired Two Sample for Means
Q.H. J.C.

Mean 4,355 3.778611
Variance 25.09133 11.23239
Observations 6 6
Pearson Correlation -0.4352
Hypothesized Mean Difference 0

df 5

t Stat 0.197824

P(T<=t) one-tail 0.425487

t Critical one-tail 2.015048

P(T<=t) two-tail 0.850974

t Critical two-talil 2.570582
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Table B.3 Results of ANOVA used to test for signifiant differences in mean effective
saturated infiltration rates among Quinton Heights(Q.H.), Johnson County (J.C.), and

Fort Riley sites.

ANOVA: Single Factor

Mean Effective Saturated Infiltration Measurements

SUMMARY
Groups Count Sum Average Variance
QH 6 26.13 4.355 25.09133
JCT 6 22.67167 3.778611 11.23239
FtRiley 23 58.06767 2.524681 1.978826
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 19.75007 2 9.875033 1.403496 0.260457 3.294537
Within Groups 225.1528 32 7.036024
Total 244.9028 34
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Appendix C - Hydraulic Monitoring

This appendix contains a sample of inlet and oda from ISCO automated water
samplers, along with discharge calculations. Amarof the HOBO rain gauge data is also
included. The complete data set can be found\@dterQuality\UrbanSites\ Trisha\
QuintonFlow_2007.

Table C.1 Inlet flow measurement data at Quinton Hights basin.

Quinton In
Round Concrete Culvert
Slope 0.035
Diameter (ft) 15
Manning's n 0.012
Bubbler Offset (ft) 0
Actual Hydraulic Quinton In Quinton In
dtTimeStamp dReading dReading Depth ) Area Radius Flow Flow
m ft ft radians ft’ ft cfs L/s
6/1/2007 1:20 0.0018 0.0059 0.0059 0.2511 0.0007  0.0039 0.0004 0.0121
6/1/2007 1:25 0.001 0.0033 0.0033 0.1871 0.0003  0.0022 0.0001 0.0034
6/1/2007 1:30 0.001 0.0033 0.0033 0.1871 0.0003  0.0022 0.0001 0.0034
6/1/2007 1:35 0.0375 0.1230 0.1230 1.1618 0.0687  0.0789 0.2935 8.3060
6/1/2007 1:40 0.0385 0.1263 0.1263 1.1777 0.0714  0.0809 0.3103 8.7809
6/1/2007 1:45 0.0328 0.1076 0.1076 1.0846 0.0564  0.0693 0.2210 6.2555
6/1/2007 1:50 0.026 0.0853 0.0853 0.9632 0.0400 0.0553 0.1349 3.8174
6/1/2007 1:55 0.0375 0.1230 0.1230 1.1618 0.0687  0.0789 0.2935 8.3060
6/1/2007 2:00 0.032 0.1050 0.1050 1.0710 0.0544 0.0677 0.2098 5.9363
6/1/2007 2:05 0.0255 0.0837 0.0837 0.9537 0.0388 0.0543 0.1294 3.6627
6/1/2007 2:10 0.03 0.0984 0.0984 1.0362 0.0494 0.0636 0.1829 5.1761
6/1/2007 2:15 0.0298 0.0978 0.0978 1.0326 0.0489 0.0632 0.1803 5.1030
6/1/2007 2:20 0.0295 0.0968 0.0968 1.0273 0.0482 0.0626 0.1765 4.9945
6/1/2007 2:25 0.023 0.0755 0.0755 0.9049 0.0333 0.0491 0.1039 2.9391
6/1/2007 2:30 0.0197 0.0646 0.0646 0.8364 0.0265 0.0422 0.0746 2.1108
6/1/2007 2:35 0.0185 0.0607 0.0607 0.8102 0.0241  0.0397 0.0652 1.8452
6/1/2007 2:40 0.0185 0.0607 0.0607 0.8102 0.0241  0.0397 0.0652 1.8452
6/1/2007 2:45 0.0158 0.0518 0.0518 0.7479 0.0191  0.0340 0.0465 1.3158
6/1/2007 2:50 0.0138 0.0453 0.0453 0.6985 0.0156  0.0298 0.0348 0.9841
6/1/2007 2:55 0.013 0.0427 0.0427 0.6777 0.0143  0.0281 0.0306 0.8656
6/1/2007 3:00 0.0128 0.0420 0.0420 0.6724 0.0139 0.0276 0.0296 0.8372
6/1/2007 3:05 0.012 0.0394 0.0394 0.6509 0.0127  0.0259 0.0258 0.7288
6/1/2007 3:10 0.01 0.0328 0.0328 0.5937 0.0096 0.0216 0.0174 0.4923
6/1/2007 3:15 0.0078 0.0256 0.0256 0.5240 0.0067 0.0169 0.0102 0.2882
6/1/2007 3:20 0.0083 0.0272 0.0272 0.5406 0.0073  0.0180 0.0116 0.3295
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Table C.2. Outlet flow measurement data at QuintorHeights basin.

Quinton Out
V-Notch Weir: 90 degrees

dtTimeStamp dReading dReading Flow Flow
m ft cfs L/s

6/1/2007 1:20 0 0.0000 0.000 0.000
6/1/2007 1:25 0 0.0000 0.000 0.000
6/1/2007 1:30 0 0.0000 0.000 0.000
6/1/2007 1:35 0.0096 0.0315 0.000 0.012
6/1/2007 1:40 0.1101 0.3612 0.196 5.548
6/1/2007 1:45 0.2521 0.8271 1555  44.017
6/1/2007 1:50 0.2301 0.7549 1.238  35.033
6/1/2007 1:55 0.1758 0.5768 0.632 17.875
6/1/2007 2:00 0.1473 0.4833 0.406  11.487
6/1/2007 2:05 0.1268 0.4160 0.279 7.897
6/1/2007 2:10 0.1113 0.3652 0.201 5.701
6/1/2007 2:15 0.1051 0.3448 0.175 4.940
6/1/2007 2:20 0.1036 0.3399 0.168 4.765
6/1/2007 2:25 0.1018 0.3340 0.161 4.561
6/1/2007 2:30 0.0968 0.3176 0.142 4.021
6/1/2007 2:35 0.0893 0.2930 0.116 3.287
6/1/2007 2:40 0.0831 0.2726 0.097 2.746
6/1/2007 2:45 0.0788 0.2585 0.085 2.404
6/1/2007 2:50 0.0748 0.2454 0.075 2.111
6/1/2007 2:55 0.0708 0.2323 0.065 1.840
6/1/2007 3:00 0.0666 0.2185 0.056 1.579
6/1/2007 3:05 0.0628 0.2060 0.048 1.363
6/1/2007 3:10 0.0596 0.1955 0.042 1.196
6/1/2007 3:15 0.0558 0.1831 0.036 1.015
6/1/2007 3:20 0.0528 0.1732 0.031 0.884
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Table C.3. Rainfall data recorded by HOBO tippingrain gauge.

Cum. Rain Storm

Date Depth Depth

(cm) (cm)
5/29/2007 15:58 0.40 0.40
5/29/2007 15:58 0.42 0.42
5/29/2007 16:08 0.44 0.44
5/29/2007 16:16 0.46 0.46
5/29/2007 16:31 0.48 0.48
6/1/2007 1:28 0.50 0.02
6/1/2007 1:28 0.52 0.04
6/1/2007 1:30 0.54 0.06
6/1/2007 1:31 0.56 0.08
6/1/2007 1:31 0.58 0.10
6/1/2007 1:31 0.60 0.12
6/1/2007 1:32 0.62 0.14
6/1/2007 1:32 0.64 0.16
6/1/2007 1:32 0.66 0.18
6/1/2007 1:32 0.68 0.20
6/1/2007 1:33 0.70 0.22
6/1/2007 1:33 0.72 0.24
6/1/2007 1:33 0.74 0.26
6/1/2007 1:33 0.76 0.28
6/1/2007 1:33 0.78 0.30
6/1/2007 1:33 0.80 0.32
6/1/2007 1:34 0.82 0.34
6/1/2007 1:34 0.84 0.36
6/1/2007 1:34 0.86 0.38
6/1/2007 1:34 0.88 0.40
6/1/2007 1:34 0.90 0.42
6/1/2007 1:34 0.92 0.44
6/1/2007 1:34 0.94 0.46
6/1/2007 1:35 0.96 0.48
6/1/2007 1:35 0.98 0.50
6/1/2007 1:35 1.00 0.52
6/1/2007 1:35 1.02 0.54
6/1/2007 1:35 1.04 0.56
6/1/2007 1:36 1.06 0.58
6/1/2007 1:36 1.08 0.60
6/1/2007 1:36 1.10 0.62
6/1/2007 1:36 1.12 0.64
6/1/2007 1:37 1.14 0.66
6/1/2007 1:37 1.16 0.68
6/1/2007 1:37 1.18 0.70
6/1/2007 1:37 1.20 0.72
6/1/2007 1:38 1.22 0.74
6/1/2007 1:38 1.24 0.76
6/1/2007 1:38 1.26 0.78
6/1/2007 1:38 1.28 0.80
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