
 

 

ABSTRACT 

RILEY, ELIZABETH DENISE. Evaluation of Engineered Filter Bed Substrate Composition 
and Plant Species for Rain Gardens. (Under the direction of Dr. Helen T. Kraus). 

 

Rain garden systems (also known as bioretention cells or bioinfiltration) are 

common stormwater control measures that aid in the remediation of polluted 

stormwater runoff and return of water back to the hydrologic cycle. Several 

components within a rain garden can impact pollutant remediation, such as the 

engineered filter bed substrate (EFBS), plant selection, rainfall amount, and type of 

pollutant. These studies focused on the potential for volume reduction, pollutant 

remediation, and vegetation support for different EFBSs.  

In two, year-long, experiments; Betula nigra ‘Duraheat’, Monarda fistulosa and 

Panicum virgatum ‘Shenandoah’ were grown in EFBSs with varying compositions to 

evaluate the impact on particle size distribution, saturated hydraulic conductivity (Ksat), 

volume of effluent, evapotranspiration, stomatal conductance, plant growth, plant 

nutrient uptake, and effluent nutrient concentrations. Thirty-two EFBSs resulted from 

combinations of two substrate bases (sand and slate), two organic matter amendments 

[composted yard waste (CYW) and pine bark (PB)], two combination methods (banding 

and incorporation), and four combination amounts [1 inch/5%, 2 inch/10%, 3 

inch/15%, and 4 inch/20% (v/v)]. For each treatment date, 2.54 cm of synthetic 

stormwater was applied that contained an average of 0.51 mg.L-1 of PO43--P and 3.19 

mg.L-1 of TN-N for trial 1 and 0.85 mg.L-1 of PO4-3-P and 11.65 mg.L-1 of TN-N for trial 2.  

Slate particle size distribution and Ksat were not impacted by the amount of CYW 

or PB incorporated, while sand particle size distribution and Ksat were. Sand EFBSs 



 

 

maintained a numerically lower Ksat than slate EFBSs regardless of composition. 

Generally, when the amendment was CYW and the banding method was utilized there 

was less volume of effluent than with PB and the incorporation method. The trends for 

plant growth, evapotranspiration, stomatal conductance and shoot N and P contents 

were higher with CYW and banding than with PB and incorporation. Shoot dry weights 

and shoot N and P contents increased with increasing CYW additions, while there were 

also higher levels of TN-N in the effluent for CYW compared to PB regardless of base; 

the concentration of PO43--P in the effluent was generally not impacted by amendment. 

Also, when compared to slate, sand generally had numerically lower concentrations of 

TN-N and PO43--P present in the effluent. 

Another study was conducted to evaluate 16 plant species (Acer ginnala ‘Flame’, 

Agastache rupestris, Betula nigra ‘Duraheat’, Cercis canadensis, Cotinus coggygria v. 

purpurea, Euonymus alatus ‘Compactus’, Ilex opaca, Itea virginica, Liquidambar 

styraciflua, Monarda fistulosa, Panicum virgatum ‘Shenandoah’, Ratibida pinnata, Salvia 

greggii ‘Ultra Violet’, Schizachyrium scoparium, Sorghastrum nutans ‘Sioux Blue’, and 

Sporobolus wrightii) for their potential use in rain garden systems. Each species was 

grown in sand and slate and supplied simulated stormwater runoff every two weeks. 

Volume of effluent, pH, electrical conductivity, evapotranspiration, shoot and root dry 

weights, growth indices, stomatal conductance, stomatal densities, and leaf area were 

measured. EFBS affected drought stress symptoms and growth. Living shoot dry 

weights were largest for Acer in sand and were similar to Cotinus. In slate, Acer and 

Liquidambar had the largest amount of living shoot dry weights. Root growth was 

generally largest for Panicum and Acer grown in both sand and slate. The ornamental 



 

 

grasses (Panicum, Schizachyrium, Sporobolus, and Sorgahstrum) maintained the lowest 

stomatal conductance levels, while the herbaceous perennials (Agastache, Monarda, 

Ratibida, and Salvia) and the woody perennials (Euonymus, Ilex, Itea, and Betula) 

maintained higher levels of stomatal conductance. Maintaining stomatal conductance 

when under drought conditions is an important component of a rain garden plant 

because transpiration is an important avenue for returning water back to the 

hydrologic cycle.  Similar to stomatal conductance, volume of effluent was impacted by 

species not substrate while; evapotranspiration was only impacted by sample date.  

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

© Copyright 2015 by Elizabeth Denise Riley 

All Rights Reserved



 

 

Evaluation of Engineered Filter Bed Substrate Composition and Plant Species for Rain 
Gardens 

 

 

by 
Elizabeth Denise Riley 

 

 

A dissertation submitted to the Graduate Faculty of 
North Carolina State University 

in partial fulfillment of the  
requirements for the Degree of 

Doctor of Philosophy 
 

Horticultural Science 

 

Raleigh, North Carolina 

2015 

 

APPROVED BY: 

 

 

_______________________________    ______________________________ 
Dr. Helen T. Kraus, Chair    Dr. Ted E. Bilderback 

 
________________________________    ________________________________ 
Dr. William F. Hunt III    Dr. Barbara Fair  

________________________________ 
    Dr. James S. Owen Jr. 



ii 

 

DEDICATION 

I would not be where I am today if it was not for all of the loving and supportive people 

that I have in my life. There are so many people that helped me reach my goal of 

receiving a Doctor of Philosophy in Horticultural Science and this dissertation is 

dedicated to all of them.  

 

 
 
 
 
 
 
 
 
 
 
 
 
  
 



iii 

 

BIOGRAPHY 

Elizabeth Denise (Bridges) Riley grew up in Boiling Springs, North Carolina; a small and 

rural town. Elizabeth realized her passion for horticulture at an early age and was 

encouraged to follow that passion after high school. In 2007, Elizabeth began her 

undergraduate degree in the Horticultural Science program at North Carolina State 

University. Elizabeth decided to continue her education and was accepted for the 

Masters of Science degree in the Horticultural Science Department at North Carolina 

State University, which she completed in May of 2012. Her experiences during her 

Master’s degree not only increased her passion for horticulture, but they led her to 

pursue her Doctor of Philosophy Degree in the Horticultural Science Department at 

North Carolina State University, which was completed in December of 2015. During her 

educational pursuits, Elizabeth was married in 2011; she and her husband welcomed 

their first daughter in 2012, and are expecting their second daughter in 2016.  



iv 

 

ACKNOWLEDGMENTS 

First, I would like to thank my mother; without her support, encouragement, 

love, and influence I would not be where I am today. Your guidance throughout my life 

has meant the world to me and I am beyond thankful to have such a wonderful mother. 

I would also like to thank my husband who has been and continues to be loving, 

understanding, supporting, and encouraging throughout this entire process. You have 

always helped me to stay grounded and reminded me of the important things in life. I 

cherish our relationship and I am so thankful to have someone like you present in my 

life every day. I love you! Also, to our daughter, thank you for continually making me 

smile, you are beautiful inside and out. I would like to thank the rest of my family for 

their unconditional love. They have always been there cheering for me, encouraging me, 

and supporting me. Lesley Judd and Alicain Carlson, both of your friendships have 

helped me successfully pursue this degree. You both have always been there when I 

needed you for support and encouragement and I am forever thankful for our 

friendships.  

I would also like to thank my major professor, Dr. Helen T. Kraus. Without your 

guidance and support I would never have thought to pursue a Ph.D. I will forever be 

grateful that I was able to learn so many different things from you about teaching, 

research, and life. I could not have asked for a better mentor and friend. I would like to 

thank the rest of my committee members, Ted Bilderback, Jim Owen, Bill Hunt, and 

Barb Fair for your guidance and support. It has been a pleasure to work with all of you.  



v 

 

TABLE OF CONTENTS 

LIST OF TABLES ...........................................................................................................................................viii 

LIST OF FIGURES ............................................................................................................................................ix 

CHAPTER 1: Literature Review ..............................................................................................................1 

Literature Cited ..............................................................................................................................14 

CHAPTER 2: The Impact of Plant and Varied Engineered Filter Bed Substrate 

Compositions on Stormwater Runoff Movement within a Rain Garden System ....23 

 Abstract ..............................................................................................................................................25 

 Significance to the Horticulture Industry .......................................................................26 

 Introduction .....................................................................................................................................27 

 Materials and Methods ..............................................................................................................30 

 Results and Discussion ..............................................................................................................36 

 Literature Cited ..............................................................................................................................46 

CHAPTER 3: The Impact of Plant and Varied Engineered Filter Bed Substrate 

Compositions on Stormwater Runoff Remediation within a Rain Garden System 

.................................................................................................................................................................................66 

Abstract ..............................................................................................................................................68 

 Significance to the Horticulture Industry .......................................................................69 

 Introduction .....................................................................................................................................70 

 Materials and Methods ..............................................................................................................74  

 Results and Discussion ..............................................................................................................79 



vi 

 

 Literature Cited ..............................................................................................................................88 

CHAPTER 4: Evaluation of Potential Plant Species and their Performance in Rain 

Garden Systems .........................................................................................................................................103 

Abstract ............................................................................................................................................105 

 Introduction ..................................................................................................................................107 

 Materials and Methods ...........................................................................................................110 

 Results and Discussion ...........................................................................................................115 

 Literature Cited ...........................................................................................................................126 

APPENDICES .................................................................................................................................................143 

Appendix A: Analysis of variance F-value and P-value for saturated hydraulic 
conductivity (Ksat) trial 1 (2012-2013) and trial 2(2013-2014). .............................144 
Appendix B: Average particle size distribution for sand (80% washed sand, 15% 
clay and silt fines, and 5% pine bark v/v/v) and slate (100% D-tank expanded 
slate) amended with composted yard waste (CYW) and pine bark (PB) during 
trial 1 (2012-2013). .....................................................................................................................145 
Appendix C: Average particle size distribution for sand (80% washed sand, 15% 
clay and silt fines, and 5% pine bark v/v/v) and slate (100% MS-16 expanded 
slate) amended with composted yard waste (CYW) and pine bark (PB) during 
trial 2 (2013-2014). .....................................................................................................................146 
Appendix D: Analysis of variance F-value and P-value for particle size 
distribution for trial 1 (2012-2013) and trial 2 (2013-2014) for incorporation. 
................................................................................................................................................................147 
Appendix E: Analysis of variance F-value and P-value for cumulative total 
volume of effluent for trial 1 (2012-2013) and trial 2 (2013-2014). .....................148 
Appendix F: Analysis of variance F-value and P-value for evapotranspiration for 
trial 2 (2013-2014). .....................................................................................................................150 
Appendix G: Analysis of variance F-value and P-value for stomatal conductance 
for trial 2 (2013-2014) with square root transformations for Panicum virgatum 
‘Shenandoah’ (Panicum) on July 25, 2013 (A) and August 8, 2013 (B) and for 
Betula nigra ‘Durageat’ (Betula) on July 26, 2013 (A) and August 8, 2013 (B). . 
................................................................................................................................................................152 
Appendix H: Analysis of variance F-value and P-value for shoot dry weights for 
trial 1 (2012-2013) harvests on November 6, 2012 and May 7, 2013. .................153 



vii 

 

Appendix I: Analysis of variance F-value and P-value for shoot dry weights for 
trial 2 (2013-2014) harvests on November 11, 2013 and May 20, 2014. ...........155 
Appendix J: Analysis of variance F-value and P-value for shoot shoot nitrogen 
(N) and phosphorus (P) contents for trial 1 (2012-2013). ........................................157 
Appendix K: Analysis of variance F-value and P-value for shoot shoot nitrogen 
(N) and phosphorus (P) contents for trial 2 (2013-2014) for Panicum virgatum 
‘Shenandoah’. ..................................................................................................................................158 
Appendix L: Analysis of variance F-value and P-value for effluent total nitrogen 
(TN) and total phosphorus (TP) concentrations for trial 1 (2012-2013) for 
Panicum virgatum ‘Shenandoah’. ...........................................................................................159 
Appendix M: Analysis of variance F-value and P-value for effluent total nitrogen 
(TN) and total phosphorus (TP) concentrations for trial 2 (2013-2014) for 
Panicum virgatum ‘Shenandoah’. ...........................................................................................160 
Appendix N: Analysis of variance F-value and P-value for pH and electrical 
conductivity (EC). .........................................................................................................................161 
Appendix O: Analysis of variance F-value and P-value for growth indices. ......162 
Appendix P: Analysis of variance F-value and P-value for living (less tan 50% 
necrotic tissue), necrotic (more than 50% necrotic tissue), and total (necrotic + 
living) shoot dry weights and root dry weights. .............................................................163 
Appendix Q: Analysis of variance F-value and P-value for leaf area. ....................164 
Appendix R: Analysis of variance F-value and P-value for stomatal conductance. 
................................................................................................................................................................165 
Appendix S: Analysis of variance F-value and P-value for stomatal densities. 
................................................................................................................................................................166 
Appendix T: Analysis of variance F-value and P-value for evapotranspiration. 
................................................................................................................................................................167 
Appendix U: Analysis of variance F-value and P-value for cumulative total 
volume of effluent. ........................................................................................................................168 

 



viii 

 

LIST OF TABLES 

CHAPTER 2: The Impact of Plant Varied Engineered Filter Bed Substrate 

Compositions on Stormwater Runoff Movement within a Rain Garden System 

Table 1. Maximum and minimum average monthly temperatures and total 
monthly precipitation for the Raleigh, NC area. .................................................................50 
Table 2. Solar radiation measurements from 8:00 am – 4:00 pm on July 25, July 
26, and August 8, 2013 for the Raleigh, NC area. ...............................................................51 
Table 3. Coarse (>2.0 mm), medium (0.5-2.0 mm), and fine (<0.5 mm) particle 
size distributions for sand (80% washed sand, 15% clay and silt fines, and 5% 
pine bark v/v/v) amended with composted yard waste (CYW) and pine bark 
(PB) during trial 1 (2012-2013) and trial 2 (2013-2014). ............................................52 

CHAPTER 4: Evaluation of Potential Plant Species and their Performance in Rain 

Garden Systems 

 Table 1. Solar radiation levels for Raleigh, NC. ................................................................130 



ix 

 

LIST OF FIGURES 

CHAPTER 1: Literature Review 

Figure 1. Impacts of impervious surfaces such as roads, sidewalks, parking lots, 
and rooftops causing excessive runoff during a storm event in Raleigh, NC. ........20 
Figure 2. Rain garden schematic demonstrating engineered filter bed substrate 
(0.7-1 m), vegetation, mulch layer, depression area (15-30 cm), overflow, and 
underdrain. .........................................................................................................................................21 
Figure 3. Three rain gardens throughout North Carolina [Clayton, NC (left), 
Raleigh, NC (upper right), and Ashville, NC (lower right)] with different designs, 
plantings, and runoff collection from varying impervious surfaces. ........................22 

CHAPTER 2: The Impact of Plant Varied Engineered Filter Bed Substrate 

Compositions on Stormwater Runoff Movement within a Rain Garden System 

Figure 1. Schematic of different filter bed substrate combination methods and 
organic matter amounts. The two organic matter amendments were added as 
either a band in the depths of 1, 2, 3, or 4 inches or by incorporation using 
approximately the same amounts of organic matter in the amounts of 5, 10, 15, 
and 20% (v/v). A: Combination method of banding with combination amount of 
1 inch, B: Combination method of banding with combination amount of 2 inches, 
C: Combination method of banding with combination amount of 3 inches, D: 
Combination method of banding with combination amount of 4 inches, E: 
Combination method of incorporation with combination amount of 5%, F: 
Combination method of incorporation with combination amount of 10%, G: 
Combination method of incorporation with combination amount of 15%, and E: 
Combination method of incorporation with combination amount of 20%. ..........53 
Figure 2. Trial 1 (2012-2013) saturated hydraulic conductivity (Ksat) for sand 
(80% washed sand, 15% clay and silt fines and 5% pine bark v/v/v) amended 
with composted yard waste (CYW) (A) or pine bark (PB) (B) and slate (D-tank 
100% expanded slate) amended with CYW (C) or PB (D) by either banding 
(Band) at 1, 2, 3, or 4 inches or incorporation (Inc) at 5, 10, 15, 20% (v/v). 
Regression analyses were utilized for linear (L), quadratic (Q), and non-
significant (NS) responses (P<0.05). .......................................................................................54 
Figure 3. Trial 2 (2013-2014) saturated hydraulic conductivity (Ksat) for sand 
(80% washed sand, 15% clay and silt fines and 5% pine bark v/v/v) amended 
with composted yard waste (CYW) (A) or pine bark (PB) (B) and slate (100% 
MS-16 expanded slate) amended with CYW (C) or PB (D) by either banding 
(Band) at 1, 2, 3, or 4 inches or incorporation (Inc) at 5, 10, 15, 20% (v/v). 
Regression analyses were utilized for linear (L), quadratic (Q), and non-
significant (NS) responses (P<0.05). .......................................................................................55 



x 

 

Figure 4. Interaction of amendment [composted yard waste (CYW) or pine bark 
(PB)] by method [banding (Band) or incorporation (Inc)] for sand (80% washed 
sand, with 15% clay and silt fines and 5% pine bark v/v/v) for volume of effluent 
during trial 1 (2012-2013) for Monarda fistulosa at varying amounts of 1in/5% 
(A), 2in/10% (B), 3in/15% (C), or 4in/20% (D). Means between amendments 
by method interactions with different letters are significantly different from 
each other based on Tukey’s honestly significant difference mean separation 
procedures (P<0.05). .....................................................................................................................56 
Figure 5. Effect of method, banding (Band) and incorporation (Inc) on volume of 
effluent from Monarda fistulosa (Monarda) and Panicum virgatum ‘Shenandoah’ 
(Panicum) grown in slate (D-tank 100% expanded slate) during trial 1 (2012-
2013). Means between methods with different letters are significantly different 
from each other based on Tukey’s honestly significant difference mean 
separation procedures (P<0.05). ..............................................................................................57 
Figure 6. Effect of amendment, composted yard waste (CYW) and pine bark (PB), 
on volume of effluent from Monarda fistulosa (Monarda) or Panicum virgatum 
‘Shenandoah’ (Panicum) grown in slate (D-tank 100% expanded slate) during 
trial 1 (2012-2013). Means between amendments with different letters are 
significantly different from each other based on Tukey’s honestly significant 
difference mean separation procedures (P<0.05). ...........................................................58 
Figure 7. Effect of method, banding (Band) and incorporation (Inc) on volume of 
effluent with Betula nigra ‘Duraheat’ grown in sand (80% washed sand, 15% 
clay and silt fines and 5% pine bark v/v/v) with varying amounts 1in/5%, 
2in/10%, 3in/15%, and 4in/20% (v/v) during trial 2 (2013-2014). Regression 
analyses were utilized for linear (L), quadratic (Q), and non-significant (NS) 
responses (P<0.05). ........................................................................................................................59 
Figure 8. Effect of method [banding (Band) or incorporation (Inc)] with varying 
amounts of 1in/5%, 2in/10%, 3in/15%, or 4in/20% (v/v) on volume of effluent 
with Panicum virgatum ‘Shenandoah’ during trial 2 (2013-2014). Means 
between methods with different letters are significantly different from each 
other based on Tukey’s honestly significant difference mean separation 
procedures (P<0.05). .....................................................................................................................60 
Figure 9. Effect of base [sand (80% washed sand, 15% clay and silt fines and 5% 
pine bark v/v/v) or slate (100% MS-16 expanded slate)] with varying amounts 
of 1in/5%, 2in/10%, 3in/15%, or 4in/20% (v/v) on volume of effluent with 
Panicum virgatum ‘Shenandoah’ during trial 2 (2013-2014). Regression analyses 
were utilized for linear (L), quadratic (Q), and non-significant (NS) responses 
(P<0.05). ..............................................................................................................................................61 
Figure 10. Effect of amendment [composted yard waste (CYW) or pine bark (PB) 
– A] and effect of method [banding (Band) or incorporation (Inc) – B] in sand 
(80% washed sand, 15% clay and silt fines and 5% pine bark v/v/v) on 
evapotranspiration during trial 2 (2013-2014) for sample time 1 (June 12 and 



xi 

 

June 24, 2013), sample time 2 (July 25 and August 8, 2013), and sample time 3 
(October 18 and October 29, 2013). Means between amendments and methods 
with different letters are significantly different from each other based on Tukey’s 
honestly significant difference mean separation procedures (P<0.05). .................62 
Figure 11. Effect of method [banding (Band) or incorporation (Inc)] in slate 
(100% MS-16 expanded slate) with varying amounts (1in/5%, 2in/10%, 
3in/15%, and 4in/20%) on evapotranspiration during trial 2 (2013-2014) for 
sample time 1 [June 12 and June 24, 2013 – A] and sample time 3 [October 18 
and October 29, 2013 – B]. Means between methods with different letters are 
significantly different from each other based on Tukey’s honestly significant 
difference mean separation procedures (P<0.05). ...........................................................63 
Figure 12. Effect of amendment [composted yard waste (CYW) and pine bark 
(PB)] either banded (band) or incorporated (Inc) on stomatal conductance of 
Panicum virgatum ‘Shenandoah’ (Panicum) on sample time 1 (July 26, 2013 – A) 
and sample time 2 (August 8, 2013 – B) and Betula nigra ‘Duraheat’ (Betula) on 
sample time 1 (July 25, 2013 – C) and sample time 2 (D) grown in sand (80% 
washed sand, 15% clay and silt fines and 5% pine bark v/v/v) and slate (100% 
MS-16 expanded slate) during trial 2 (2013-2014). Means between amendments 
with different letters are significantly different from each other based on Tukey’s 
honestly significant difference mean separation procedures (P<0.05). .................64 
Figure 13. Volume of effluent for Panicum virgatum ‘Shenandoah’ grown in sand 
(80% washed sand, 15% clay and silt fines and 5% pine bark v/v/v) amended 
with composted yard waste banded (Band – A) or incorporated (Inc – B) and 
slate (MS-16 100% expanded slate) amended with CYW banded (C) or 
incorporated (D) with varying amounts (1, 2, 3, or 4 inches and 5, 10, 15, and 
20%) for all sample dates during trial 2 (2013-2014). ...................................................65 

Chapter 3: The Impact of Plant and Varied Engineered Filter Bed Substrate 

Compositions on Stormwater Runoff Remediation within a Rain Garden System 

Figure 1. Schematic of different filter bed substrate combination methods and 
organic matter amounts. The two organic matter amendments were added as 
either a band in the depths of 1, 2, 3, or 4 inches or by incorporation using 
approximately the same amounts of organic matter in the amounts of 5, 10, 15, 
and 20% (v/v). A: Combination method of banding with combination amount of 
1 inch, B: Combination method of banding with combination amount of 2 inches, 
C: Combination method of banding with combination amount of 3 inches, D: 
Combination method of banding with combination amount of 4 inches, E: 
Combination method of incorporation with combination amount of 5%, F: 
Combination method of incorporation with combination amount of 10%, G: 
Combination method of incorporation with combination amount of 15%, and E: 
Combination method of incorporation with combination amount of 20%. ..........92 



xii 

 

Figure 2. Effect of base [sand (80% washed sand, 15% clay and silt fines and 5% 
pine bark v/v/v) and slate (100% MS-16 expanded slate)] on shoot dry weights 
of Panicum virgatum ‘Shenandoah’ during trial 1 (2012-2013) for harvest two 
(May 7, 2013). Means between bases with different letters are significantly different 

from each other based on Tukey’s honestly significant difference mean separation 

procedures (P<0.05). ........................................................................................................................93   
Figure 3. Effect of amendment [composted yard waste (CYW) and pine bark (PB)] 

addition to slate (100% MS-16 expanded slate) on shoot dry weights of Panicum 

virgatum ‘Shenandoah’ during trial 2 (2013-2014) for harvest one (November 
12, 2013), represented by the bars. Means between amendments with different 

letters are significantly different from each other based on Tukey’s honestly 

significant difference mean separation procedures (P<0.05). The lines represent linear 

regression (P<0.05) of amount [1-inch band/5% incorporation, 2-inch band/10% 

incorporation, 3-inch band/15% incorporation, and 4-inch band/20% incorporation 

(v/v)] of either CYW or PB on shoot dry weights of Panicum virgatum 
‘Shenandoah’ during trial 2 (2013-2014) for harvest one (November 12, 2013). 
..................................................................................................................................................................94 

Figure 4. Effect of method [banded (Band) or incorporated (Inc)] of adding 

composted yard waste (CYW) to sand (80% washed sand, 15% clay and silt fines 
and 5% pine bark v/v/v) on shoot dry weights of Panicum virgatum ‘Shenandoah’ 
during trial 2 (2013-2014) for harvest one (November 12, 2013) for each 
amount [1-inch band/5% incorporation, 2-inch band/10% incorporation, 3-inch 

band/15% incorporation, and 4-inch band/20% incorporation (v/v)]. Means between 

methods for each amount with different letters are significantly different from each 

other based on Tukey’s honestly significant difference mean separation procedures 

(P<0.05). ..............................................................................................................................................95 
Figure 5. Effect of method [banding (Band) or incorporating (Inc)] for sand (80% 
washed sand, 15% clay and silt fines and 5% pine bark v/v/v) and slate (100% 
MS-16 expanded slate) on shoot dry weights of Monarda fistulosa during trial 1 
(2012-2013) for harvest two (May 7, 2013). Means between methods for sand and 

slate with different letters are significantly different from each other based on 

Tukey’s honestly significant difference mean separation procedures (P<0.05). ..........96 

Figure 6. Effect of amount [1-inch band/5% incorporation, 2-inch band/10% 

incorporation, 3-inch band/15% incorporation, and 4-inch band/20% incorporation 

(v/v)] for composted yard waste (CYW) and pine bark (PB) by either banding (Band) 

or incorporating (Inc) in sand (sand (80% washed sand, 15% clay and silt fines and 
5% pine bark v/v/v) on shoot dry weights of Betula nigra ‘Duraheat’, utilizing 
regression analyses (P<0.05) for linear (L), quadratic (Q), and not significant 
(NS). .......................................................................................................................................................97 
Figure 7. Effect of amendment [composted yard waste (CYW) and pine bark (PB)] 

addition to slate (100% MS-16 expanded slate) on shoot nitrogen content for 

Panicum virgatum ‘Shenandoah’ during trial 2 (2013-2014) for harvest two (May 
20, 2014), represented by the bars. Means between amendments with different 



xiii 

 

letters are significantly different from each other based on Tukey’s honestly 

significant difference mean separation procedures (P<0.05). The lines represent linear 

regression (P<0.05) of amount [1-inch band/5% incorporation, 2-inch band/10% 

incorporation, 3-inch band/15% incorporation, and 4-inch band/20% incorporation 

(v/v)] of either CYW or PB on shoot dry weights of Panicum virgatum 
‘Shenandoah’ during trial 2 (2013-2014) for harvest two (May 20, 2014). ..........98 

Figure 8. Effect of method [banded (Band) or incorporated (Inc)] for adding 

composted yard waste (CYW) to sand (80% washed sand, 15% clay and silt fines 
and 5% pine bark v/v/v) on shoot nitrogen content for Panicum virgatum 
‘Shenandoah’ during trial 2 (2013-2014) for harvest two (May 20, 2014), 
represented by the bars. Means between methods for each amount with different 

letters are significantly different from each other based on Tukey’s honestly 

significant difference mean separation procedures (P<0.05). The lines represent the 

effect of amount [1-inch band/5% Inc, 2-inch band/10% Inc, 3-inch band/15% Inc, 

and 4-inch band/20% Inc (v/v)] of either CYW added to sand on shoot nitrogen 

contents for Panicum virgatum ‘Shenandoah’ during trial 2 (2013-2014) for 
harvest two (May 20, 2014), utilizing regression (P<0.05). .........................................99 

Figure 9. Effect of amendment [composted yard waste (CYW) and pine bark (PB)] 

addition to sand (80% washed sand, 15% clay and silt fines and 5% pine bark 
v/v/v) and slate (100% MS-16 expanded slate) on cumulative TN-N (NO2--N+NO3-

-N+NH4+-N) effluent concentrations for Panicum virgatum ‘Shenandoah’ during 
trial 2 (2013-2014). Means between amendments within each base with different 

letters are significantly different from each other based on Tukey’s honestly 

significant difference mean separation procedures (P<0.05). .........................................100 

Figure 10. Effect of method [banding (Band) or incorporation (Inc)] for amendment 

addition to sand (80% washed sand, 15% clay and silt fines and 5% pine bark 
v/v/v) on cumulative PO43--P effluent concentrations for Panicum virgatum 
‘Shenandoah’ during trial 1 (2012-2013). Means between methods with different 

letters are significantly different from each other based on Tukey’s honestly 

significant difference mean separation procedures (P<0.05). .........................................101 

Figure 11. Average concentration of NO3--N for sand (80% washed sand, 15% clay 
and silt fines and 5% pine bark v/v/v) amended with composted yard waste 
(CYW) banded (A) or amended with pine bark (PB) banded (C) and NH4+-N 
concentrations for sand amended with CYW banded (B) or amended with PB 
banded (D) in the amounts of 1, 2, 3, or 4-inches for all sample dates during trial 
2 (2013-2014). ...............................................................................................................................102 

Chapter 4: Evaluation of Potential Plant Species and their Performance in Rain 

Garden Systems 

Figure 1. Effect of species [Agastache rupestris (Agastache), Monarda fistulosa 

(Monarda), Ratibida pinnata (Ratibida), Salvia greggii ‘Ultra Violet’ (Salvia), 

Panicum virgatum ‘Shenandoah’ (Panicum), Schizachyrium scoparium 



xiv 

 

(Schizachyrium), Sorghastrum nutans ‘Sioux Blue’ (Sorghastrum), Sporobolus 

wrightii (Sporobolus), Cotinus coggygria v. purpurea (Cotinus), Euonymus alatus 

‘Compactus’ (Euonymus), Ilex opaca (Ilex), Itea virginica (Itea), Acer ginnala 

‘Flame’ (Acer), Betula nigra ‘Duraheat’ (Betula), Cercis canadensis (Cercis), and 

Liquidambar styraciflua (Liquidambar)] on growth indices for a sand (80% washed 
sand, 15% clay and silt fines and 5% pine bark v/v/v) substrate.  Means between 

species with different letters are significantly different from each other based on 

Tukey’s honestly significant difference mean separation procedures (P<0.05). ......131 

Figure 2. Effect of species [Agastache rupestris (Agastache), Monarda fistulosa 

(Monarda), Ratibida pinnata (Ratibida), Salvia greggii ‘Ultra Violet’ (Salvia), 

Panicum virgatum ‘Shenandoah’ (Panicum), Schizachyrium scoparium 

(Schizachyrium), Sorghastrum nutans ‘Sioux Blue’ (Sorghastrum), Sporobolus 

wrightii (Sporobolus), Cotinus coggygria v. purpurea (Cotinus), Euonymus alatus 

‘Compactus’ (Euonymus), Ilex opaca (Ilex), Itea virginica (Itea), Acer ginnala 

‘Flame’ (Acer), Betula nigra ‘Duraheat’ (Betula), Cercis canadensis (Cercis), and 

Liquidambar styraciflua (Liquidambar)] on growth indices for a slate (100% MS-16 
expanded slate) substrate. Means between species with different letters are 

significantly different from each other based on Tukey’s honestly significant 

difference mean separation procedures (P<0.05). ...............................................................132 

Figure 3. Effect of species [Agastache rupestris (Agastache), Monarda fistulosa 

(Monarda), Ratibida pinnata (Ratibida), Salvia greggii ‘Ultra Violet’ (Salvia), 

Panicum virgatum ‘Shenandoah’ (Panicum), Schizachyrium scoparium 

(Schizachyrium), Sorghastrum nutans ‘Sioux Blue’ (Sorghastrum), Sporobolus 

wrightii (Sporobolus), Cotinus coggygria v. purpurea (Cotinus), Euonymus alatus 

‘Compactus’ (Euonymus), Ilex opaca (Ilex), Itea virginica (Itea), Acer ginnala 

‘Flame’ (Acer), Betula nigra ‘Duraheat’ (Betula), Cercis canadensis (Cercis), and 

Liquidambar styraciflua (Liquidambar)] on total shoot dry weights averaged over 

substrates sand (80% washed sand, 15% clay and silt fines and 5% pine bark 
v/v/v) and slate (100% MS-16 expanded slate).  Means between species with 

different letters are significantly different from each other based on Tukey’s honestly 

significant difference mean separation procedures (P<0.05). .........................................133 
Figure 4. Effect of species [Agastache rupestris (Agastache), Monarda fistulosa 

(Monarda), Ratibida pinnata (Ratibida), Salvia greggii ‘Ultra Violet’ (Salvia), 

Panicum virgatum ‘Shenandoah’ (Panicum), Schizachyrium scoparium 

(Schizachyrium), Sorghastrum nutans ‘Sioux Blue’ (Sorghastrum), Sporobolus 

wrightii (Sporobolus), Cotinus coggygria v. purpurea (Cotinus), Euonymus alatus 

‘Compactus’ (Euonymus), Ilex opaca (Ilex), Itea virginica (Itea), Acer ginnala 

‘Flame’ (Acer), Betula nigra ‘Duraheat’ (Betula), Cercis canadensis (Cercis), and 

Liquidambar styraciflua (Liquidambar)] on living shoot dry weights for sand (A - 

80% washed sand, 15% clay and silt fines and 5% pine bark v/v/v) and slate (B - 

100% MS-16 expanded slate) substrates.  Means between species with different 

letters are significantly different from each other based on Tukey’s honestly 

significant difference mean separation procedures (P<0.05). .........................................134 



xv 

 

Figure 5. Effect of species [Agastache rupestris (Agastache), Monarda fistulosa 

(Monarda), Ratibida pinnata (Ratibida), Salvia greggii ‘Ultra Violet’ (Salvia), 

Panicum virgatum ‘Shenandoah’ (Panicum), Schizachyrium scoparium 

(Schizachyrium), Sorghastrum nutans ‘Sioux Blue’ (Sorghastrum), Sporobolus 

wrightii (Sporobolus), Cotinus coggygria v. purpurea (Cotinus), Euonymus alatus 

‘Compactus’ (Euonymus), Ilex opaca (Ilex), Itea virginica (Itea), Acer ginnala 

‘Flame’ (Acer), Betula nigra ‘Duraheat’ (Betula), Cercis canadensis (Cercis), and 

Liquidambar styraciflua (Liquidambar)] on necrotic shoot dry weights for sand (A - 

80% washed sand, 15% clay and silt fines and 5% pine bark v/v/v) and slate (B - 

100% MS-16 expanded slate) substrates.  Means between species with different 

letters are significantly different from each other based on Tukey’s honestly 

significant difference mean separation procedures (P<0.05). .........................................135 

Figure 6. Effect of species [Agastache rupestris (Agastache), Monarda fistulosa 

(Monarda), Ratibida pinnata (Ratibida), Salvia greggii ‘Ultra Violet’ (Salvia), 

Panicum virgatum ‘Shenandoah’ (Panicum), Schizachyrium scoparium 

(Schizachyrium), Sorghastrum nutans ‘Sioux Blue’ (Sorghastrum), Sporobolus 

wrightii (Sporobolus), Cotinus coggygria v. purpurea (Cotinus), Euonymus alatus 

‘Compactus’ (Euonymus), Ilex opaca (Ilex), Itea virginica (Itea), Acer ginnala 

‘Flame’ (Acer), Betula nigra ‘Duraheat’ (Betula), Cercis canadensis (Cercis), and 

Liquidambar styraciflua (Liquidambar)] on root dry weights for sand (A - 80% 
washed sand, 15% clay and silt fines and 5% pine bark v/v/v) and slate (B - 

100% MS-16 expanded slate) substrates.  Means between species with different 

letters are significantly different from each other based on Tukey’s honestly 

significant difference mean separation procedures (P<0.05). .........................................136 

Figure 7. Effect of species [Agastache rupestris (Agastache), Monarda fistulosa 

(Monarda), Ratibida pinnata (Ratibida), Salvia greggii ‘Ultra Violet’ (Salvia), 

Panicum virgatum ‘Shenandoah’ (Panicum), Schizachyrium scoparium 

(Schizachyrium), Sorghastrum nutans ‘Sioux Blue’ (Sorghastrum), Sporobolus 

wrightii (Sporobolus), Cotinus coggygria v. purpurea (Cotinus), Euonymus alatus 

‘Compactus’ (Euonymus), Ilex opaca (Ilex), Itea virginica (Itea), Acer ginnala 

‘Flame’ (Acer), Betula nigra ‘Duraheat’ (Betula), Cercis canadensis (Cercis), and 

Liquidambar styraciflua (Liquidambar)] on leaf area for a slate (100% MS-16 
expanded slate) substrate.  Means between species with different letters are 

significantly different from each other based on Tukey’s honestly significant 

difference mean separation procedures (P<0.05). ...............................................................137 

Figure 8. Effect of species [Agastache rupestris (Agastache), Monarda fistulosa 

(Monarda), Ratibida pinnata (Ratibida), Salvia greggii ‘Ultra Violet’ (Salvia), 

Panicum virgatum ‘Shenandoah’ (Panicum), Schizachyrium scoparium 

(Schizachyrium), Sorghastrum nutans ‘Sioux Blue’ (Sorghastrum), Sporobolus 

wrightii (Sporobolus), Cotinus coggygria v. purpurea (Cotinus), Euonymus alatus 

‘Compactus’ (Euonymus), Ilex opaca (Ilex), Itea virginica (Itea), Acer ginnala 

‘Flame’ (Acer), Betula nigra ‘Duraheat’ (Betula), Cercis canadensis (Cercis), and 

Liquidambar styraciflua (Liquidambar)] on stomatal conductance averaged over sand 



xvi 

 

(80% washed sand, 15% clay and silt fines and 5% pine bark v/v/v) and slate 

(100% MS-16 expanded slate) substrates for four sample dates (A-26 August, B-28 

August, C-9 September, and D-21 October 2013). Means between species with 

different letters within a sample date are significantly different from each other based 

on Tukey’s honestly significant difference mean separation procedures (P<0.05). 

................................................................................................................................................................138 
Figure 9. Effect of species [Ratibida pinnata (Ratibida), Salvia greggii ‘Ultra Violet’ 

(Salvia), Panicum virgatum ‘Shenandoah’ (Panicum), Schizachyrium scoparium 

(Schizachyrium), Cotinus coggygria v. purpurea (Cotinus), Euonymus alatus 

‘Compactus’ (Euonymus), Ilex opaca (Ilex), and Liquidambar styraciflua 

(Liquidambar)] on stomatal densities averaged over sand (80% washed sand, 15% 
clay and silt fines and 5% pine bark v/v/v) and slate (100% MS-16 expanded 
slate) substrates and sample dates (August 14, September 9, and October 21, 2013). 

Means between species with different letters are significantly different from each 

other based on Tukey’s honestly significant difference mean separation procedures 

(P<0.05). ............................................................................................................................................139 

Figure 10. Effect of substrates, sand  (80% washed sand, 15% clay and silt fines 
and 5% pine bark v/v/v) and slate (100% MS-16 expanded slate) on 

evapotranspiration for sample date 1 (13 Aug. and 25 Aug., 2013), sample date 2 (10 

Sept. and 22 Sept., 2013), and sample date 3 (8 Oct. and 20 Oct., 2013) averaged over 

all species [Agastache rupestris (Agastache), Monarda fistulosa (Monarda), Ratibida 

pinnata (Ratibida), Salvia greggii ‘Ultra Violet’ (Salvia), Panicum virgatum 

‘Shenandoah’ (Panicum), Schizachyrium scoparium (Schizachyrium), Sorghastrum 

nutans ‘Sioux Blue’ (Sorghastrum), Sporobolus wrightii (Sporobolus), Cotinus 

coggygria v. purpurea (Cotinus), Euonymus alatus ‘Compactus’ (Euonymus), Ilex 

opaca (Ilex), Itea virginica (Itea), Acer ginnala ‘Flame’ (Acer), Betula nigra 

‘Duraheat’ (Betula), Cercis canadensis (Cercis), and Liquidambar styraciflua 

(Liquidambar)]. Means between sample dates within each engineered filter bed 

substrate with different letters are significantly different from each other based on 

Tukey’s honestly significant difference mean separation procedures (P<0.05). 

................................................................................................................................................................140 
Figure 11. Effect of species [Agastache rupestris (Agastache), Monarda fistulosa 

(Monarda), Ratibida pinnata (Ratibida), Salvia greggii ‘Ultra Violet’ (Salvia), 

Panicum virgatum ‘Shenandoah’ (Panicum), Schizachyrium scoparium 

(Schizachyrium), Sorghastrum nutans ‘Sioux Blue’ (Sorghastrum), Sporobolus 

wrightii (Sporobolus), Cotinus coggygria v. purpurea (Cotinus), Euonymus alatus 

‘Compactus’ (Euonymus), Ilex opaca (Ilex), Itea virginica (Itea), Acer ginnala 

‘Flame’ (Acer), Betula nigra ‘Duraheat’ (Betula), Cercis canadensis (Cercis), and 

Liquidambar styraciflua (Liquidambar)] on volume of effluent grown in a sand 

substrate (80% washed sand, 15% clay and silt fines and 5% pine bark v/v/v). 

Means between sample dates (13 Aug., 27 Aug., 10 Sept., 24 Sept., 8 Oct., and 22 

Oct.) with different letters are significantly different from each other based on 



xvii 

 

Tukey’s honestly significant difference mean separation procedures (P<0.05). 

................................................................................................................................................................141 
Figure 12. Effect of species [Agastache rupestris (Agastache), Monarda fistulosa 

(Monarda), Ratibida pinnata (Ratibida), Salvia greggii ‘Ultra Violet’ (Salvia), 

Panicum virgatum ‘Shenandoah’ (Panicum), Schizachyrium scoparium 

(Schizachyrium), Sorghastrum nutans ‘Sioux Blue’ (Sorghastrum), Sporobolus 

wrightii (Sporobolus), Cotinus coggygria v. purpurea (Cotinus), Euonymus alatus 

‘Compactus’ (Euonymus), Ilex opaca (Ilex), Itea virginica (Itea), Acer ginnala 

‘Flame’ (Acer), Betula nigra ‘Duraheat’ (Betula), Cercis canadensis (Cercis), and 

Liquidambar styraciflua (Liquidambar)]on volume of effluent grown in a slate 

substrate (100% MS-16 expanded slate). Means between sample dates (13 Aug., 27 

Aug., 10 Sept., 24 Sept., 8 Oct., and 22 Oct.) with different letters are significantly 

different from each other based on Tukey’s honestly significant difference mean 

separation procedures (P<0.05). ................................................................................................142



1 

 

CHAPTER 1: Literature Review 

 

Half (3.2 billion) of the world’s population is living in cities, while the urban 

population is expected to increase to around 5 billion by 2030 (Baker, 2009). Due to 

this increase in population, the amount of urban infrastructures will also continue to 

increase. The requisite impervious urban infrastructures (roads, driveways, parking 

lots, sidewalks, and rooftops) cause precipitation that was once able to infiltrate 

through native vegetation and soils to become surface runoff (Baker, 2009) as shown in 

Figure 1. With the rapid runoff created by impervious surfaces, the urbanized 

watershed becomes more open to possible pollution, flooding, and water shortages (Li 

et al., 2009). As the water moves along the impervious surfaces it picks up pollutants 

[nitrogen (N), phosphorus (P), zinc (Zn), copper (Cu), cadmium (Cd), lead (Pb), and 

total suspended solids (TSS)] that are harmful to water quality (Davis et al., 2001; Li et 

al., 2009). One of the main concerns with stormwater runoff is the “first flush,” when a 

larger amount of pollutant loading is delivered at the beginning of the rain event 

(Hathaway et al., 2012). It has been found that the first flush concentrations among 

pollutants are as follows: TSS > ammonia (NH3) > total Kjeldahl N > N dioxide (NO2) - 

nitrate (NO3-) > total P > orthophosphate (O-PO4) (Hathaway et al., 2012). Two of the 

more difficult pollutants to remediate in stormwater runoff are N and P. Passeport and 

Hunt (2009) reported that the average total N ranged from 1.13 to 2.19 mg.L-1 and 

average total P ranged from 0.07 to 0.33 mg.L-1 for stormwater runoff from eight 
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asphalt parking lots in North Carolina. These pollutants may cause issues in surface 

waters such as algal blooms and eutrophication. 

Rain gardens, also known as bioretention cells or bioinfiltration devices, are one 

of the most commonly utilized stormwater control measures (SCMs) in the country to 

help manage water quality and quantity from stormwater runoff (Davis et al., 2009; 

Hunt et al., 2012). Rain gardens accomplish many purposes such as maintenance of 

groundwater recharge and base flow, surface and groundwater pollutant removal, 

channel protection, and peak flow reduction (Davis et al., 2009). Rain gardens are non-

irrigated, planted landscape features designed to capture polluted stormwater runoff. 

They are constructed by excavating the existing soil, creating depression areas within 

the landscape that capture stormwater runoff (Dietz, 2007). After excavation of the 

existing soil, rain gardens are generally refilled with 0.7-1 m (2-3 ft) of a 

sand/soil/organic matter engineered filter bed substrate (Davis et al., 2009) as shown 

in Figure 2. They are then planted with vegetation creating an environment within the 

rain garden where adsorption, filtration, sedimentation, volatilization, ion exchange, 

fixation, plant uptake, transpiration, denitrification, and biological decomposition occur 

to remediate the polluted stormwater runoff (Liu et al., 2014; NCDENR, 2009). A surface 

layer of coarse textured mulch is also recommended (Davis et al., 2009). The depression 

area is left deep enough to allow for 15-30 cm (6-12 in) of ponding within the rain 

garden system (Davis et al., 2009). It is also important to have overflows installed for 
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excessively large rain events and in some cases an underdrain may be if frequent 

saturating rains are anticipated (Davis et al., 2009). 

Rain gardens are effective SCMs due to their adaptability. They can be many 

different sizes and therefore can be placed in many different settings as shown in Figure 

3. Of the many SCMs (detention basins, green roofs, constructed wetlands, or rainwater 

harvesting systems); rain gardens are aesthetically pleasing, and can be sized to fit 

where they are needed. Rain gardens can also be implemented in areas that have high 

pollutant loads such as ornamental plant nurseries, greenhouse operations, or any 

agricultural production system. Rain gardens however, cannot be placed in areas where 

the seasonally high water table is less than 0.6 m (2 ft) below the bottom of the 

engineered filter bed substrate, so other SCMs may be better options (NCDENR, 2009).  

Over the past several years research has been done on several aspects of rain 

gardens to help improve remediation and control runoff volumes. Studies have 

evaluated varying engineered filter bed substrate compositions (Carpenter and Hallam, 

2010; Henderson et al., 2007; Hsieh et al., 2007a; Hsieh et al., 2007b; Kraus et al., 2014; 

Lee et al., 2013; Liu et al., 2014; Palmer et al., 2013; Paus et al., 2014a; Riley et al., 

2013), engineered filter bed substrate depth (Li et al., 2009; Brown et al., 2013), plant 

growth impacts (Bratieres et al., 2008; Gautam and Greenway, 2014; Henderson et al., 

2007; Lucas and Greenway, 2008; Palmer et al., 2013; Read et al., 2008; Riley et al., 

2013; Turk et al., 2014), and appropriate protocols for rain garden construction (Brown 

and Hunt, 2010). Rain gardens effectively remediate polluted urban stormwater runoff 
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(Hunt et al., 2008). They function well for remediating and controlling polluted 

stormwater runoff volumes because of their two main components – (1) the engineered 

filter bed substrate (EFBS) and (2) the vegetation.  

 

(1) Engineered filter bed substrates (EFBSs) 

The EFBS is critical because remediation occurs primarily as polluted 

stormwater runoff moves through and is stored within (Liu et al., 2014). Sand-based 

EFBSs are recommended due to their suitable hydraulic conductivity and permeability 

(Hsieh and Davis, 2005). Soil based EFBSs are generally not suitable due to the potential 

for compaction, which would decrease their ability to convey water into and through 

the rain garden system (Hatt et al., 2008). In North Carolina, EFBSs are recommended 

to be 85-88% (by volume) sand, 8-12% (by volume) fines (silt and clay), and 3-5% (by 

volume) organic matter (NCDENR, 2009). Aged pine bark (PB) is often used as the 

organic matter source in engineered filter bed substrates. Wardynski and Hunt (2012) 

emphasized the importance of the correct EFBS in order to prevent preferential flow 

paths through the rain garden, to detain peak flows, retain stormwater runoff volumes, 

while still achieving remediation of pollutants and proper drainage in between events. 

In order to meet all of these goals, an EFBS has to have an appropriate infiltration rate 

and saturated hydraulic conductivity. Infiltration is the water entry into the soil (Hillel, 

2004), whereas saturated hydraulic conductivity is the mass of water that passes 

through a unit of area in time while under saturated conditions (Raviv and Lieth, 2008). 
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Saturated hydraulic conductivity is related to how quickly the rain garden would drain 

after a flood event. Both infiltration and saturated hydraulic conductivity can be 

impacted by the surrounding existing soil, which will impact exfiltration out of the rain 

garden. Turk et al. (2014) found that the average infiltration rate for a sand (80% sand, 

15% clay and silt fines, 5% pine bark) EFBS was 2.28 cm/h over two seasons with plant 

growth.  These researchers also found a slate (80% expanded slate, 20% pine bark) 

EFBS had an infiltration rate of 9.05 cm/h, and a soil (50% sandy loam, 50% pine bark) 

EFBS had an infiltration rate of 7.38 cm/h (Turk et al., 2014). Turk et al. (2014) also 

found the saturated hydraulic conductivity for sand, slate, and soil to be 15.6, 1.0, and 

12.4 cm/min, respectively. It is required by NCDENR (2009) for the EFBS to have a 

drainage rate of 1-6 in/hr, while 1-2 in/hr is preferred, however infiltration and 

drainage can be difficult to predict without lab analyses. Additionally, infiltration and 

drainage will vary considerably with different substrate components and will change 

with time. Paus et al. (2014b) found that for rain gardens with sandy loam and sand 

EFBSs, saturated hydraulic conductivity tended to increase near the surface of the 

system with time, possibly caused by vegetation maturation, bulk density reduction, 

and freeze thaw cycles.  

Kraus et al. (2014) recommended that engineered filter bed substrates should be 

classified similar to horticultural substrates because a substrate’s water retention 

characteristics are generally influenced by its particle size distribution. Kraus et al. 

(2014) and Turk et al. (2014) recommend grouping an engineered filter bed substrate’s 
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particle sizes as described by Drzal et al. (1999) where coarse particles are 6.3 to 2.0 

mm, medium particles are 2.0 to 0.5 mm, and fine particles are 0.5 to 0.106 mm in order 

to aid in predicting their stormwater flow properties. Kraus et al. (2014) found that a 

20% addition of composts (food waste, biosolid, enzyme residual, and yard waste 

composts) caused the saturated hydraulic conductivity for a sand and slate EFBS to be 

optimal. Also, the addition of all of these composts increased coarse particles and 

caused a decrease in fine particles when added to the sand EFBS (Kraus et al., 2014). 

Carpenter and Hallam (2010) reported that a 100% compost mix had a porosity of 

0.594 with a field capacity of 115.3%, meaning that the compost could retain 

approximately 115% of its weight in water; while a sand EFBS can only retained around 

14% of its weight in water. Sand also has a lower porosity (0.351) and less space for 

water to be contained within the system (Carpenter and Hallam, 2010). This may be the 

reason that Kraus et al. (2014) saw better water retention with the addition of 20% 

compost.  

EFBSs also need to have binding potential for pollutant remediation. Hunt et al. 

(2008) reported that a rain garden with a loamy sand (EFBS) capturing runoff from an 

asphalt parking lot had effluent concentrations of total N, total Kjeldahl N, and NH4-N 

that were 32.2%, 44.3%, and 72.3% lower than that of the influent concentrations. Also, 

total P effluent was reported to be 31.4% lower than that of the influent (Hunt et al., 

2008). Turk et al. (2014) reported that a slate EFBS had better remediation of N (86% 

initially and 99% by the end of the study) than a sand and soil EFBS. These researchers 
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also reported that slate and sand had better P removal, 99% and 96%, than the soil 

EFBS (Turk et al., 2014). However, during the second season of plant growth in this 

study there were fewer remediation differences between the EFBSs indicating that 

plant uptake was impacting remediation more than EFBS binding (Turk et al., 2014). 

Hatt et al. (2008) found similar results where there was moderate N and high P 

reduction by a sand filter while a soil filter leached N and P. A permeable sand layer 

over a less permeable soil layer increased stormwater retention within the EFBS and 

allowed nitrification in the well-aerated sand portion of the substrate and 

denitrification in the saturated, low permeable soil layer (Hsieh et al., 2007b). The less 

permeable bottom soil layer also increased contact time between dissolved P and the 

EFBS resulting in more effective total P removal (Hsieh et al., 2007a). However, Hsieh et 

al.’s (2007a, 2007b) experiments did not include plants. Layering of varying EFBS 

components can cause an anaerobic zone within the rain garden system as shown by 

Hsieh et al. (2007b). An anaerobic zone occurs only when the oxygen consumption rate 

exceeds the rate at which it is supplied within a substrate (Tiedje et al., 1984). The 

consumption rate of oxygen is impacted by the amount of available carbon for microbial 

respiration (Tiedje et al., 1984). An anaerobic zone within a rain garden system can 

promote the loss of N by the process of denitrification (Tiedje et al., 1984). However, 

the anaerobic zone needs to be located near the bottom of the rain garden system to 

prevent detrimental effects on plants such as root stress from anoxia or favorable 

environment created for root pathogens (Tiedje et al., 1984).  
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Compost utilization in EFBSs may provide many benefits, such as plant growth 

enhancement from nutrients, pollutant binding, microbial support, and a carbon source 

for the creation of an anaerobic zone. Brown et al. (2013) found that when using 

conventionally drained bioretention cells, organic nitrogen is converted into NO3- 

within the aerobic EFBS, which leads to exportation of NO3-. The export of NO3- was 

greater with higher temperatures due to higher microbial activity (Brown et al., 2013). 

Palmer et al. (2013) reported that utilizing a saturation zone within the rain garden 

system greatly reduced NO3- in effluent (71% compared to 33% without a saturated 

zone) when the EFBSs consisted of a 60% sand, 15% compost, 15% finely shredded 

cedar bark, and 10% aluminum-based drinking water treatment residuals mix. While 

the same was not true for O-PO4, which was remediated better without a saturation 

zone (80%) compared to with a saturation zone (67%) (Palmer et al., 2013). There is 

concern over the amount of pollutants that may be exported out of the rain garden 

system when compost is utilized within the EFBS. Liu et al (2014) found that there was 

not an extensive amount of pollutants exported when there was an addition of 25% 

yard waste compost added to an EFBS in combination with 3% spent alum sludge, 15% 

saprolite, and 57% sand. These researchers reported that with the addition of the 25% 

yard waste compost, N removal increased, possibly due to denitrification (Liu et al., 

2014). The addition of compost has also been found to have high sorption capacities for 

the metals Cd and Zn, two common metals in stormwater runoff (Paus et al., 2014a). In 



9 

 

contrast to Liu et al. (2014), these researchers found that an increasing volume of 

compost in a sand EFBS caused a significant export of P (Paus et al., 2014a).  

Many possibilities exist for rain garden EFBS compositions. EFBSs need to be 

able to bind pollutants and allow water conveyance while still supporting plant growth.  

Plant growth and remediation can be impacted by filter bed substrate, organic matter 

amendment, and combination method (Riley et al., 2013). 

 

(2) Vegetation 

Plant growth in rain gardens can have a positive impact on remediation of 

pollutants from stormwater runoff as reported by Bratieres et al., 2008, Gautam and 

Greenway, 2014, Henderson et al., 2007, Lucas and Greenway, 2008, Palmer et al., 2013, 

Read et al., 2008, Riley et al., 2013, and Turk et al., 2014. Vegetation in rain gardens 

improved the remediation of N and P from simulated polluted stormwater when 

compared to non-vegetated rain gardens (Read et al., 2008, Bratieres et al. 2008). Turk 

et al. (2014) reported that 176 d after planting, plant uptake appeared to have a greater 

impact on remediation than EFBS. Gautam and Greenway (2014) grew a variety of 

species (Banksia integrifolia, Callistemon pachyphyllus, Carpobrotus glaucesens, Dianella 

brevipedunculata and Pennisetum alopecuroides) in gravel, loam, and sand EFBSs. These 

researchers found that plants with the faster growth rates and larger biomass amounts 

retained greater amounts of nutrients in their roots and above ground structures 

(Gautam and Greenway, 2014). Plant parts accounted for 2.7-4.3 percent of the total P 
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and 8.7-17.7 percent of the total N retained in the rain garden system (Gautam and 

Greenway, 2014).  

Plants growing in rain gardens face two challenges: low nutrient levels and 

periodic drought conditions so care should be taken when selecting plants to insure 

survival and functionality within the rain garden. As mentioned previously, Passeport 

and Hunt (2009) reported that the average total N ranged from 1.13 to 2.19 mg.L-1 and 

average total P ranged from 0.07 to 0.33 mg.L-1 for stormwater runoff from eight asphalt 

parking lots in North Carolina. These N and P concentrations are much lower than the N 

(50 to 100 mg.L-1) and P (10 to 15 mg.L-1) rates recommended for application during 

containerized nursery production (Bilderback et al., 2013). Also, plants (within a rain 

garden system) need to be able to tolerate drought while maintaining aesthetic 

appearance and maintaining transpiration. A plant’s water requirements are impacted 

by the environment, canopy architecture, and leaf area (Bilderback et al., 2013) as well 

as water use efficiency, location of stomata, and stomatal density and control.  

One of the primary symptoms observed in plants that have been exposed to 

drought is an inhibition of shoot and root growth followed by closing stomata and a 

reduction in transpiration (Neumann, 2008). Reduction of shoot growth can be 

beneficial for survival under drought scenarios because it lowers the leaf area and 

prevents the loss of inadequate soil water reserves by transpiration (Neumann, 2008). 

Plant species that are adapted to drought avoid the period of drought by completing 

their life cycle when water is not a limiting factor or by tolerating the drought while 
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maintaining shoot appearance (Zollinger et al., 2006). Plants that can tolerate drought 

periods will be more beneficial in a rain garden system where water availability is 

infrequent (Zollinger et al., 2006). 

Stomata regulate water movement out of the plant and maintain the water status 

in the plant. When plants have lower stomatal densities, the amount of water lost is 

reduced (Hamanishi et al., 2012). Stomatal densities can be modulated during the 

formation of leaves and is influenced by the severity of drought conditions, however 

this varies with plant species (Hamanishi et al., 2012). Hamanishi et al. (2012) reported 

that stomatal densities were lower in leaves of Populus L. that developed during water 

limited conditions when compared to leaves that developed under non-limiting water 

conditions. Also, Sigmon et al. (2013) evaluated three species (Pontederia cordata L., 

Saururus cernus L., and Schoenoplectus tabernaemontni C.C. Gmel. Palla) to investigate 

impacts when emerging from dormancy during flooding and drought. These authors 

found that only S. tabernaemontani was impacted by drought, which caused it to have 

lower leaf area and biomass above ground (Sigmon et al., 2013). They also found that 

under low soil moisture conditions all species had a decreased stomatal conductance, 

which would indicate a decreased transpiration rate (Sigmon et al., 2013). 

Another important function of plants in rain gardens is the return of water back 

to the hydrologic cycle through evapotranspiration (ET). ET is the process where water 

in the soil-plant system is transferred to the atmosphere and it includes both 

evaporation from the surface of the soil and transpiration from plant canopies (Hillel, 
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2004). The process of ET is critical in meeting long-term hydrology goals with rain 

gardens (Hunt et al., 2012). Hunt et al. (2006) reported that during a one-year study, 

outflow volumes from rain gardens were less than 50% of the volumes entering which 

showed the importance of ET along with exfiltration into the surrounding existing soil. 

There may have also been water storage within the substrate and plants. During the 

three warm seasons (spring, summer, and fall), there were no significant differences in 

runoff reduction, however when compared to the cold season (winter) they had 

significantly lower outflow compared to inflow, possibly due to the lower ET in the 

winter compared to the warm seasons (Hunt et al., 2006). Low ET rates impact the water 

within and the water table below the rain garden system (Hunt et al., 2006). Increased 

ET from rain garden systems may be achieved by utilizing types of vegetation that have 

long root systems increasing opportunity for storage by the media and for vegetation to 

take up water in between events (Hunt et al., 2012). 

The EFBS, in combination with the appropriate vegetation make rain gardens 

functional and efficient at remediating pollutants and controlling the volume from 

polluted stormwater runoff. There are many different pollutants of concern and many 

different ways that rain gardens can be incorporated into the landscape. Plantings 

within rain gardens can be arranged so that they can divert and slow surface flow for 

filtration of sediments (Davis et al., 2009). Also, the plantings within a rain garden can be 

arranged so that they are aesthetically pleasing and support wildlife. Within the 

environment of a rain garden plant roots can aid in supporting the microbiological 
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populations that may aid in degradation of pollutants and they should help in media 

permeability (Davis et al., 2009). Also, in order to most efficiently remediate pollutants 

and control the volume of polluted stormwater runoff, the size of impervious surface and 

the pollutants of concern need to be considered beforehand (Hunt et al., 2012).  
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Figure 1. Impacts of impervious surfaces such as roads, sidewalks, parking lots, and 
rooftops causing excessive runoff during a storm event in Raleigh, NC.  
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Figure 2. Rain garden schematic demonstrating engineered filter bed substrate (0.7-1m), vegetation, mulch layer, 
depression area (15-30 cm), overflow, and underdrain.  
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Figure 3. Three rain gardens throughout North Carolina [Clayton, NC (left), Raleigh, NC (upper right), and  
Asheville, NC (lower right) with different designs, plantings and runoff collection from varying impervious surfaces. 
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CHAPTER 2: The Impact of Plant and Varied Engineered Filter Bed Substrate 

Compositions on Stormwater Runoff Movement within a Rain Garden System 
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Abstract 

Thirty-two rain garden engineered filter bed substrates (EFBSs) resulted from 
combinations of two substrate bases (sand and slate), two organic matter amendments 
[composted yard waste (CYW) and pine bark (PB)], two combination methods (banding 
and incorporation), and four combination amounts [1 inch/5%, 2 inch/10%, 3 
inch/15%, and 4 inch/20% (by volume)] with three species (Betula nigra ‘Duraheat’, 
Monarda fistulosa and Panicum virgatum ‘Shenandoah’). Particle size distribution, 
saturated hydraulic conductivity (Ksat), volume of effluent, evapotranspiration, and 
stomatal conductance were determined in order to evaluate the water movement 
within a rain garden system influenced by both plants and EFBS composition. Slate 
particle size distribution was not impacted by the amount of CYW or PB incorporated, 
while sand particle size distribution was. Also, Ksat for slate was not impacted with the 
incorporation of CYW or PB. Sand EFBSs maintained a numerically lower Ksat compared 
to slate EFBSs regardless of composition. The trends for evapotranspiration and 
stomatal conductance were higher with CYW and banding than with PB and 
incorporation. Generally, when the amendment was CYW and the banding method was 
utilized there was less volume of effluent than with PB and the incorporation 
combination method.  
 
Index words: bioretention cell, saturated hydraulic conductivity, volume of effluent, 
evapotranspiration, stomatal conductance, particle size distribution 
 

Species used in this study: Betula nigra L. ‘Duraheat’, Monarda fistulosa L. and 
Panicum virgatum L. ‘Shenandoah’ 
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Significance to the Horticulture Industry 

 Stormwater runoff is created by urban environments when rain falls on 

impervious surfaces. Rain gardens (bioretention cells) can be installed in many 

different landscape situations to remediate polluted stormwater runoff. Nursery and 

greenhouse operations can also contribute polluted runoff and may be able to use a rain 

garden as a remediation tool. This research evaluated the impact of different sources of 

organic matter amendments and combination methods and amounts of organic matter 

amendments to rain garden engineered filter bed substrates [sand (80% washed sand, 

15% clay and silt fines and 5% pine bark v/v/v) and slate (heat expanded slate)]. These 

amendments, combination methods, and amounts were measured for their influence on 

particle size distribution, saturated hydraulic conductivity, volume of effluent, stomatal 

conductance, and evapotranspiration. All of these properties influence how stormwater 

runoff moves through and is remediated within a rain garden system. Generally particle 

size distribution was not impacted by the amount of pine bark or composted yard waste 

added to slate, while sand was. Saturated hydraulic conductivity showed similar trends 

to particle size distribution for slate, and generally sand engineered filter bed 

substrates maintained numerically lower saturated hydraulic conductivity levels than 

slate substrates regardless of composition. Evapotranspiration and stomatal 

conductance were both generally highest with composted yard waste and the banded 

combination method. Volume of effluent was lower when composted yard waste was 

utilized compared to pine bark and when the organic matter amendments were banded 
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instead of incorporated. This is beneficial, as containerized nursery crop production in 

the southeastern US relies on pine bark and provides an alternative organic component 

for use in rain gardens.  

 

Introduction 

 The urban population of the world is expected to increase greatly (Baker, 2009). 

The requisite impervious urban infrastructures (roads, driveways, parking lots, 

sidewalks, and rooftops) cause precipitation that was once able to infiltrate through 

native vegetation and soils to become surface runoff (Baker, 2009). As a result, the 

urbanized watershed becomes more open to possible pollution, flooding, and water 

shortages (Li et al., 2009). Water that moves along the impervious surfaces picks up 

pollutants [nitrogen (N), phosphorus (P), zinc (Zn), copper (Cu), cadmium (Cd), lead 

(Pb) and total suspended solids (TSS)] that are harmful to water quality (Davis et al., 

2001, Li et al., 2009).  

Rain gardens, also known as bioretention cells or bioinfiltration devices, are one 

of the most commonly utilized stormwater control measures (SCMs) in the country to 

help manage water quantity and improve water quality from stormwater runoff (Davis 

et al., 2009; Hunt et al., 2012). This SCM improves groundwater recharge and base flow, 

removes pollutants from surface and groundwater, and reduces peak flow (Davis et al., 

2009). Rain gardens are constructed by excavating the existing soil, creating depression 

areas within the landscape (Dietz, 2007), then are refilled with 0.7-1 m (2-3 ft) of a 
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sand/soil/organic matter engineered filter bed substrate (EFBS) and planted with 

vegetation (Davis et al., 2009). The depression area is left deep enough for 15-30 cm (6-

12 in) of ponding within the rain garden system (Davis et al., 2009). 

The chemical and physical make-up of the EFBS is critical as polluted 

stormwater runoff moves through and is stored within the EFBS (Liu et al., 2014). Sand-

based EFBSs are recommended due to their suitable hydraulic conductivity and 

permeability (Hsieh and Davis, 2005). In North Carolina, EFBSs are recommended to be 

85-88% sand, 8-12% fines (clay and silt), and 3-5% (by volume) organic matter 

(NCDENR, 2009). Aged pine bark (PB) is often used as the organic matter source in 

EFBSs. It is also recommended by NCDENR (2009) for the EFBS to have a drainage rate 

of 2.54-15.24 cm/hr (1-6 in/hr), while 2.54-5.08 cm/hr (1-2 in/hr) is preferred. 

Infiltration and drainage will vary considerably with different EFBS components and 

will change with time (Turk et al., 2014). Both infiltration and saturated hydraulic 

conductivity can also be impacted by the surrounding existing soil, which will impact 

exfiltration out of the rain garden.  

An EFBS’s water flow characteristics are influenced by its particle size 

distribution. Kraus et al. (2014) and Turk et al. (2014) recommend grouping an EFBS’s 

particle sizes as described by Drzal et al. (1999) where coarse particles are 6.3 to 2.0 

mm, medium particles are 2.0 to 0.5 mm, and fine particles are 0.5 to 0.106 mm. Kraus 

et al. (2014) reported that a sand EFBS should have a particle size distribution of 67% 



29 

 

fine, 30% medium, and 2% coarse, while a coarser textured slate EFBS should have a 

particle size distribution of 30% fine, 48% medium, and 22% coarse.  

In addition to binding pollutants and allowing water conveyance, EFBSs must 

support plant growth. The amount of water that can be held within the EFBS impacts 

plant function. Low water availability may cause lower leaf area and biomass above 

ground for plants in a rain garden system (Sigmon et al., 2013) and may impact plant 

nutrient accumulation. Also, under low soil moisture conditions, plants in a rain garden 

may have decreased stomatal conductance, which would indicate a decreased 

transpiration rate (Sigmon et al., 2013) again reducing nutrient uptake and water 

return to the local hydrologic cycle. The processes of evapotranspiration (ET) are 

critical in meeting long-term hydrology goals with rain gardens (Hunt et al., 2012). 

Hunt et al. (2006) reported that during a one-year study, outflow volumes from rain 

gardens were less than 50% of the volumes entering due to ET and exfiltration into the 

surrounding existing soil. Also, the amount of water held within the plant structures 

could have greatly impacted outflow volumes reported by Hunt et al. (2006). Water can 

make up more than 70% of the fresh weight of plant tissues and can sometimes exceed 

90% (Wilkins, 1984). During three warm seasons (spring, summer, and fall), outflow 

volumes were not different; however, when compared to the cold season (winter), the 

warm seasons had significantly lower outflows compared to inflow, possibly due to the 

lower ET in the winter (Hunt et al., 2006). Low ET rates impact the water within and 

the water table below the rain garden (Hunt et al., 2006). Increased ET from rain 
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garden systems, may be achieved by utilizing types of vegetation that have long root 

systems increasing opportunity for storage by the media and for vegetation to take up 

water in between events (Hunt et al., 2012). Therefore, it is important that plants 

maintain growth and transpiration processes to continue positively influencing 

remediation. 

The objectives of this study were to: 1) Determine the role of different sources of 

organic matter amendments in rain garden EFBSs and 2) Analyze different combination 

methods and amounts of organic matter amendments to EFBSs for their impact on 

particle size distribution, saturated hydraulic conductivity, volume of effluent retention, 

stomatal conductance, and evapotranspiration. 

 

Materials and Methods 

An experiment was conducted over two years 2012-2013 (trial 1) and 2013-

2014 (trial 2) to address these objectives. A factorial treatment arrangement of thirty-

two engineered filter bed substrates (EFBSs) resulted from combinations of two 

substrate bases (base), two organic matter amendments (amendment), two 

combination methods (method) and four combination amounts (amount). Black Pecan 

King 1020 containers that were 23 liters (27cm top diameter, 23 cm bottom diameter, 

51 cm tall) (Haviland Plastic Products, Haviland, OH) were filled with one of the thirty-

two EFBSs and arranged in a randomized complete block design with 4 replications 

(N=128). The two filter bed substrate bases used were sand (80% washed sand, 15% 
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clay and silt fines and 5% pine bark v/v/v) (Wade Moore Equipment Company, 

Louisburg, NC) and D-tank 100% expanded slate in trial 1 and MS-16 100% expanded 

slate in trial 2 (Permatill, Carolina Stalite Company, Salisbury, NC). The two slate 

products had different particle size distributions; D-tank 100% expanded slate had 

39% coarse, 36% medium, and 25% fines particles, while MS-16 100% expanded slate 

had 29% coarse, 46% medium, and 25% fine particles. Both sand and slate were 

amended with two different sources of organic matter: pine bark (PB) (Parker Bark Co., 

Rose Hill, NC) and composted yard waste (CYW) (City of Raleigh Yard Waste Recycling 

Center, Raleigh, NC). Two combination methods of PB and CYW were used: banding and 

incorporating. The banded treatments included banding PB or CYW at four different 

widths: 2.54 cm (1 in) (banded 1), 5.08 cm (2 in) (banded 2), 7.62 cm (3 in) (banded 3), 

or 10.16 cm (4 in) (banded 4). This was accomplished by placing 10.16 cm (4 in) of the 

bases (sand or slate) in the bottom of the container. Then either 1 in, 2 in, 3 in, or 4 in 

bands of CYW or PB were added and finally the container was topped off with either 

sand or slate to within 2.54 cm (1 in) from the top to allow for simulated rainfall 

ponding. For the incorporation treatments, PB or CYW were blended with the bases 

(sand or slate) to achieve the rates of 5, 10, 15, and 20% (v/v). Approximately the same 

amounts of organic matter (PB or CYW) were applied for banding and incorporation 

(Fig. 1).  

For trial 1, eight replications (four replications for harvest 1 and 4 for harvest 2) 

of Monarda fistulosa (Monarda), and Panicum virgatum ‘Shenandoah’ (Panicum) were 
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planted into all substrate treatments on June 1, 2012 (N=512). For trial 2, on May 24, 

2013 eight replications (four replications for harvest 1 and 4 for harvest 2) of Panicum 

and Betula nigra ‘Duraheat’ (Betula) were planted into all substrate treatments 

(N=512). 

The plants were watered without added nutrients for the first two weeks daily 

to allow establishment. Synthetic stormwater was made by dissolving diammonium 

phosphate (18-46-0) and ammonium sulfate (21-0-0-24) in 18.9 L (5 gal) of hot tap 

water in order to apply targeted concentrations of 1.66 TN and 0.20 TP as reported in 

asphalt parking lot runoff (Passeport and Hunt, 2009). Actual simulated stormwater 

runoff applications averaged 0.51 mg.L-1 of PO43- and 3.19 mg.L-1 of TN-N for trial 1 and 

0.85 mg.L-1 of PO4-3 and 11.65 mg.L-1 of TN-N for trial 2 which are more similar to 

concentratios found in nursery production runoff (Taylor et al., 2006; Yeager et al., 

1993). The difference in average TN-N and PO4-3 concentrations for trial 1 and 2 were 

due to failure of the Dosmatic injector (A30, Carrollton, TX) which was replaced with a 

Dosatron (D25F1VFII, Clearwater, FL) and also reagent grade fertilizers were not used 

for making simulated stormwater treatments. For each simulated rainfall event, 2.54 

cm (1 in=1359.21 mL) of simulated polluted stormwater runoff was applied 

individually to each plant using a low-volume spray stake that delivered 3.2 g/h (12.1 

l/h) (PC Spray Stake, Netafim, Ltd., Tel Aviv, Israel) to mimic rainfall patterns for 

Raleigh, NC. Four replications of planted containers were set into an 18.9 L bucket with 

a hole drilled in the bottom and supported above the surface of the ground by two 



33 

 

bricks. A tray was placed under the bucket’s drainage hole during simulated rainfall 

events to collect the effluent that drained from the container. Simulated rainfall events 

occurred on June 15, June 26, July3, July 10, July 17, July 26, August 2, August 15, August 

22, August 29, September 5, September 12, September 26, October 10, October 17, 

October 24, November 19, December 18, 2012, January 18, February 21, March 21, 

April 19, and May 2, 2013 for trial 1 and June 11, June 25, July 10, July 24, August 9, 

August 21, September 4, September 18, October 17, October 30, November 25, 

December 20, 2013, January 20, February 27, March 31, April 17, and May 5, 2014 for 

trial 2. Volume of effluent measurements were made for three replications on June 15, 

June 26, July 3, July 17, August 2, August 15, August 29, September 12, September 26, 

October 10, October 24, November 19, December 18, 2012, January 18, February 21, 

March 21, April 19, and May 2, 2013 for trial 1 and for four replications on June 11, July 

10, August 9, September 4, October 30, November 25, December 20, 2013, January 20, 

February 27, March 31, April 17, and May 5, 2014 for trial 2. Containers were allowed to 

drain for two hours after simulated rainfall events before volume of effluent was 

measured. Cumulative total volumes of effluent over all sample dates were used for 

statistical analyses. Weather data for each month of sampling during trial 1 and 2 are 

presented in Table 1.  

For the EFBSs with the organic matter incorporated only, particle size 

distribution was determined using a completely randomized design and three 

replications during trial 1 (N=48) and five replications during trial 2 (N=80). Oven dried 
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samples of 350 g (12.4 oz) were placed in a Ro-tap Shaker (Model B, W.S. Tyler, Mentor, 

Ohio) fitted with twelve sieve plates; 6.3 mm (0.25 in), 4.0 mm (0.16 in), 2.8 mm (0.11 

in), 2.0 mm (0.08 in), 1.4 mm (0.06 in), 1.0 mm (0.04 in), 0.71 mm (0.03 in), 0.5 mm 

(0.02 in), 0.36 mm (0.01 in), 0.25 mm (0.009 in), 0.18 mm (0.007 in) and 0.106 mm 

(0.004 in) for 5 minutes. The sample from each sieve was weighed, and particle size was 

expressed as a percentage of the total weight of the sample (Appendix B and C). 

Percentages of total sample were then grouped into fine (<0.5 mm), medium (0.5–2.0 

mm), and coarse (>2.0 mm) fractions as described by Drzal et al. (1999) for statistical 

analyses. 

Saturated hydraulic conductivity (Ksat) was a completely randomized design 

with three replications for trials 1 and 2 and was determined by packing each of the 

EFBSs (N=32) into 1029.1 cm3 (62.8 in3) cylindrical polyvinyl chloride (PVC) columns 

(5.08 cm diameter, 50.8 cm height).  For the banded treatments, 10.16 cm (4 in) of 

either sand or slate were added to the bottom of the column, then the 2.54 cm (1 in), 

5.08 cm (2 in), 7.62 cm (3 in), or 10.16 cm (4 in) band of CYW or PB was added before 

the column was topped off with either sand or slate. All columns were tapped by hand 

three times to settle the EFBS and remove any air pockets. Columns were then slowly 

saturated (over approximately two hours) from the bottom and allowed to remain at 

saturation for two hours.  After this saturation period, water flow through the columns 

and out of a 5.08 cm (2 in) elbow fitting placed on the top of the column was captured 

for five minutes, measured and used to calculate Ksat using Darcy’s Law. 
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Stomatal conductance was determined using a leaf porometer (SC-1 Leaf 

Porometer, Decagon Devices, Inc., Pullman, WA) for all treatment combinations during 

trial 2. The leaf porometer was placed on the abaxial surface of the leaves. On July 25, 

2013 between 8:00 am and 4:00 pm stomatal conductance was measured for 2 leaves 

on Panicum planted in all treatment combinations and on July 26, 2013 stomatal 

conductance was measured for 2 leaves on Betula planted into each treatment 

combination. For statistical analyses an average was taken of the stomatal conductance 

of the 2 leaves for each species in each treatment combination for July 25 and July 26, 

2013 (sample time 1). On August 8, 2013 (sample time 2) stomatal conductance was 

measured again for 1 leaf per plant in all treatment combinations cutting the sample 

time down to one day from 8:00 am to 4:00 pm. Stomatal conductance measurements at 

each sample time were taken while the plants were drought stressed, just prior to the 

next simulated rainfall event. Solar radiation measurements for these sample times are 

presented in Table 2. 

During trial 2, plants were weighed to measure evapotranspiration for each of 

the 32 different treatment combinations. Evapotranspiration weights were collected 

the day after a simulated rainfall event (initial) and 2 weeks later before the next 

simulated rainfall event (final). Differences between initial weight and final weight 

were calculated for statistical analyses. Weights were taken on June 12 and June 24, 

2013 (sample time 1), July 25 and August 8, 2013 (sample time 2), and October 18 and 

October 29, 2013(sample time 3).  
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SAS 9.3 was used to analyze all variables with analysis of variance (ANOVA) 

procedures using PROC GLM (SAS Institute, 2001). All means were separated with 

Tukey’s honestly significant difference means separation test (P<0.05) where 

appropriate. Linear regression analyses were also utilized when testing the impact of 

amount. Square root transformations were used on all of the data to normalize the data 

prior to analyses of variance procedures except for particle size. In trial 1 and 2, studies 

were conducted at North Carolina State University’s Horticultural Field Laboratories, 

Raleigh, NC (longitude: 35o47’29.57”N; latitude: 78o41’56.71”W; elevation 136 m). 

 

Results and Discussion 

Saturated hydraulic conductivity (Ksat): For Ksat the four way interaction, base by 

amendment by method by amount was significant for both trial 1 and trial 2 (Appendix 

A) as was the three way amendment by method by amount interaction for both bases 

(sand, trial 1 P=0.0006, trial 2 P=0.0008 and slate, trial 1 P=<.0001, trial 2 P=0.0008). 

Ksat was generally numerically slower for sand than slate for both trials, regardless of 

amount, method, and choice of amendment (Fig. 2 and 3). Turk et al. (2014) reported 

similar results for Ksat, where a sand EFBS had the slowest movement of water through 

the system compared to a slate EFBS. Additionally, in this study, the slate in trial 1 (D-

tank) had almost a 2-fold greater Ksat than in trial 2 (MS-16) (Fig. 2 and 3, c and d). 

Substrates with smaller sized particles, like the sand EFBS (Appendix B and C), have a 
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larger specific surface area and the drag on water molecules is increased as water 

moves through the system resulting in a slower Ksat (Raviv and Lieth, 2008).  

The Ksat of slate amended by incorporation with either CYW or PB was not 

influenced by amount added (Fig. 2 and 3, c and d). This is potentially caused by the 

similarities of the particle size distribution of 100% slate and slate after the additions of 

CYW and PB which caused similar porosity throughout the column (Appendix B and C). 

In trial 1, when CYW was added to slate by banding, Ksat decreased linearly from the 1 

to 4 inch band (Fig. 2c). However, with PB banded in slate, Ksat increased linearly from 

the 1 to 4 inch band (Fig. 2d). The opposite trends occurred in trial 2; Ksat of slate 

banded with CYW increased linearly with increase in banding amounts (Fig. 3c) while 

there was a quadratic trend in Ksat banded with PB (Fig. 3d). The differences in Ksat 

trends in slate as a result of banding between trial 1 and 2, are most likely due to the 

differences in base products utilized (D-tank in year 1 and MS-16 in year 2). Also, the 

slate and the CYW utilized in trial 2 had fewer coarse particles than in trial 1 (slate: trial 

1 coarse = 39% and trial 2 coarse = 29%; CYW trial 1 coarse = 49% and trial 2 coarse = 

32%) and were very similar in particle size distribution (slate coarse = 29%, medium = 

46% and fine 25%; CYW coarse = 32%, medium = 43% and fine 25%). Therefore, in 

trial 2 there was less of a textural difference between the base particles of slate and the 

banded particles of CYW, which would slow Ksat.  

Sand banded with CYW resulted in faster Ksat than incorporation in trial 1 (Fig. 

2a) but in trial 2 incorporation resulted in faster Ksat (Fig. 3a). For trials 1 and 2, sand 
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amended with CYW banded had a significant quadratic trend where Ksat increased until 

3 inches and then decreased (Figure 2a and 3a). With PB added as a band to sand, there 

were no clear trends in Ksat in trial 1 (Fig. 2b) and a quadratic trend in trial 2 with the 

slowest Ksat found with the 4-inch band (Fig. 3b). The same sand was used in trial 1 and 

2 but both the CYW and PB had larger percentages of coarse particles in trial 1 than in 

trial 2 (Table 3). Hsieh et al. (2007) reported that placing a substrate with higher 

conductivity overlaying one with lower conductivity resulted in a higher runoff 

infiltration rate, and was thus more efficient in phosphorus removal.  

CYW incorporated into sand had no effect on Ksat in trial 1 (Fig. 2a) while there 

was a quadratic response in trial 2 with a max at 15% (Fig. 3a). Ksat of sand 

incorporated with PB increased linearly in trial 1 (Fig. 2b) and trial 2 (Fig. 3b). When 

comparing trials 1 and 2, the PB added to the sand in trial 1 generally added more 

coarse particles (trial 1=68%) than in trial 2 (trial 2=57%) (Table 3). It is also 

important to keep in mind that over time the Ksat of an EFBS will change and that plant 

selection can influence it. For example, it has been reported that when fine and coarse 

roots are planted together, the fine roots have a rapid turnover contributing to high 

amounts of organic matter, which will facilitate soil aggregation and increase water 

storage capacity within the substrate, while coarse roots can potentially grow deeper 

into the substrate profile aiding in deeper conductivity (Archer et al., 2002).  

Particle size distribution: For both trials, 1 and 2, particle size distribution was 

determined only for the incorporation method. Particle size distribution for trial 1 and 
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2 had significant three-way interactions (base by amendment by amount) for coarse 

(P=0.012), medium (P=<.0001), and fine (P=0.0001) groupings of particle sizes 

(Appendix D). Overall, the particle size ranges for slate were generally not impacted by 

the amount of CYW or PB added, similar to the trends shown with Ksat (Fig. 2 and 3, c 

and d). Both of the slate bases (D-tank in trial 1 and MS16 in trial 2) are quite coarse in 

texture (trial 1: 39% coarse, 36% medium, and 25% fine particles; trial 2: 29% coarse, 

46% medium, and 25% fine particles).  Although the particle size distribution of the 

CYW and PB varied by trial, they were also coarse in nature with low amounts of fines 

(Table 3).  Incorporating CYW or PB to slate resulted in an average 42% coarse, 36% 

medium, and 22% fine for trial 1 and 24% coarse, 45% medium, and 31% fine particle 

distribution for trial 2. 

Amount of incorporation did impact the particle size distribution for the sand 

amended with either CYW or PB with the exception of the coarse particles amended 

with CYW in trial 1 (Table 3). There was a significant linear increase in coarse particles 

with increasing incorporation of 5 to 20% CYW and a quadratic response in trial 2 with 

a maximum at 15% CYW incorporation. Kraus et al. (2014) reported similar results in 

an increase in coarse particles when utilizing several different compost materials (food 

waste, biosolid, enzyme residual, and yard waste) incorporated in a sand EFBS. With 

the addition of PB to sand, there was a quadratic response to the distribution of coarse 

particles with the maximum again at 15%. These increases in coarse particles resulted 

in a decrease in Ksat (Fig. 2 and 3).  
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For medium sized particles, when sand was amended with CYW, there were 

significant quadratic trends for both trial 1 and 2 with maximums found with 10 and 

15% amendments for trial 1 and 2, respectively (Table 3). For both trials, when sand 

was amended with PB, there was a significant quadratic response in medium sized 

particles with 5 and 20% having higher amounts than either 10 or 15%.  

In trials 1 and 2, sand amended with CYW had a quadratic response in the 

amount of fine particles, where 5 and 20% had greater amounts of fines than 10 and 

15% (Table 3). In trial 1, when sand was amended with PB there were no clear trends 

in the distribution of fine size particles while in trial 2 there was a quadratic response 

with the maximum at 10%.  

Volume of effluent: For volume of effluent, a cumulative total was generated by 

summing all sample dates for each trial, 1 and 2, separately. Cumulative total volumes 

of effluent for both trials 1 and 2 were impacted by species, base, amendment, method 

and amount (Appendix E). When Monarda was grown in sand with 5 or 10% PB 

incorporation, volume of effluent was significantly higher than when PB was banded 

while, volume of effluent with CYW banded or incorporated were similar to each other 

and were not statistically different from banding or incorporating with PB (Fig. 4). 

Incorporating PB at 20% with Monarda grown in sand had the highest volume of 

effluent (Fig. 4d). Likewise, volume of effluent was highest for Panicum grown in sand 

with PB incorporated and lowest for PB banded (data not shown). Additionally, with 

incorporation, PB had a larger volume of effluent numerically than CYW (data not 
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shown). With CYW, for both Monarda and Panicum, method of adding the amendment 

did not impact the volume of effluent when grown in sand (Fig. 4 and data not shown). 

For trial 1 and slate, volume of effluent was again significantly higher for 

Monarda with incorporation compared to banding (Fig. 5). When Panicum was grown in 

slate with CYW, the volume of effluent was significantly lower than when grown in slate 

with PB (Fig. 6). Additionally, Monarda growth was generally not impacted by 

amendment while Panicum growth was greater with CYW compared to PB (Riley, 

2015). As a result, of the enhanced growth of Panicum in CYW (Riley, 2015), Panicum 

grown in slate had a smaller volume of effluent than Monarda while there were no 

differences in volume of effluent between the species when grown in slate with PB 

(data not shown). 

In trial 2, amount of organic matter added had more of an effect on volume of 

effluent than in trial 1. There was a quadratic response in volume of effluent for Betula 

grown in sand when either PB or CYW was banded and was lowest with a 3-inch band 

(Fig. 7). However, when either of the organic matter amendments were incorporated 

into sand, the volume of effluent was not impacted by the amount for Betula. For Betula 

grown in slate, incorporation resulted in significantly larger volumes of effluent than 

banding regardless of amendment (data not shown). Amendment did impact Ksat of 

slate with incorporation of CYW having a numerically lower Ksat than banding while 

slate with an incorporation of PB had a numerically higher Ksat than banding (Fig. 3 c 

and d). Additionally, with Panicum, method had a significant impact on volume of 
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effluent except for 1 in or 5% (Fig. 8) and banding of either organic matter amendment 

(CYW or PB), in either base (sand or slate) resulted in less effluent volume than 

incorporation. For trial 2, Panicum grown in sand with the banding combination 

method amended with CYW reduced the influent volume by 70%, while PB banded 4 

inches reduced it by 67%. There was a quadratic response in the volume of effluent to 

increasing amounts of amendment when Panicum was grown in slate while this 

quadratic response was not significant for Panicum grown in sand (Fig. 9). The 2 

in/10% and 3 in/15% amounts of amendment resulted in the lowest volumes of 

effluent when Panicum was grown in slate (Fig. 9).  Carpenter and Hallam (2010) 

reported that a 100% compost mix had a porosity of 0.59 with a field capacity of 

115.3%, meaning that the compost could retain approximately 115% of its weight in 

water; this may be part of the reason that when CYW was utilized as an amendment 

generally, volume of effluent was reduced compared to PB.  

 Evapotranspiration: Evapotranspiration was only measured during trial 2 for 

both Panicum and Betula. The six-way interaction (species by base by amendment by 

method by amount by sample time) was not significant, while there was a significant 

base by amendment by method by amount by sample time interaction (Appendix F). 

When CYW was utilized in sand, there were significantly higher evapotranspiration 

rates at each sample time than when PB was added (Fig. 10a). Additionally, for sample 

times 2 and 3, banding in sand resulted in significantly higher evapotranspiration rates 

(Fig. 10b). As shown in Figure 11, a and b, when banding was utilized there were 
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significantly higher evapotranspiration rates than when incorporation was used for 

slate. These higher ET rates with the utilization of CYW may be due to the high reported 

ability of compost materials to retain water (Carpenter and Hallam, 2010).  

Stomatal conductance: Stomatal conductance was also measured in trial 2. 

Stomatal conductance of both species was generally impacted by amendment at both 

sample times (Appendix G; Fig. 12). Panicum and Betula grown in both sand and slate 

generally had significantly higher stomatal conductance with CYW than PB regardless 

of combination method (banding or incorporating) and amount.  These data support the 

ET results where both species also had greater water loss in the CYW than in PB. The 

higher ET rates and stomatal conductance levels for plants grown with CYW compared 

to PB may be due to the significantly larger shoots that were produced when CYW was 

utilized as reported by Riley (2015).  

 In conclusion, water flow through sand was much slower than through slate. 

Additionally, the volume of effluent when PB was utilized was greater than when CYW 

was the amendment and when incorporation was used instead of banding. Amount of 

amendment (either PB or CYW) incorporated to slate did not impact water flow 

through the substrate. Amount of incorporation did impact the water flow and particle 

size distribution for the sand based substrates amended with either CYW or PB.  

Volume of effluent varied by the species and time of the year as growth 

increased and ET decreased. The trends between species growing in the different 

combinations of base, amendment, and method were similar, so only Panicum is shown 
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(Fig. 13). Panicum grown with CYW withdrew more water from the substrate than 

plants with PB (Trial 1: CYW = 6,981.9 mL, PB = 8,380.6 mL; Trial 2: CYW = 4,814.5 mL, 

PB = 5350.8 mL). Newly planted plants did not remove much water from the substrate 

and larger volumes of effluent resulted initially.  Panicum growing in sand with CYW 

banded at least 2 inches produced nearly zero effluent (100% remediation) from July 

through October with the exception of the September sample time due to a large rain 

event (6 cm) that occurred three days before treatment application on September 4, 

2013. As the Panicum plants (an herbaceous perennial) began to go dormant for the 

winter, effluent volumes increased. A similar trend in volume of effluent generated was 

found with the woody perennial, Betula (data not shown). Panicum growing in sand 

with CYW incorporated generated higher volumes of effluent compared to when CYW 

was banded (Fig. 13b). Volumes of effluent from Panicum growing in slate with CYW 

both banded and incorporated approached zero (100% remediation) from July through 

November (Fig. 13 c and d) and this may be due to the larger pore sizes created by the 

more coarse slate particles compared to the sand EFBS. When larger pores are present 

within the substrate, roots are more able to penetrate through the system (Raviv and 

Lieth, 2008).  

In order to have lower volumes of effluent, higher ET rates, and higher stomatal 

conductance levels the banding method and the CYW amendment should be considered 

for utilization as potential EFBS components. Also, depending on the expected amount 

of water moving into the rain garden system, utilization of sand and slate provide 
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different benefits. A slate EFBS is able to convey water through more quickly than a 

sand EFBS and may be helpful in an area expected to have larger volumes of water 

entering the rain garden system.  
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Table 1. Maximum and minimum average monthly temperatures and total monthly 
precipitation for the Raleigh, NC areaz. 

 Maximum Temp.  Minimum Temp. Precipitation 

 C F C F cm in 

June 2012 30.3 86.5 17.4 63.3 10.9 4.3 
July 2012 34.6 94.2 23.4 74.1 20.6 8.1 

August 2012 31.2 88.2 20.5 69.0 6.7 2.6 
September 2012 28.1 82.6 16.7 62.1 21.7 8.5 

October 2012 22.5 72.6 10.5 50.9 7.5 2.9 
November 2012 14.8 58.6 2.2 35.9 1.2 0.5 
December 2012 15.2 59.3 4.2 39.6 8.2 3.2 

January 2013 12.5 54.5 2.0 35.6 7.8 3.1 
February 2013 11.9 53.4 0.3 32.5 11.0 4.3 

March 2013 13.8 56.8 1.2 34.2 4.7 1.8 
April 2013 21.5 70.7 10.2 50.3 10.3 4.1 
May 2013 25.3 77.5 13.6 56.5 9.3 3.7 
June 2013 30.2 86.3 19.4 67.0  24.7 9.7 
July 2013 31.5 88.6 21.6 70.9 15.4 6.1 

August 2013 30.4 86.7 20.1 68.2 8.1 3.2 
September 2013 27.9 82.3 16.1 61.0 14.0 5.5 

October 2013 22.4 72.2 11.7 53.1 2.4 0.9 
November 2013 15.3 59.5 2.9 37.2 8.8 3.5 
December 2013 14.2 57.5 2.4 36.2 17.0 6.7 

January 2014 8.3 46.9 -3.5 25.8 7.6 3.0 
February 2014 12.3 54.1 0.1 32.2 18.2 7.2 

March 2014 14.0 57.1 1.7 35.0 16.2 6.4 
April 2014 22.7 72.9 9.7 49.5 13.0 5.1 
May 2014 28.0 82.5 14.8 58.6 13.9 5.5 

zWeather data were collected by the State Climate Office of North Carolina,  
1005 Capability Drive, Raleigh, NC 27606 using the Raleigh State University  
Station (Latitude: 35:79444, Longitude: -78.69889). 
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Table 2. Solar radiation measurements from 8:00 am – 4:00 pm on July 25, July 26, and 
August 8, 2013 for the Raleigh, NC area. 

Date Time Solar Radiation (W.m-2)z 

July 25, 2013 8:00 am 166.0 

 9:00 am 169.3 

 10:00 am 179.5 

 11:00 am 352.2 

 12:00 pm 375.8 

 1:00 pm 260.7 

 2:00 pm 426.6 

 3:00 pm 1029.0 

 4:00 pm 328.4 

July 26, 2013 8:00 am 453.9 

 9:00 am 641.7 

 10:00 am 799.0 

 11:00 am 914.0 

 12:00 pm 599.0 

 1:00 pm 1015.0 

 2:00 pm 900.0 

 3:00 pm 326.6 

 4:00 pm 614.2 

August 8, 2013 8:00 am 416.5 

 9:00 am 230.2 

 10:00 am 809.0 

 11:00 am 1054.0 

 12:00 pm 1012.0 

 1:00 pm 165.8 

 2:00 pm 951.0 

 3:00 pm 812.0 

 4:00 pm 510.8 
zWeather data were collected by the State Climate Office of North Carolina, 1005 
Capability Drive, Raleigh, NC 27606 using the Lake Wheeler Field Laboratory Station 
(Latitude: 35.72816, Longitude: -78.67981). 
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Table 3. Coarse (>2.0 mm), medium (0.5–2.0 mm), and fine (<0.5 mm) particle size 
distributions for sand (80% washed sand, 15% clay and silt fines and 5% pine bark 
v/v/v) amended with composted yard waste (CYW) and pine bark (PB) during trial 1 
(2012-2013) and trial 2 (2013-2014). 

 Trial 1 Trial 2 

Coarse CYW PB CYW PB 

5%z 17.41 19.43 12.79 12.72 

10% 18.14 19.03 14.00 13.69 

15% 19.45 28.71 15.43 13.92 

20% 19.66 19.50 14.15 15.92 

Amounty NS 0.0002 0.0084 0.0065 

Linearx 0.0266 NS 0.0368 0.0009 

Quadraticw NS NS 0.0175 NS 

Medium CYW PB CYW PB 

5% 51.35 54.22 53.78 55.27 

10% 57.08 52.10 58.55 52.31 

15% 52.78 50.25 61.88 53.85 

20% 48.57 54.49 57.42 53.81 

Amount <.0001 0.0003 <.0001 0.0012 

Linear NS NS 0.0164 NS 

Quadratic 0.0003 0.0004 <.0001 0.0117 

Fine CYW PB CYW PB 

5% 31.24 26.35 33.43 32.01 

10% 24.78 28.86 27.46 34.00 

15% 27.77 21.05 22.68 32.23 

20% 31.78 26.01 28.43 30.27 

Amount 0.0002 0.0011 <.0001 0.0307 

Linear NS NS 0.0009 NS 

Quadratic 0.0002 NS <.0001 0.0216 

 100% Sandv 100% CYW 100% PB 100% Sand 100% CYW 100% PB 

Coarse 19.98 48.90 68.04 12.85 31.94 57.34 

Medium 49.12 34.10 22.39 47.18 43.43 31.49 
Fine 30.90 16.99 9.57 39.97 24.63 11.17 

zCYW and PB incorporated in sand at varying amounts of 5, 10, 15, and 20% (v/v).  
yAnalysis of variance effect of amount for each amendment (CYW and PB). NS = P>0.05, 
P-value given otherwise. 
xRegression analyses utilized for linear trends. NS = P>0.05, P-value given otherwise. 
wRegression analyses utilized for quadratic. NS = P>0.05, P-value given otherwise. 
vParticle size distribution of 100% sand, 100% CYW, and 100% PB. 
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Figure 1. Schematic of different filter bed substrate combination methods and  
organic matter amounts. The two organic matter amendments were added as  
either a band in the depths of 1, 2, 3, or 4 inches or by incorporation  
using approximately the same amounts of organic matter in the amounts of 5,  
10, 15, and 20% (v/v). A: Combination method of banding with combination  
amount of 1 inch, B: Combination method of banding with combination amount  
of 2 inches, C: Combination method of banding with combination amount of 3  
inches, D: Combination method of banding with combination amount of 4 inches,  
E: Combination method of incorporation with combination amount of 5%, 
F: Combination method of incorporation with combination amount of 10%,  
G: Combination method of incorporation with combination amount of 15%, and  
E: Combination method of incorporation with combination amount of 20%.  
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Figure 2. Trial 1 (2012-2013) saturated hydraulic conductivity (Ksat) for sand (80% washed sand, 15% clay and silt fines 
and 5% pine bark v/v/v) amended with composted yard waste (CYW) (A) or pine bark (PB) (B) and slate (D-tank 100% 
expanded slate) amended with CYW (C) or PB (D)  by either banding (Band) at 1, 2, 3, or 4 inches or incorporation (Inc) at 
5, 10, 15, 20% (v/v). Regression analyses were utilized for linear (L), quadratic (Q), and non-significant (NS) responses 
(P<0.05). 
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Figure 3. Trial 2 (2013-2014) saturated hydraulic conductivity (Ksat) for sand (80% washed sand, 15% clay and silt fines 
and 5% pine bark v/v/v) amended with composted yard waste (CYW) (A) or pine bark (PB) (B) and slate (100% MS-16 
expanded slate) amended with CYW (C) or PB (D)  by either banding (Band) at 1, 2, 3, or 4 inches or incorporation (Inc) at 
5, 10, 15, 20% (v/v). Regression analyses were utilized for linear (L), quadratic (Q), and non-significant (NS) responses 
(P<0.05).  
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Figure 4. Interaction of amendment [composted yard waste (CYW) or pine bark (PB)] by method [banding (Band) or 
incorporation (Inc)] for sand (80% washed sand, with 15% clay and silt fines and 5% pine bark v/v/v) for volume of 
effluent during trial 1 (2012-2013) for Monarda fistulosa at varying amounts of 1in/5% (A), 2in/10% (B), 3in/15% (C), or 
4in/20% (D). Means between amendments by method interactions with different letters are significantly different from 
each other based on Tukey’s honestly significant difference mean separation procedures (P<0.05).
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Figure 5. Effect of method, banding (Band) and incorporation (Inc) on  
volume of effluent from Monarda fistulosa (Monarda) and Panicum  

virgatum ‘Shenandoah’ (Panicum) grown in slate (D-tank 100%  
expanded slate) during trial 1 (2012-2013). Means between methods  
with different letters are significantly different from each other based  
on Tukey’s honestly significant difference mean separation procedures  
(P<0.05).  
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Figure 6. Effect of amendment, composted yard waste (CYW) and  
pine bark (PB), on volume of effluent from Monarda fistulosa (Monarda)  
or Panicum virgatum ‘Shenandoah’ (Panicum) grown in slate  
(D-tank 100% expanded slate) during trial 1 (2012-2013). Means  
between amendments with different letters are significantly different  
from each other based on Tukey’s honestly significant difference mean  
separation procedures (P<0.05). 
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Figure 7. Effect of method, banding (Band) and incorporation (Inc) on  
volume of effluent with Betula nigra ‘Duraheat’ grown in sand  
(80% washed sand, 15% clay and silt fines and 5% pine bark v/v/v)  
with varying amounts 1in/5%, 2in/10%, 3in/15%, and 4in/20% (v/v)  
during trial 2 (2013-2014). Regression analyses were utilized for linear  
(L), quadratic (Q), and non-significant (NS) responses (P<0.05). 
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Figure 8. Effect of method [banding (Band) or incorporation (Inc)] with  
varying amounts of 1in/5%, 2in/10%, 3in/15%, or 4in/20% (v/v) on  
volume of effluent with Panicum virgatum ‘Shenandoah’ during trial 2  
(2013-2014). Means between methods with different letters are  
significantly different from each other based on Tukey’s honestly  
significant difference mean separation procedures (P<0.05). 
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Figure 9. Effect of base [sand (80% washed sand, 15% clay and silt fines and 5%  
pine bark v/v/v) or slate (100% MS-16 expanded slate)] with varying amounts of  
1in/5%, 2in/10%, 3in/15%, or 4in/20% (v/v) on volume of effluent with Panicum  

virgatum ‘Shenandoah’ during trial 2 (2013-2014). Regression analyses were  
utilized for linear (L), quadratic (Q), and non-significant (NS) responses (P<0.05). 
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Figure 10. Effect of amendment [composted yard waste (CYW) or pine bark (PB) – A] and effect of method [banding (Band) 
or incorporation (Inc) – B] in sand (80% washed sand, 15% clay and silt fines and 5% pine bark v/v/v) on 
evapotranspiration during trial 2 (2013-2014) for sample time 1 (June 12 and June 24, 2013), sample time 2 (July 25 and 
August 8, 2013), and sample time 3 (October 18 and October 29, 2013). Means between amendments and methods with 
different letters are significantly different from each other based on Tukey’s honestly significant difference mean 
separation procedures (P<0.05). 
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Figure 11. Effect of method [banding (Band) or incorporation (Inc)] in slate (100% MS-16 expanded slate) with varying 
amounts (1in/5%, 2in/10%, 3in/15%, and 4in/20%) on evapotranspiration during trial 2 (2013-2014) for sample time 1 
[June 12 and June 24, 2013 – A] and sample time 3 [October 18 and October 29, 2013 – B]. Means between methods with 
different letters are significantly different from each other based on Tukey’s honestly significant difference mean 
separation procedures (P<0.05). 
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Figure 12. Effect of amendment [composted yard waste (CYW) and pine bark (PB)] either banded (band) or incorporated 
(Inc) on stomatal conductance of Panicum virgatum ‘Shenandoah’ (Panicum) on sample time 1 (July 26, 2013 – A) and 
sample time 2 (August 8, 2013 – B) and Betula nigra ‘Duraheat’ (Betula) on sample time 1 (July 25, 2013 – C) and sample 
time 2 (D) grown in sand (80% washed sand, 15% clay and silt fines and 5% pine bark v/v/v) and slate (100% MS-16 
expanded slate) during trial 2 (2013-2014). Means between amendments with different letters are significantly different 
from each other based on Tukey’s honestly significant difference mean separation procedures (P<0.05). 
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Figure 13. Volume of effluent for Panicum virgatum ‘Shenandoah’ grown in sand (80% washed sand, 15% clay and silt fines 
and 5% pine bark v/v/v) amended with composted yard waste banded (Band – A) or incorporated (Inc – B) and slate (MS-
16 100% expanded slate) amended with CYW banded (C) or incorporated (D) with varying amounts (1, 2, 3, or 4 inches 
and 5, 10, 15, and 20%) for all sample dates during trial 2 (2013-2014).
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CHAPTER 3: The Impact of Plant and Varied Engineered Filter Bed Substrate 

Compositions on Stormwater Runoff Remediation within a Rain Garden System 

 

 

(In the format appropriate for submission to Journal of Environmental Horticulture.) 
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Abstract 

Thirty-two engineered filter bed substrates (EFBSs) resulted from combinations of two 
substrate bases (sand and slate), two organic matter amendments [composted yard 
waste (CYW) and pine bark (PB)], two combination methods (banding and 
incorporation) and four combination amounts (1 inch/5%, 2 inch/10%, 3 inch/15%, 
and 4 inch/20%). Each EFBS was evaluated for its ability to support the growth and 
nutrient uptake of Betula nigra ‘Duraheat’, Monarda fistulosa and Panicum virgatum 

‘Shenandoah’. Overall, plant growth and shoot nutrient contents (N and P) showed 
similar trends and they were generally best for all species when grown in sand 
amended with CYW using the banding method. There were higher levels of TN-N in the 
effluent for CYW compared to PB regardless of base; however, the concentration of 
PO43--P in the effluent was generally not impacted by amendment. Also, when compared 
to slate, sand generally had numerically lower concentrations of TN-N and PO43--P 
present in the effluent especially with banding. 
 

Index words: bioretention cell, effluent nutrient concentration, total nitrogen, 
phosphate, nitrate, ammonium 
 
 
Species used in this study: Betula nigra L. ‘Duraheat’, Monarda fistulosa L. and 
Panicum virgatum L. ‘Shenandoah’ 
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Significance to the Horticulture Industry 

 Stormwater control measures known as rain gardens are commonly installed 

landscape features that remediate polluted stormwater runoff. They do so in a variety 

of ways such as volume reduction and pollutant removal, which are both impacted by 

the engineered filter bed substrate and vegetation selection. For this study, three 

species (Betula nigra ‘Duraheat’, Monarda fistulosa and Panicum virgatum 

‘Shenandoah’) were grown in two common rain garden engineered filter bed substrates 

(sand or slate), amended with two differing sources of organic matter (composted yard 

waste or pine bark). Composted yard waste and pine bark were added to sand and slate 

by one of two methods, banding or incorporation, in varying amounts of 1 inch/5%, 2 

inch/10%, 3 inch/15%, and 4 inch/20%. All species had enhanced shoot growth when 

sand was utilized compared to slate. Also, shoot growth was enhanced generally for all 

species when composted yard waste was the organic matter amendment instead of pine 

bark and when the banding method was utilized instead of incorporation. The trends 

for shoot nitrogen and phosphorus contents were generally similar to shoot growth.  

However, with the utilization of composted yard waste, concentrations of TN-N in the 

effluent were higher compared to PB for both sand and slate while PO43--P concentrations 

were generally not impacted by amendment. Sand generally had numerically lower 

concentrations of TN-N and PO43--P in the effluent than slate. 
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Introduction 

With rapidly moving stormwater runoff created by impervious surfaces (roads, 

driveways, parking lots, sidewalks, and rooftops), urbanized watersheds are more open 

to pollution, flooding, and water shortages (Li et al., 2009). As the water moves along 

these surfaces it picks up pollutants [nitrogen (N), phosphorus (P), zinc (Zn), copper 

(Cu), cadmium (Cd), lead (Pb), and total suspended solids (TSS)] that are harmful to 

water quality (Davis et al., 2001; Li et al., 2009). Two of the more difficult pollutants to 

remediate in stormwater runoff are N and P. These pollutants can lead to issues in 

surface waters such as algal blooms and subsequent eutrophication. 

Rain gardens (also known as bioretention cells or bioinfiltration) are effective 

stormwater control measures (SCMs) for water quality and quantity management due 

to their adaptability, maintenance of groundwater recharge and base flow, surface and 

groundwater pollutant removal, channel protection, and peak flow reduction (Davis et 

al., 2009). Of the many SCMs (detention basins, green roofs, constructed wetlands, or 

rainwater harvesting systems), rain gardens can be aesthetically pleasing, and can be 

sized to fit where they are needed. These SCM systems are not irrigated, are planted 

with vegetation, and are designed to capture polluted stormwater runoff. They function 

well for remediating and controlling polluted stormwater runoff volumes because of 

their two main components – (1) the engineered filter bed substrate (EFBS) and (2) the 

vegetation.  
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Sand-based EFBSs are recommended due to their suitable hydraulic conductivity 

and permeability (Hsieh and Davis, 2005). Soil based filter bed substrates are generally 

not suitable due to the potential for compaction, which would decrease their ability to 

convey water into and through the rain garden system (Hatt et al., 2008). In North 

Carolina, EFBSs are recommended to be an incorporated mix of 85-88% (by volume) 

sand, 8-12% (by volume) fines (silt and clay), and 3-5% (by volume) organic matter 

(NCDENR, 2009). Aged pine bark (PB) is often used as the organic matter source in the 

EFBSs. A permeable sand layer over a less permeable soil layer has been reported to 

increase stormwater retention within the EFBS (Hsieh et al., 2007b). This substrate 

arrangement allowed nitrification in the well-aerated sand portion of the substrate and 

denitrification in the saturated, low permeable soil layer (Hsieh et al., 2007b). However, 

Hsieh et al.’s (2007b) experiments did not include plants. Roots of plants may either not 

be able to grow in saturated zone or may create macropore channels through the 

saturated zone.  

Thus, layering of varying EFBS components has the potential to create an 

anaerobic zone within the rain garden system as shown by Hsieh et al. (2007b). An 

anaerobic zone occurs only when the oxygen consumption rate exceeds the rate at 

which it is supplied within a substrate (Tiedje et al., 1984). This can promote the loss of 

N by the process of denitrification, the anaerobic zone needs to be located near the 

bottom of the rain garden system to prevent detrimental effects on plants such as root 
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stress from anoxia or the favorable environment created for root pathogens (Tiedje et 

al., 1984).  

The utilization of compost as the organic matter source within an EFBS may 

provide many benefits, such as plant growth enhancement due to the plant available 

nutrients, pollutant binding, and microbial support. Palmer et al. (2013) reported that 

utilizing a saturation zone within the rain garden system greatly reduced NO3--N in 

effluent (71% compared to 33% without a saturated zone) when the EFBSs consisted of 

a 60% sand, 15% compost, 15% finely shredded cedar bark, and 10% aluminum-based 

drinking water treatment residuals mix. While the same was not true for O-PO4, which 

was remediated better without a saturation zone (80%) compared to with a saturation 

zone (67%) (Palmer et al., 2013). However, nutrient load of the compost would be a 

concern if pollutants were exported out of the rain garden when compost is utilized 

within the EFBS. Liu et al (2014) found that there was not an extensive amount of 

pollutants exported when there was an incorporation of 25% yard waste compost 

added to an EFBS in combination with 3% spent alum sludge, 15% saprolite, and 57% 

sand. These researchers reported that with the addition of the 25% yard waste 

compost, N removal increased, possibly due to denitrification (Liu et al., 2014). The 

addition of compost has also been found to have high sorption capacities for the metals, 

Cd and Zn (Paus et al., 2014). Unlike Liu et al. (2014), these researchers found that an 

increasing volume of compost in a sand EFBS caused a significant export of P (Paus et 

al., 2014).  
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The second major component of a rain garden system, the vegetation, has been 

reported to improve the remediation of N and P from simulated polluted stormwater 

when compared to non-vegetated rain gardens (Read et al., 2008 and Bratieres et al., 

2008). Gautam and Greenway (2014) grew a variety of species (Banksia integrifolia, 

Callistemon pachyphyllus, Carpobrotus glaucesens, Dianella brevipedunculata and 

Pennisetum alopecuroides) in gravel, loam, and sand EFBSs. These researchers found that 

plants with the faster growth rates and larger biomass amounts retained greater 

amounts of nutrients in their roots and above ground structures (Gautam and Greenway, 

2014). Plant parts accounted for 2.7-4.3 percent of the total P and 8.7-17.7 percent of the 

total N retained in the rain garden system (Gautam and Greenway, 2014).  

The EFBS, in combination with the appropriate vegetation make rain gardens 

functional and efficient at remediating pollutants and controlling the volume of polluted 

stormwater runoff. The containerized nursery crop production in the southeastern US 

relies on pine bark heavily as a substrate, thus the main objectives of this study were to: 

1) Determine the roll of different sources of organic matter amendments in rain garden 

EFBSs and 2) Analyze different combination methods and amounts of organic matter 

amendments to EFBSs for their impact on plant growth, plant nutrient uptake, and 

leachate nutrient concentrations.  
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Materials and Methods 

An experiment was conducted over two years 2012-2013 (trial 1) and 2013-

2014 (trial 2) to address the objectives. A factorial treatment arrangement of the thirty-

two engineered filter bed substrates (EFBSs) resulted from combinations of two 

substrate bases (base), two organic matter amendments (amendment), two 

combination methods (method) and four combination amounts (amount). Black Pecan 

King 1020 containers that were 23 liters (27cm top diameter, 23 cm bottom diameter, 

51 cm tall) (Haviland Plastic Products, Haviland, OH) were filled with the thirty-two 

EFBSs and arranged in a randomized complete block design with four replications 

(N=128). The two filter bed substrate bases were sand (80% washed sand, 15% clay 

and silt fines and 5% pine bark v/v/v) (Wade Moore Equipment Company, Louisburg, 

NC) and D-tank 100% expanded slate for trial 1 and MS-16 100% expanded slate for 

trial 2 (Permatill, Carolina Stalite Company, Salisbury, NC). Both, sand and slate were 

amended with two different sources of organic matter: pine bark (PB) and composted 

yard waste (CYW) (City of Raleigh Yard Waste Recycling Center, Raleigh, NC). Two 

combination methods of the PB and CYW were used: banding and incorporating. The 

banded treatments included banding PB or CYW at four different widths: 2.54 cm (1 in) 

(banded 1), 5.08 cm (2 in) (banded 2), 7.62 cm (3 in) (banded 3), or 10.16 cm (4 in) 

(banded 4). This was accomplished by placing 10.16 cm (4 in) of the base (sand or 

slate) in the bottom of the container; then either 1 in, 2 in, 3 in, or 4 in bands of CYW or 

PB were added; finally the container was topped off with either sand or slate to within 
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2.54 cm (1 in) from the top to allow for irrigation ponding. For the incorporation 

treatments, PB or CYW were blended with the base (sand or slate) to achieve the rates 

of 5, 10, 15, and 20% (v/v). Approximately the same amounts of organic matter (PB or 

CYW) were applied for banding and incorporating (Fig. 1).  

For trial 1, eight replications of Monarda fistulosa (Monarda), and Panicum 

virgatum ‘Shenandoah’ (Panicum) were planted into all substrate treatments on June 1, 

2012 (N=512). For trial 2, on May 24, 2013 eight replications of Panicum and Betula 

nigra ‘Duraheat’ (Betula) were planted into all substrate treatments (N=512). 

The plants were watered without added nutrients for the first two weeks daily 

to allow establishment. Simulated stormwater was made by dissolving diammonium 

phosphate (18-46-0) and ammonium sulfate (21-0-0-24) in 18.9 L (5 gal) of hot tap 

water in order to apply targeted concentrations of 1.66 TN and 0.20 TP as reported by 

Passeport and Hunt, 2009. Actual simulated stormwater runoff applications averaged 

0.51 mg.L-1 of PO43- and 3.19 mg.L-1 of TN-N for trial 1 and 0.85 mg.L-1 of PO4-3 and 11.65 

mg.L-1 of TN-N for trial 2 which are more similar to concentratios found in nursery 

production runoff (Taylor et al., 2006; Yeager et al., 1993). The difference in average 

TN-N and PO4-3 concentrations for trial 1 and 2 were due to failure of the fertilizer 

injector (A30, Dosamatic, Carrollton, TX) which was replaced (D25F1VFII, Dosatron, 

Clearwater, FL) on April 8, 2013. Reagent grade fertilizers were not used for making 

simulated stormwater treatments. For each simulated rainfall event, 2.54 cm (1 

in=1359.21 mL) of simulated polluted stormwater runoff was applied individually to 
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each plant using a low-volume spray stake that delivered 3.2 g/h (12.1 l/h) (PC Spray 

Stake, Netafim, Ltd., Tel Aviv, Israel) to mimic rainfall patterns for Raleigh, NC. Four 

replications of planted containers were set into an 18.9 L bucket with a hole drilled in 

the bottom and supported above the surface of the ground by two bricks. A tray was 

placed under the bucket’s drainage hole during simulated rainfall events to collect the 

effluent that drained from the container. Simulated rainfall events occurred on June 15, 

June 26, July3, July 10, July 17, July 26, August 2, August 15, August 22, August 29, 

September 5, September 12, September 26, October 10, October 17, October 24, 

November 19, December 18, 2012, January 18, February 21, March 21, April 19, and 

May 2, 2013 for trial 1 and June 11, June 25, July 10, July 24, August 9, August 21, 

September 4, September 18, October 17, October 30, November 25, December 20, 2013, 

January 20, February 27, March 31, April 17, and May 5, 2014 for trial 2. Containers 

were allowed to drain for two hours after simulated rainfall events before samples 

were collected. After collection substrate solution electrical conductivity (EC) and pH 

were measured using a pH/EC meter (HI 9813-6, Hanna Instruments, Ann Arbor, MI) 

for three replications during trial 1 and four replications during trial 2. Volume of 

effluent was measured and subsamples were collected for nutrient concentration 

analyses from three replications on June 15, June 26, July 3, July 17, August 2, August 

15, August 29, September 12, September 26, October 10, October 24, November 19, 

December 18, 2012, January 18, February 21, March 21, April 19, and May 2, 2013 for 

trial 1 and for four replications on June 11, July 10, August 9, September 4, October 30, 
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November 25, December 20, 2013, January 20, February 27, March 31, April 17, and 

May 5, 2014 for trial 2. Effluent samples were analyzed for PO43--P, NO2--N, NO3--N, and 

NH4+-N using an ICS-1600 ion chromatography system (Thermo Scientific, Madison, 

WI) equipped with a 4 x 250 mm (i.d. x length) AS22 anion exchange column, a 4 x 250 

mm CS12A cation-exchange column, and an AS-AP auto-sampler on a 25 μL sample loop 

driven by an isocratic pump. For trial 1, data were used if nutrient concentrations were 

within the range of 0.023 – 4.4 mg.L-1 and for trial 2 if they were within the range of 

0.25 – 128.0 mg.L-1 due the utilization of different standards. Any data points outside of 

these ranges were removed from the data set for statistical analyses. All nitrogen 

species were combined (NO2--N+NO3--N+NH4+-N) to estimate total nitrogen (TN). The 

machine utilized for effluent nutrient concentrations was not equipped to measure the 

organic N fraction of the samples. Cumulative totals over all sample dates were used for 

analyses of nutrient concentrations.  

Plants from half of the eight replications were harvested at the end of the first 

summer’s growth (harvest one) and the other half of the replications were harvested 

after growth had flushed out in the spring (harvest two). For trial 1, shoots of Monarda 

and Panicum were harvested from all substrate treatments on November 6, 2012 

(N=128) and May 7, 2013 (N=128). For trial 2, Panicum and Betula were harvested from 

all substrate treatments on November 12, 2013 (N=128) and May 20, 2014 (N=128). At 

harvest, plants were separated into shoots (stems and leaves) and roots. Shoots were 

dried at 62C (144F) for 5 days. After drying, shoot samples were weighed and then 
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submitted to the North Carolina Department of Agriculture and Consumer Services, 

Agronomic Division (Raleigh, NC) for grinding and tissue concentration analysis for 

nitrogen (N) and phosphorus (P). Shoot N concentration was determined by oxygen 

combustion gas chromatography with an elemental analyzer (NA 1500; CE Elantech 

Instruments, Lakewood, NJ) (Campbell and Plank, 1992). Shoot P concentration was 

determined with an inductively coupled plasma (ICP) spectrometer (Donohue and Aho, 

1992) (Optima 3300 DV ICP Emission Spectrometer; Perkin Elmer Corp., Shelton, CT) 

following open-vessel nitric acid digestion in a microwave digestion system (CEM Corp., 

Matthews, NC) (Campbell and Plank, 1992). Tissue nutrient content was determined 

from shoot dry weight (g) x percent shoot nutrient concentration. Betula shoot samples 

were too small individually so they were grouped together for tissue analysis and 

averages were taken. During trial 2, to further investigate the impact of EFBSs on plant 

growth, substrate temperatures were measured using a thermocouple and datalogger 

(U12 Outdoor/Industrial, Onset Hobo Data Loggers, Bourne, MA). A thermocouple was 

placed on the south side of the container, approximately 2.54 cm (1 in) deep into each 

of the EFBS for temperature measurements for a 100% slate and 100% sand EFBS 

controls with Panicum growing in them on September 24, 2013 from 6 am to 6 pm. Root 

systems were rated using a scale on if they rooted to the bottom of the container [1 

(no), 2 (half way), 3 (yes)] and if they rooted out to the edges of the container [1 (no), 2 

(half way), 3 (yes)]. 
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SAS 9.3 was used to analyze all variables with PROC GLM and all variables were 

analyzed with Tukey’s honestly significant difference means separation test and 

regression (P<0.05) where appropriate (SAS Institute, 2001). Square root 

transformations of shoot dry weights were used to normalize the data prior to analysis 

of variance procedures (SAS Institute, 2001). In both trial 1 and 2, studies were 

conducted at North Carolina State University’s Horticultural Field Laboratories, Raleigh, 

NC (longitude: 35o47’29.57”N; latitude: 78o41’56.71”W; elevation 136 m). 

 

Results and Discussion 

 Shoot dry weights. Panicum, Monarda, and Betula shoot dry weights responded 

differently to base, amendment, method, and amount (Appendix H and I). For trial 1 and 

2, shoot dry weights for both harvests were generally impacted by base, amendment, 

method, and amount. However, during trial 2 there was a large amount of death in the 

Betula in the slate EFBS so the data were analyzed by species and base.  

In both trial 1 and trial 2, and harvest one and harvest two, Panicum growth was 

affected by base, amendment, method, and the amount of amendment. However, 

regardless of amendment, method and amount, Panicum shoot growth was generally 

larger in sand than in slate for both trial 1 (Fig. 2) and trial 2 (data not shown). Panicum 

grown in slate was generally significantly impacted by the amendment utilized and the 

amount of the amendment added (Fig. 3). Shoot dry weight of Panicum grown in slate 

or sand with CYW was greater than with PB regardless of method and amount [(Fig. 3) 
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for slate, data not shown for sand]. Panicum growth increased linearly with increasing 

amounts of CYW while increasing amounts of PB had no effect on growth. Additionally, 

banding either CYW or PB (data not shown) improved Panicum shoot growth in sand 

(Fig. 4) and slate (data not shown).  

Monarda (which was only included in trial 1) at harvest one and two had similar 

trends to Panicum for shoot dry weights; where Monarda also grew numerically larger 

in sand than slate (Fig. 5). When grown in sand, Monarda was also larger when the 

amendment was banded than when it was incorporated.  However, Monarda growth in 

slate was not impacted by method of amendment.  Likewise, and unlike Panicum, 

Monarda growth was generally not increased by the use of CYW nor was it impacted by 

the amount of organic matter added. 

 Betula (which was only included in trial 2) also responded similarly to Panicum, 

where shoot dry weights of Betula were impacted by base, amendment, method, and 

amount for both harvests. However, Betula was different than Panicum in that it did not 

grow well in the slate, possibly due to the solar exposure and substrate heating of the 

black plastic containers used in this study. The100% slate EFBS maintained higher 

temperatures from approximately 9:00 am to 5:00 pm compared to the 100% sand. At 

12:00 pm, 100% slate had a temperature of 34.1C, while sand maintained a lower 

temperature of 30.7C. Betula growth was greatest when CYW was utilized and was 

further increased when higher amounts of CYW were utilized and similar to Panicum 
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was generally highest with banding compared to incorporation (Fig. 6). Shoot growth of 

Betula was lowest with PB regardless of method. 

Some of the trends of the impacts of base, amendment, method, and amount on 

Panicum, Monarda, and Betula shoot dry weights were the same for all harvests and 

both trials. Sand produced larger shoot dry weights than slate. This is most likely 

caused by the fact that sand generally had numerically higher percentages of fine 

particles than slate and could retain more water within the EFBS, thus allowing for 

more water to be available for plant uptake for longer periods of time (Riley, 2015). 

Also, shoot dry weights were generally larger with CYW compared to PB and banding 

compared to incorporation. Root growth was not inhibited by banding for any of the 

species that were evaluated (data not shown). Banding potentially caused an increase 

in shoot dry weights compared to incorporation because it may have retained larger 

amounts of water within the band that allowed a longer period of time for interaction 

with the plant. Finally, there was generally a linear increase in shoot dry weights with 

increasing amounts of CYW, while the amount of PB did not impact shoot growth. This 

is beneficial in a rain garden system because it has been reported that plants with larger 

amounts of biomass are able to retain higher amounts of nutrients (pollutants) (Gautam 

and Greenway, 2014). 

 Shoot nutrient contents. For trial 1, shoot N and P contents were determined for 

both Monarda and Panicum shoots at harvest two. For N content, there was a significant 

three-way interaction of base by method by amount (P=0.02; Appendix J). Similar to 
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growth results, shoot N content was greatest in both Panicum and Monarda when 

grown in sand with CYW (data not shown). Shoot P content had a significant four-way 

species by base by method by amount interaction (P=0.04; Appendix J). Interestingly, 

while shoot growth was affected by base, amendment, method, and amount; shoot P 

content of Panicum was only affected by base (P=0.008) and was greatest in sand (data 

not shown). Turk et al. (2014) reported less P in the effluent for a slate EFBS, possibly 

due to high calcium content of slate creating Ca-PO4 complexes. In contrast, Monarda 

shoot P content had a significant base by method interaction (P=0.04) and method was 

only significant for sand. Regardless of amendment or amount there was a significantly 

higher P content in the shoots of Monarda with banding (1.87 g) than with 

incorporation (1.33 g). This again may be attributed to banding holding more water 

within the rain garden system than incorporation which allowed a longer period of time 

for the plants to uptake nutrients (pollutants).  

For trial 2, shoot N and P contents were again determined for both species; 

Panicum and Betula, at harvest two. However, Betula plants had too little dry weight for 

analysis individually; thus, only means will be discussed. Unlike trial 1, in trial 2 shoot N 

content of Panicum had a significant base by amendment by method by amount 

interaction (P=0.003; Appendix K). Shoot P content of Panicum had a significant 

amendment by method by amount interaction (P=0.01; Appendix K). With slate, shoot N 

content was greatest with CYW and increased linearly as amount increased (Fig. 7). 

When CYW was banded in sand, maximum shoot N content resulted with a 2-inch band 
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while N content increased linearly with increasing incorporation amounts of CYW (Fig. 

8). Shoot P content for Panicum was impacted by method only when PB was utilized 

regardless of base or amount, where banding (0.40 g) had significantly more P present 

in the shoots than incorporation (0.25 g).  

Betula had similar trends for shoot N and P content. Generally there were higher 

amounts of N (e.g. Slate CYW Band 2in=20.9 g, Sand CYW Band 2in=4.9g) and P (e.g. 

Slate CYW Band 2in=2.1 g, Sand CYW Band 1in=0.6 g) present in the shoots for slate 

compared to sand. Also, regardless of base or method CYW had significantly higher N 

(e.g. Sand CYW Band 1in=10.8 g, Sand PB Band 1in=0.36 g) and P (e.g. Sand CYW Band 

1in=1.6, Sand PB Band 1in=0.1 g) present in the shoots compared to PB.   

For both trials, there were again trends that were similar for all species. 

Generally, CYW resulted in higher amounts of N and P in the shoots than when PB was 

utilized as an amendment regardless of base, method, or amount. When the banding 

method was utilized, there was generally an increased amount of N and P present in the 

shoots. Also, when CYW was added, shoot N and P contents increased with increasing 

amount, whereas the amount of N and P present in the shoots was not impacted by the 

amount of PB added. A waste analysis of the CYW and PB utilized found that the CYW 

had 8,910 mg.L-1 of N present while PB only had 6,370 mg.L-1 (a difference of 2,540 

mg.L-1), while the difference in P concentration for CYW (622 mg.L-1) and PB (262 mg.L-

1) was not as great (North Carolina Department of Agriculture and Consumer Services, 

Agronomic Division). The plants in CYW took up more N because more was available 



84 

 

from the CYW than the PB amendment. This helped increase shoot and root growth 

initially and maintain larger plants throughout trial 1 and 2, which also possibly 

allowed the plants to take up more water, more pollutants, and evapotranspire more.  

 Effluent nutrient concentrations. For trials 1 and 2, effluent nutrient 

concentrations were only determined for Panicum. Cumulative totals were calculated 

from 12 sample times for each year. For trial 1, TN-N (NO2--N+NO3--N+NH4+-N) 

effluent concentrations had a significant base by amendment by method by amount 

interaction (P=0.02) and trial 2 had a significant base by amendment by method 

(P=0.04) interaction (Appendix L and M). For trial 1 and 2, effluent PO43--P 

concentrations were also impacted by base, amendment, method and amount. Even 

though the influent N and P concentrations for trials 1 and 2 were different (3.19 mg.L-1 

of TN-N and 0.51 mg.L-1 of PO43--P for trial 1 and 11.65 mg.L-1 of TN-N and 0.85 mg.L-1 of 

PO43--P for trial 2), the impacts of amendment, method and amount were similar for 

both sand and slate over both trials. 

 With CYW, concentrations of TN-N in the effluent were higher compared to PB 

for both sand and slate (Fig. 9); whereas, the concentration of PO43--P in the effluent was 

generally not impacted by amendment. Also, sand generally had numerically lower 

concentrations of TN-N and PO43--P present in the effluent than slate regardless of 

amendment, method or amount. In contrast, Turk et al. (2014) reported that a slate 

EFBS had better remediation of N (86% initially and 99% by the end of the study) when 

compared to a sand and soil EFBS. There are several possible explanations why slate 
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had a larger amount of TN-N in the effluent in this project than sand: 1) slate 

maintained higher substrate solution pH levels when amended with CYW (8.4) 

compared to sand amended with CYW (5.3) and nitrification is enhanced at higher pH 

levels, 2) it has been reported (Turk et al., 2014) that slate has a higher cation exchange 

capacity than sand, which allows more NH4+-N to be available for nitrification, and 3) 

growth of Panicum was greatest when grown in sand compared to slate (Fig. 2). 

Utilization of the banding method resulted in lower TN-N (data not shown) and PO43--P 

(Fig. 10 for sand, data not shown for slate) concentrations in the effluent than 

incorporation regardless of the amendment utilized; this again may be attributed to 

larger shoot dry weights for Panicum when grown with banding instead of 

incorporation (Fig. 4). Hsieh et al. (2007a) found similar results for total P removal 

when using a less permeable soil layer below a permeable sand layer. These 

researchers reported that this EFBS configuration was more efficient in total P removal 

with removal rates that ranged from 67 to >98% with effluent P concentrations equal to 

1.2 to <0.55 mg.L-1.  

Nitrification was occurring in the slate (data not shown) and sand amended with 

both CYW and PB as both NH4+-N and NO3--N were in the effluent even though 

ammonium sulfate was the N source in the influent (Fig. 11 a-d). It has been reported 

that when using conventionally drained (lacking an internal water storage zone) 

bioretention cells (with an EFBS of 86-89% sand, 8-10% silt, and 3-4% clay), organic 

nitrogen is converted into NO3--N within the aerobic EFBS, which can lead to 
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exportation of NO3--N (Brown et al., 2013). Generally, when sand was amended with PB 

banded, the amount of NO3--N present in the effluent stayed consistent throughout the 

majority of the study regardless of the PB amount (Fig. 11c). When sand was amended 

with CYW banded, initially the amount of NO3--N (June – November) was numerically 

higher than when sand was amended with PB banded, but was comparable to PB 

towards the end of the study (December-May) regardless of amount (Fig. 11 a and c).  

In conclusion, EFBS composition and vegetation are both important components 

within a rain garden system. Varying EFBS compositions impacted shoot growth, foliar 

nutrient uptake, and effluent nutrient concentrations for this study. The best shoot 

growth commonly occurred when Betula, Monarda, and Panicum were grown in sand 

amended with CYW banded. Also, there was generally an increase in shoot growth with 

increasing amounts of CYW added to either sand or slate. The utilization of CYW as the 

amendment and banding as the combination method in either sand or slate also 

increased shoot N and P contents compared to PB. Also, banding may be an easier and 

more economical option for the installation of EFBSs for rain garden systems than 

incorporation.  

The cumulative effluent TN-N concentrations were typically higher when CYW 

was utilized compared to PB; however, NO3--N was comparable in CYW to PB midway 

through the study. Additionally, an average N concentration in effluent from slate 

banded with CYW was 1.2 mg.L-1 and from sand banded was 0.92 mg.L-1. CYW can have 

variable physical and chemical properties from source to source and thus it is 
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important to have it tested initially before utilization within a rain garden system. It is 

also important to evaluate the pollutants in need of remediation for particular sites, this 

may impact which base and amendment should be utilized within a rain garden system. 

Future research needs to examine different sources of CYW for utilization within rain 

garden systems. Also, CYW needs to be trialed within a rain garden system for a longer 

period to see how the system functions over time.  
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Figure 1. Schematic of different filter bed substrate combination methods and  

organic matter amounts. The two organic matter amendments were added as  

either a band in the depths of 1, 2, 3, or 4 inches or by incorporation  

using approximately the same amounts of organic matter in the amounts of 5,  

10, 15, and 20% (v/v). A: Combination method of banding with combination  

amount of 1 inch, B: Combination method of banding with combination amount  

of 2 inches, C: Combination method of banding with combination amount of 3  

inches, D: Combination method of banding with combination amount of 4 inches,  

E: Combination method of incorporation with combination amount of 5%, 

F: Combination method of incorporation with combination amount of 10%,  

G: Combination method of incorporation with combination amount of 15%, and  

E: Combination method of incorporation with combination amount of 20%. 
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Figure 2. Effect of base [sand (80% washed sand, 15% clay and silt  
fines and 5% pine bark v/v/v) and slate (100% MS-16 expanded slate)]  
on shoot dry weights of Panicum virgatum ‘Shenandoah’ during trial 1  
(2012-2013) for harvest two (May 7, 2013). Means between bases  

with different letters are significantly different from each other based  

on Tukey’s honestly significant difference mean separation procedures  

(P<0.05). 
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Figure 3. Effect of amendment [composted yard waste (CYW) and pine  

bark (PB)] addition to slate (100% MS-16 expanded slate) on shoot dry  

weights of Panicum virgatum ‘Shenandoah’ during trial 2 (2013-2014)  
for harvest one (November 12, 2013), represented by the bars. Means  

between amendments with different letters are significantly different  

from each other based on Tukey’s honestly significant difference mean  

separation procedures (P<0.05). The lines represent linear regression  

(P<0.05) of amount [1-inch band/5% incorporation, 2-inch band/10%  

incorporation, 3-inch band/15% incorporation, and 4-inch  

band/20% incorporation (v/v)] of either CYW or PB on shoot dry weights  

of Panicum virgatum ‘Shenandoah’ during trial 2 (2013-2014) for  
harvest one (November 12, 2013). 
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Figure 4. Effect of method [banded (Band) or incorporated (Inc)] of  

adding composted yard waste (CYW) to sand (80% washed  
sand, 15% clay and silt fines and 5% pine bark v/v/v) on shoot dry  

weights of Panicum virgatum ‘Shenandoah’ during trial 2 (2013-2014)  
for harvest one (November 12, 2013) for each amount  
[1-inch band/5% incorporation, 2-inch band/10% incorporation,  

3-inch band/15% incorporation, and 4-inch band/20% incorporation  

(v/v)]. Means between methods for each amount with different letters  

are significantly different from each other based on Tukey’s honestly  

significant difference mean separation procedures (P<0.05).  
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Figure 5. Effect of method [banding (Band) or incorporating (Inc)] for  

sand (80% washed sand, 15% clay and silt fines and 5% pine  
bark v/v/v) and slate (100% MS-16 expanded slate) on shoot dry  
weights of Monarda fistulosa during trial 1 (2012-2013) for harvest  
two (May 7, 2013). Means between methods for sand and slate with  

different letters are significantly different from each other based  
on Tukey’s honestly significant difference mean separation procedures  

(P<0.05). 
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Figure 6. Effect of amount [1-inch band/5% incorporation, 2-inch band/10% incorporation, 

3-inch band/15% incorporation, and 4-inch band/20% incorporation (v/v)] for composted 

yard waste (CYW) and pine bark (PB) by either banding (Band) or incorporating (Inc) in 

sand (sand (80% washed sand, 15% clay and silt fines and 5% pine bark v/v/v) on shoot 

dry weights of Betula nigra ‘Duraheat’, utilizing regression analyses (P<0.05) for linear 
(L), quadratic (Q), and not significant (NS).  
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Figure 7. Effect of amendment [composted yard waste (CYW) and pine  

bark (PB)] addition to slate (100% MS-16 expanded slate) on shoot 

 nitrogen content for Panicum virgatum ‘Shenandoah’ during trial 2  
(2013-2014) for harvest two (May 20, 2014), represented by the bars.  
Means between amendments with different letters are significantly  

different from each other based on Tukey’s honestly significant difference  

mean separation procedures (P<0.05). The lines represent linear regression  

(P<0.05) of amount [1-inch band/5% incorporation, 2-inch band/10%  
incorporation, 3-inch band/15% incorporation, and 4-inch  

band/20% incorporation (v/v)] of either CYW or PB on shoot dry weights  

of Panicum virgatum ‘Shenandoah’ during trial 2 (2013-2014) for  
harvest two (May 20, 2014). 
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Figure 8. Effect of method [banded (Band) or incorporated  

(Inc)] for adding composted yard waste (CYW) to sand (80% washed  
sand, 15% clay and silt fines and 5% pine bark v/v/v) on shoot nitrogen  

content for Panicum virgatum ‘Shenandoah’ during trial 2 (2013-2014)  
for harvest two (May 20, 2014), represented by the bars. Means between  

methods for each amount with different letters are significantly  

different from each other based on Tukey’s honestly significant difference  

mean separation procedures (P<0.05). The lines represent the effect of  

amount [1-inch band/5% Inc, 2-inch band/10% Inc,  

3-inch band/15% Inc, and 4-inch band/20% Inc (v/v)]  

of either CYW added to sand on shoot nitrogen contents for Panicum  

virgatum ‘Shenandoah’ during trial 2 (2013-2014) for harvest two  
(May 20, 2014), utilizing regression (P<0.05). 
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Figure 9. Effect of amendment [composted yard waste (CYW) and pine  

bark (PB)] addition to sand (80% washed sand, 15% clay and silt  
fines and 5% pine bark v/v/v) and slate (100% MS-16 expanded slate)  

on cumulative TN-N (NO2--N+NO3--N+NH4+-N) effluent concentrations for  

Panicum virgatum ‘Shenandoah’ during trial 2 (2013-2014). Means  

between amendments within each base with different letters are  

significantly different from each other based on Tukey’s honestly  

significant difference mean separation procedures (P<0.05).  
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Figure 10. Effect of method [banding (Band) or incorporation (Inc)] for  

amendment addition to sand (80% washed sand, 15% clay and silt  
fines and 5% pine bark v/v/v) on cumulative PO43--P effluent  

concentrations for Panicum virgatum ‘Shenandoah’ during trial 1  
(2012-2013). Means between methods with different letters are  

significantly different from each other based on Tukey’s honestly  

significant difference mean separation procedures (P<0.05).  
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Figure 11. Average concentration of NO3--N for sand (80% washed sand, 15% clay and silt fines and 5% pine  
bark v/v/v) amended with composted yard waste (CYW) banded (A) or amended with pine bark (PB) banded (C) and 
NH4+-N concentrations for sand amended with CYW banded (B) or amended with PB banded (D) in the amounts of 1, 2, 3, 
or 4-inches for all sample dates during trial 2 (2013-2014).  
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CHAPTER 4: Evaluation of Potential Plant Species and their Performance in 

Rain Garden Systems 

 
 
 

(In the format appropriate for submission to HortScience.) 
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fistulosa, Panicum virgatum ‘Shenandoah’, Ratibida pinnata, Salvia greggii ‘Ultra 
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Abstract 

Sixteen species (Acer ginnala Maxim. ‘Flame’, Agastache rupestris (Greene) 

Standl., Betula nigra L. ‘Duraheat’, Cercis canadensis L., Cotinus coggygria Scop. v. 

purpurea, Euonymus alatus ‘Compactus’ (Rehder), Ilex opaca Aiton, Itea virginica 

L., Liquidambar styraciflua L., Monarda fistulosa L., Panicum virgatum L. 

‘Shenandoah’, Ratibida pinnata (Vent.) Barnhart, Salvia greggii A. Gray ‘Ultra 

Violet’, Schizachyrium scoparium (Michx.) Nash, Sorghastrum nutans (L.) Nash 

‘Sioux Blue’, and Sporobolus wrightii Munro ex Scribn.) were evaluated for their 
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potential use in rain garden systems when grown in two common rain garden 

substrates: sand (80% washed sand, 15% clay and silt fines and 5% pine bark 

v/v/v) and slate (100% MS-16 expanded slate). Species differed in their 

attributes to tolerate drought. Living shoot dry weights were largest for Acer and 

similar to Cotinus in sand. In slate Acer and Liquidambar had the largest amount 

of living shoot dry weights. Root growth was generally largest for Panicum and 

Acer grown in both substrates. Hydraulic cycles were affected by species and 

substrate. The ornamental grasses (Panicum, Schizachyrium, Sporobolus, and 

Sorgahstrum) maintained the lowest stomatal conductance levels, while the 

herbaceous perennials (Agastache, Monarda, Ratibida, and Salvia) and the 

woody perennials (Euonymus, Ilex, Itea, and Betula) maintained higher levels of 

stomatal conductance. Evapotranspiration was highest with sand during the first 

sample time and for slate with the first and second sample times, while both 

sand and slate, had the lowest evapotranspiration for sample time 3. 
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Introduction 

Rain gardens, also known as bioretention cells or bioinfiltration devices, 

are one of the most commonly utilized stormwater control measures (SCMs) in 

the country to help manage water quality and quantity from stormwater runoff 

(Davis et al., 2009; Hunt et al., 2012). They are non-irrigated, planted landscape 

features designed specifically to capture and filter polluted stormwater runoff. 

The site’s existing soil is excavated and replaced with 0.7-1 m (2-3 ft) of a 

sand/soil/organic matter engineered filter bed substrate (Davis et al., 2009). 

Rain gardens are then planted with vegetation to generate an environment 

where adsorption, filtration, sedimentation, volatilization, ion exchange, fixation, 

plant uptake, transpiration, denitrification, and biological decomposition occur 

to remove nutrients from polluted stormwater runoff and return water back to 

the hydrologic cycle (Liu et al., 2014; NCDENR, 2009). Moreover, vegetation 

(within a rain garden system) needs to be able to tolerate limited water 

availability between periods of rainfall while maintaining aesthetic appearance, 

pollutant uptake, and transpiration. 

Active plant growth is vital to the function of a rain garden. Vegetation in 

rain gardens improved the remediation of nitrogen (N) and phosphorus (P) from 

simulated stormwater when compared to non-vegetated rain gardens (Bratieres 

et al. 2008; Read et al., 2008). Also, root systems of vegetation can help with 

maintaining the structure of the engineered filter bed substrate (EFBS) within the 
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rain garden (Hunt et al., 2015). The process of evapotranspiration (ET) is also 

critical in meeting long-term hydrology goals (Hunt et al., 2012). Increased ET 

from rain garden systems, may be achieved by utilizing types of vegetation that 

have long root systems increasing the opportunity for storage by the media and 

for vegetation to take up water in between rain events (Hunt et al., 2012). When 

selecting vegetation for a rain garden, growth form (shoot and root structure) 

and water requirements (Hunt et al., 2015) as well as tolerance of limited water 

availability are important features to be considered.  

A plant’s water requirements are impacted by the environment, canopy 

architecture, and leaf area (Bilderback et al., 2013) as well as water use 

efficiency, location of stomata, and stomatal density and control. One of the 

primary symptoms observed in plants that have been exposed to limited water 

availability is an inhibition of shoot and root growth followed by closing stomata 

and a reduction in transpiration (Neumann, 2008). Reduction of shoot growth 

can be beneficial for survival under limited water scenarios because it lowers the 

leaf area and prevents the loss of inadequate soil water reserves by transpiration 

(Neumann, 2008). However, nutrient uptake by plants is both an active and a 

passive process and requires the plant to be metabolizing, photosynthesizing, 

and transpiring for maximum nutrient uptake to occur. Therefore, plants 

recommended for rain gardens must be able to maintain photosynthesis, growth 

and transpiration even while growing in low water availability and low nutrient 
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concentration conditions. Plant species that are adapted to low water availability 

conditions avoid the period of drought by completing their life cycle when water 

is not a limiting factor or by tolerating the drought while maintaining shoot 

function and appearance (Zollinger et al., 2006). Since ET does not occur while a 

plant is completely dormant, plants that are both annual or have very short 

periods of growth are not acceptable rain garden plants. Plants that can tolerate 

drought periods will be more beneficial in a rain garden system where water 

availability is infrequent (Zollinger et al., 2006). 

Stomata regulate water movement out of the plant thereby maintaining 

the water status in the plant. When plants have lower stomatal densities, the 

amount of water lost is reduced (Hamanishi et al., 2012). Stomatal densities can 

be modulated during the formation of leaves and is influenced by the severity of 

water shortage conditions, however this varies with plant species (Hamanishi et 

al., 2012). Hamanishi et al. (2012) reported that stomatal densities were lower 

in leaves of Populus L. that developed during water limited conditions when 

compared to leaves that developed under non-limiting water conditions. Sigmon 

et al. (2013) evaluated the growth of three wetland species (Pontederia cordata 

L., Saururus cernus L., and Schoenoplectus tabernaemontani C.C. Gmel. Palla) 

when emerging from dormancy during both flooding and drought.  These 

authors found that only S. tabernaemontani was impacted by drought, which 

caused it to have less leaf area and biomass above ground (Sigmon et al., 2013). 
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However, under low soil moisture conditions all species had decreased stomatal 

conductance, which would indicate a decreased transpiration rate (Sigmon et al., 

2013). A decrease in leaf stomatal densities may lead to a decrease in 

transpiration rate and a concomitant decrease in ET for the rain garden system.  

Therefore, it is critical that more plants be evaluated for their abilities to 

survive while still maintaining aesthetic appearance and maintaining 

transpiration under rain garden conditions. The objectives of this study were to 

evaluate sixteen plant species grown in two common rain garden substrates for 

their impact on the volume of effluent and evapotranspiration. Plant growth was 

also evaluated by examining shoot and root dry weights, growth indices, 

stomatal conductance, stomatal densities, and leaf area.  

Materials and Methods 

An experiment was conducted with a factorial treatment arrangement of 

two substrates and sixteen species arranged as a randomized complete block 

design with four replications.  The two substrates utilized were sand [(80% 

washed sand, 15% clay and silt fines and 5% pine bark v/v/v) (Wade Moore 

Equipment Company, Louisburg, NC)] and slate [(100% MS-16 expanded slate) 

(Permatill, Carolina Stalite Company, Salisbury, NC)]. The sixteen species 

evaluated were Acer ginnala ‘Flame’ (Acer), Agastache rupestris (Agastache), 

Betula nigra ‘Duraheat’ (Betula), Cercis canadensis (Cercis), Cotinus coggygria v. 

purpurea (Cotinus), Euonymus alatus ‘Compactus’ (Euonymus), Ilex opaca (Ilex), 
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Itea virginica (Itea), Liquidambar styraciflua (Liquidambar), Monarda fistulosa 

(Monarda), Panicum virgatum ‘Shenandoah’ (Panicum), Ratibida pinnata 

(Ratibida), Salvia greggii ‘Ultra Violet’ (Salvia), Schizachyrium scoparium 

(Schizachyrium), Sorghastrum nutans ‘Sioux Blue’ (Sorghastrum), and Sporobolus 

wrightii (Sporobolus). The species were selected to represent a mixture of 

herbaceous perennials (Agastache, Monarda, Ratibida, and Salvia), ornamental 

grasses (Panicum, Schizachyrium, Sorghastrum, and Sporobolus), and woody 

perennials (Acer, Betula, Cercis, Cotinus, Euonymus, Ilex, Itea, and Liquidambar). 

Such mixtures of plants are commonly chosen for rain gardens.  

Acer (0.40 cm caliper), Cercis (0.40 cm caliper), Cotinus (0.48 cm caliper), 

and Liquidambar (147.5 cc root ball) were potted on 15 April 2013 and 

Agastache (83 cc root ball), Betula (316 cc root ball), Euonymus (181.1 cc root 

ball), Ilex (rooted cutting), Itea (316 cc root ball), Monarda (83 cc root ball), 

Panicum (81.1 cc root ball), Ratibida (83 cc root ball), Salvia (83 cc root ball), 

Schizachyrium (81.1 cc root ball), Sorghastrum (81.1 cc root ball), and Sporobolus 

(81.1 cc root ball) were potted on 10 July 2013 into industry standard #1 

containers (2.4 L, diameter:16.5 cm, height: 16.5 cm) (C300S, Nursery Supplies, 

Inc., Chambersburg, PA) filled with either sand or slate to within 2.54 cm of the 

top of the container to allow for simulated stormwater runoff ponding. During 

establishment, the plants were maintained outside on a gravel pad and were 

watered without added nutrients by hand as needed to keep substrates moist. 
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On 12 August 2013, the plants were moved to a greenhouse in Raleigh, NC with 

27±1.0/18.C ±1.0 day/night temperatures with natural irradiance and 

photoperiod.  

Throughout the remainder of the study, plants received simulated 

stormwater treatment applications using a Dosatron D16I proportional injector 

(Dosatron, Inc., Clearwater FL). Simulated stormwater runoff applications 

contained approximately 1.6 mg.L-1 N and 0.2 mg.L-1 P supplied by ammonium 

sulfate (21-0-0-24) and diammonium phosphate (18-46-0) (Passeport and Hunt, 

2009). For each simulated rainfall event, 463.1 cm3 of simulated polluted 

stormwater runoff was applied using a low-volume spray stake (PC Spray Stake, 

Netafim, Ltd., Tel Aviv, Israel). Simulated stormwater treatments were applied 

every two weeks on 13 August, 27 August, 10 September, 24 September, 8 

October, and 22 October 2013 to simulate water limited conditions. For each 

simulated stormwater treatment the containers were placed on polyvinyl 

chloride rings (7.6 cm i.d. x 2.5 cm tall) in collections trays and were allowed to 

drain for one hour before volume of effluent was measured. Electrical 

conductivity (EC) and pH were measured using a Hanna pH/EC meter (HI 9813-

6, Hanna Instruments, Ann Arbor, MI). 

All treatment combinations were weighed to determine 

evapotranspiration. Each container was weighed one day after an irrigation 

treatment (initial) and two weeks later before an irrigation treatment (final). 



113 

 

 

Differences between initial and final weights were used for statistical analyses. 

Weights were taken on 13 August and 25 August 2013 (sample time 1), 10 

September and 22 September 2013 (sample time 2), and 8 October and 20 

October 2013 (sample time 3).   

Stomatal conductance was determined using a leaf porometer (SC-1 Leaf 

Porometer, Decagon Devices, Inc., Pullman, WA) for all treatment combinations 

on 26 August (day before an irrigation treatment), 28 August (day after an 

irrigation treatment), 9 September (day before an irrigation treatment), and 21 

October 2013 (day after an irrigation treatment) between 1:00 PM to 5:00 PM. The 

leaf porometer was placed on the abaxial surface of the most recently expanded 

leaf. Solar radiation levels for each date that stomatal conductance 

measurements were made are presented in Table 1. 

Leaf impressions were made on the abaxial surface of the most recently 

expanded leaves for only Acer, Cotinus, Euonymus, Ilex, Panicum, Ratibida, Salvia, 

Schizachyrium, and Liquidambar on 14 August (day after an irrigation 

treatment), 9 September (day before an irrigation treatment), and 21 October 

2013 (day before an irrigation treatment). The remaining species (Cercis, 

Agastache, Betula, Itea, Monarda, Sorghastrum, and Sporobolus) were not 

included due to poor quality of the leaf impressions. Leaf impressions were 

made by applying Duco cement (ITW Consumer, Riviera Beach, FL) to leaf 

surface. After the Duco cement dried, the leaf impression was removed and 
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placed on a microscope slide and a glass slide cover was adhered with clear 

finger nail polish. Leaf impressions were viewed using a compound light 

microscope (CX41 Upright Microscope, Olympus, Waltham, MA) with a 20x 

magnification. Images were taken of the leaf impressions utilizing an Infinity2 

camera and Infinity Capture software (Lumenera, Ottawa, OK). Stomata were 

counted utilizing Adobe Photoshop (CS6, San Jose, CA) for two areas on a leaf 

impression within a 0.2 mm by 0.2 mm grid. Any stomata within the grid or 

touching the perimeter of the grid were counted. Stomatal densities were 

determined from an average of the number of stomata for the two areas on the 

leaf impression and multiplied by the area of the grid (0.04 mm2). 

 Growth indices were measured initially on 17 August and finally on 23 

October 2013. Growth indices were determined by the following equation: 

[(height + width1 + width2)/3]. Height and width measurements were made 

from the substrate surface to points of living tissues only. The initial growth 

index was subtracted from the final growth index for statistical analyses.  

Plants were harvested on 23 October 2013. At harvest, plants were 

separated into necrotic shoots, living shoots, and roots. If the shoot tissue was 

more than 50% necrotic it was counted as necrotic shoot tissue. If the shoot 

tissue was more than 50% living it was counted as living shoot tissue.  Leaf area 

was measured on leaves with more than 50% living tissue using a LI-COR 3000 

leaf area meter (LI-COR, Lincoln, NE). Roots were washed to remove substrate. 
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All plant parts (living shoots, necrotic shoots, and roots) were dried to a constant 

weight at 62C.  

SAS 9.3 was used to analyze all variables with Analysis of Variance 

(ANOVA) procedures using PROC GLM (SAS Institute, 2001). Square root 

transformations were used on volume of effluent data to normalize the data 

prior to analysis of variance procedures. All means were separated with Tukey’s 

honestly significant difference means separation test (P<0.05) where 

appropriate.  

Results and Discussion 

 pH and EC: Sample time had the greatest impact on substrate solution pH, 

while sample date, species, and substrate had significant impacts on substrate 

solution EC (Appendix N). Generally, slate had a higher average pH (7.0) and EC 

(0.82 mS.cm-1) than sand (6.4) (0.57 mS.cm-1) regardless of species. It is 

recommended that substrate solution pH for artificial substrates be maintained 

between 4.5 and 6.5 (Bilderback et al., 2013). Slate generally maintained a 

higher than recommended pH throughout the study. However, the substrate 

solution EC for both sand and slate stayed within the recommended range (0.5 to 

1.5 m mS.cm-1) throughout the study (Bilderback et al., 2013). 

Growth index: Growth indices had a significant species by substrate 

interaction (P=0.0006; Appendix O). When looking at the main effect of substrate 

it was generally not significant for all species indicating the species grew 
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similarly in both sand and slate. However, the main effect of species was 

significant for both sand (P=0.0001) and slate (P=0.002). When grown in sand, 

twelve of the sixteen species had negative growth indices indicating that the 

drought and low nutrient concentration associated with the rain garden system 

had negative impacts on growth (Fig. 1). In slate, six of the sixteen species had 

negative growth indices (Fig. 2). Euonymus, Ratibida, Cercis, Panicum, and Acer 

had negative growth indices in both substrates, while Agastache, Salvia, 

Schizachyrium, and Sorghastrum grew well in both substrates (Fig. 1 and 2). 

Panicum is a commonly utilized plant in rain gardens but grew poorly in this 

study. Thus, growth indices alone may not be a reliable indicator of success in a 

rain garden and may not be a reason to remove these species from consideration 

for utilization in rain garden systems. Alvarez et al. (2007) found similar 

reductions in growth indices over time in Miscanthus sinensis Anderss ‘Adagio’ 

and Eragrostis spectabilis (Pursh) Steud. when receiving no irrigation. 

Dry weights: Dry weights of all plant parts (living shoot, necrotic shoot, 

and root) had a significant species by substrate interaction (Appendix P). 

Furthermore, when analyzed by species, the main effect of substrate was 

generally not significant for dry weights indicating that substrate did not impact 

growth. Thus, while substrate did not affect dry weight accumulation, there were 

differences between species in their dry masses. These findings are similar to 

Pledger (2013), which reported that root and shoot growth for 16 species were 
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not impacted by three different substrates (soil, sand, and slate). However, it was 

reported that certain species (Juncus effusus L., Eupatorium purpureum subsp. 

maculatum (L.) A. Love & D. Love, E. purpureum subsp. maculatum ‘Gateway’, 

Viburnum nudum L., and V. nudum L. ‘Winterthur’) had poor visual appearance 

and some death in the slate substrate, hypothesized to be due to transplant and 

heat stresses (Pledger, 2013). Since the plants in this study experienced similar 

drought conditions but lower heat loads, than those reported by Pledger (2013) 

it would appear that heat stress may be affecting growth more than drought 

stress. However, in this study, the species were not the same size to begin with 

and not all of the dry weight was living tissue; thus dry mass alone is again not a 

good indicator of success in a rain garden. 

After 72 days and three successive drought conditions, Acer and 

Liquidambar had the largest total shoot dry weights (living leaves + necrotic 

leaves + stems) (Fig. 3). Agastache and Itea had the smallest total shoot dry 

weights and were similar to Ilex, Monarda, Ratibida, Betula, Salvia, and 

Sorghastrum. When grown in sand, Acer had the largest living shoot dry weights 

and was similar to Cotinus (Fig. 4a). However, Cercis and Liquidambar had no 

living tissue but were statistically similar to Agastache, Monarda, Ratibida, Salvia, 

Panicum, Sorghastrum, Sporobolus, Ilex, Itea, and Betula. When grown in slate, 

Acer and Liquidambar had the largest amount of living shoot dry weights, while 
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Agastache, Ratibida, Salvia, Panicum, Sorghastrum, and Itea had the lowest 

amount (Fig. 4b).  

When grown in sand, Liquidambar had the highest amount of necrotic 

shoots (Fig. 5a). When grown in slate Panicum had the highest necrotic shoot dry 

weight and was similar to Cercis (Fig. 5b). Agastache, Cotinus, Euonymus, Ilex, 

Itea, Betula, and Salvia had little to no necrotic tissue present at harvest in both 

substrates.  

 In sand, Panicum had the largest root dry weights and was similar to Acer 

and Schizachyrium (Fig. 6a). The lowest root dry weights occurred with 

Agastache and Salvia and these were not statistically different from Ilex, Itea, 

Ratibida, Betula, and Sorghastrum. When grown in slate, Acer had the largest 

root dry weight and was similar to Panicum and Liquidambar (Fig. 6b). The 

lowest root dry weights in slate occurred with Agastache and Salvia and these 

were similar to Ilex, Itea, Ratibida, Betula, Sorghastrum, and Sporobolus. 

Although, Panicum tended to have larger amounts of necrotic shoot dry weights 

(Fig. 5a and b), their larger root system (Fig. 6a and b) may have helped them 

tolerate the drought periods.  Similarly, while Agastache and Salvia had positive 

growth indices, they also had very little living shoot and root dry weights; thus 

their potential to remove water from the rain garden system is not expected to 

be significant.  In contrast, Schizachyrium had a positive growth index, good 

amounts of living shoots, and larger roots than other species, thus large water 
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withdrawals from the substrate (and subsequent low volumes of effluent) 

should be expected.  Lastly, Panicum and Acer had negative growth indices; Acer 

had large living tissue dry weights while Panicum had large necrotic tissue dry 

weights; and both species had large root dry weights.  Thus their water use from 

the rain garden system is difficult to predict. However, one of the first signs that 

can be observed in plants under drought conditions, is an inhibition of shoot and 

root growth, which can be beneficial for survival during drought due to the 

lowering of leaf area which prevents the loss of potentially inadequate soil water 

due to transpiration (Neumann, 2008).  

Leaf area: Leaf area had a significant species by substrate interaction 

(P=0.02; Appendix Q). The main effect of substrate did not impact the leaf area 

for most species. However, the main effect of species was significant both for 

sand (P=0.0001) and slate (P=0.0003). For sand, Schizachyrium had the largest 

leaf area (186.9 cm2) while the other species had significantly smaller leaf area 

(data not shown). For slate, leaf area was largest with Monarda, and was similar 

to all species except for Agastache, Betula, Salvia, and Sorghastrum which were 

all significantly lower (Fig. 7). Schizachyrium, Cotinus, Acer, and Liquidambar also 

had the greatest amount of living tissue when grown in slate. Cotinus also had a 

positive growth index, one of the largest living shoot dry weights, no necrotic 

shoot dry weight and one of the largest root dry weights when grown in slate.  
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 Stomatal conductance: Stomatal conductance values did not have a 

significant 3-way sample time by species by substrate interaction and only the 

sample time by species 2-way interaction was significant (P=<.0001; Appendix 

R). When looking at the main effect of species, it was significant for all sample 

times. Generally, the ornamental grasses (Panicum, Schizachyrium, Sporobolus, 

and Sorgahstrum) maintained the lowest stomatal conductance levels regardless 

of sample time (Fig. 8a-d). Certain species with in the herbaceous perennials 

(Agastache, Monarda, Ratibida, and Salvia) and the woody perennials 

(Euonymus, Ilex, Itea, and Betula) maintained some of the higher levels of 

stomatal conductance. Early in the study, the trends in stomatal conductance 

measured on 26 August 2013 (Fig. 8a) the day before a simulated stormwater 

runoff treatment had numerically similar values to 28 August 2013 (Fig. 8b) 

where stomatal conductance was measured the day after a simulated 

stormwater runoff treatment was applied indicating that stomatal conductance 

was not affected by lack of water in the substrate. Later in the study, on 9 

September 2013, the day before a simulated stormwater runoff treatment (Fig. 

8c) stomatal conductance levels were numerically lower than 26 and 28 August 

2013 (Fig. 8a and b) even though solar radiation levels were similar to 26 

August. Relative humidity data were not available, but higher relative humidity 

on 9 September may have reduced stomatal conductance on this date. On the last 

sample date, 21 October 2013 (Fig. 8d) stomatal conductance was measured the 
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day after a simulated stormwater runoff treatment was applied and the trends in 

the values were similar to 28 August 2013 (Fig. 8b). Schizachyrium and Cotinus 

had large leaf areas (Fig. 7) yet also had some of the lowest stomatal 

conductance levels (Fig. 8a-d). Sigmon et al. (2013) reported that under low 

moisture conditions several species (Pontederia cordata, Saururus cernus, and 

Schoenoplectus tabernaemontani) had decreased stomatal conductance. Also, for 

several genotypes of Sorghum bicolor L. (Moench), soil moisture content 

influenced stomatal conductance (Ocheltree et al., 2014). These researchers 

reported that with high soil moisture, the stomatal conductance was also high 

and there was a linear decline in stomatal conductance as the soil moisture was 

reduced (Ocheltree et al., 2014).  

Stomatal densities: For stomatal densities of Ratibida, Salvia, Panicum, 

Schizachyrium, Cotinus, Euonymus, Ilex, and Liquidamabr, the sample date by 

species by substrate interaction was not significant (Appendix S). Stomatal 

density only differed by species indicating that there was no impact of substrate 

or drought on stomatal density of these species.  Additionally, stomatal densities 

did not change over time and with repeated exposure to drought. Cotinus, had 

the highest stomatal density, while it was similar to Euonymus, Ilex, and 

Liquidambar (Fig. 9). Panicum had the lowest stomatal density and was similar 

to Schizachyrium and Ratibia. This correlates to the data for stomatal 

conductance (Fig. 8A-D) where generally Panicum and Schizachyrium 
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maintained some of the numerically lowest values for stomatal conductance but 

had relatively high living shoot dry and root dry weights and leaf area.  Ilex 

maintained some of the higher stomatal conductance values and had good 

amounts of living shoot and root dry weight and no necrotic shoot dry weight. 

Thus, Ilex may be a good candidate for a rain garden with any substrate. In 

contrast, when grown in sand, Liquidambar had a very low living shoot dry 

weight (Fig. 4) and relatively low leaf area (Fig. 7) and stomatal conductance 

(Fig. 8) and a high stomatal density (Fig. 9) and may only be suitable in a slate 

filled rain garden. Similarly, when comparing Glycine max (L.) Merr. (soybean) 

and Gossypium hirsutum L. (cotton), Inamullah and Isoda (2005) reported 

differences in stomatal densities for each species and that decreasing amounts of 

irrigation did not impact the stomatal densities compared to the control 

treatment.  

In contrast, in this study, the stomatal density for Acer was influenced by 

sample date when grown in sand. The number of stomata per area of leaf of Acer 

increased with repeated expanded drought (1.09 on 14 August, 1.54 on 9 

September, and 2.66 on 21 October, 2013). The Acer defoliated after the first 

exposure to drought and then re-leafed (visual observation). The new leaves 

were potentially smaller due to drought stress, which increased the amount of 

stomata per area 0.04 mm2 or the new leaves may have had a greater number of 

stomata. This may have been one of the factors that allowed Acer to produce a 
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large amount of living shoot dry weights with repeated drought exposure (Fig. 4 

a and b) but have a negative growth index (Fig. 1 and 2).  

Evapotranspiration: For ET, the three-way interaction, sample time by 

species by substrate was not significant, while the two-way sample time by 

substrate (P=0.002) and species by substrate (P=0.02) interactions were 

(Appendix T). ET of each species was similar for each substrate, except for Acer, 

which had greater ET losses in slate (408.2 mL) than sand (317.5 mL). Although, 

species selection can impact ET within a rain garden system, vegetation with 

longer root systems can increase the water storage potential within the media 

(Hunt et al., 2012). However, in this study, the measurement of ET by differences 

in mass of rain garden systems was not an effective evaluation of differences in 

the species’ abilities to return water to the water cycle. However, the main effect 

of sample tme was significant for both sand and slate (Fig. 10). ET was highest 

with sand during sample tmie 1. For slate, sample time 1 and 2 had the highest 

ET. For both sand and slate, sample time 3 had the lowest ET. In contrast, Hunt 

et al. (2006) has reported the importance of ET where three rain gardens [2 in 

Greensboro, NC planted with Betula nigra L., Juncus effusus, Iris pseudacorus L., 

and Magnolia virginiana L. and 1 in Chapel Hill, NC planted with Myrica cerifera 

L., Itea virginica L., Ilex verticillata (L.) A. Gray, and Ilex glabra (L.) A. Gray] were 

monitored for the duration of 1 year. It was reported that outflow volumes for 

these rain gardens were less than 50% of the runoff volumes that had entered 
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the rain garden system. These authors hypothesized this reduction was due to 

ET and exfiltration into the soil surrounding the rain garden (Hunt et al., 2006). 

Volume of effluent: There was a significant three-way sample time by 

substrate by species interaction for volume of effluent (P=0.02; Appendix U). 

Also, the substrate by species interaction was generally significant for volume of 

effluent at all sample times. In this study, volume of effluent lost from each 

container was a better predictor of positive impact of a species on the potential 

hydraulic cycle of a site. Generally, the main effect of substrate was not 

significant for all species at all sample times, while the main effect of species was 

significant for sand sampled on 13 August and 24 September 2013 and all 

sample times for slate (Fig. 11 and 12). This indicates that species, not substrate, 

had the largest effect on volume of effluent. In sand, the highest volume of 

effluent occurred with Sporobolus on 13 August 2013 and the lowest volume of 

effluent occurred with Cotinus and Liquidambar while the other species were 

statistically similar (Fig. 11). Over all sample dates, when grown in sand, Cotinus, 

maintained low volume of effluent. Even though Cotinus had low stomatal 

conductance, it had high living shoot and root dry weights, low necrotic shoot 

tissue, and high leaf area which resulted in it being able to store larger amounts 

of water in it’s cells than the other species. In contrast, sand rain gardens planted 

with Panicum and Cercis also produced overall lower volumes of effluent, but 

these species had low stomatal conductance’s (Fig. 8a-d) and low living shoot 
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dry weights (Fig. 4a and b), high necrotic shoot dry weights (Fig. 5a and b). The 

larger root system of Panicum (Fig. 6a and b) likely enabled this species to store 

larger amounts of water and may have increased the amount of water that was 

able to be stored within the substrate as well. For slate, Schizachyrium, 

Sorghastrum, and Sporobolus numerically had overall the largest effluent volume, 

while Cotinus and Liquidambar had the lowest (Fig. 12). Liquidambar grew well 

in slate, having a large amount of living shoot and root dry weight (Figs. 4b and 

6b) and little necrotic shoot dry weight (Fig. 5b) but low stomatal conductance 

levels (Fig. 8a-d). No plant type (herbaceous perennials, ornamental grasses, or 

woody perennials) appeared to remove more water from the rain gardens better 

than another. However, Cotinus produced low volumes of effluent and had little 

necrotic tissue in both sand and slate and therefore should be considered for use 

in rain gardens. 

In conclusion, there are many components for evaluation of potential 

plant species for their performance in rain garden systems. Return of water back 

to the hydrologic cycle is an important function of species to be installed in rain 

garden systems. However, it is more critical that the plant species within a rain 

garden system be able to tolerate periods of drought while maintaining positive 

aesthetic appearances. The ability of the plant species evaluated in this study to 

tolerate periods of drought was not influenced by the substrate utilized within 

the rain garden system. Based on the growth impact (shoot and root dry 
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weights), species with living shoot and root dry weights such as Acer, Cotinus, 

Panicum, Schizachyrium, and Monarda could be successful rain garden plants. 

However, in the sand substrate, Acer, Schizachyrium, and Monarda were not able 

to remove and store water sufficiently to produce low volumes of effluent. 

However, Acer and Monarda were more effective in reducing the volume of 

effluent in the slate substrate. By increasing the planting density in a rain garden 

ET can be increased and weed competition can be reduced (Hunt et al., 2015). 

Also, by increasing the recommended plant species for incorporation into rain 

gardens, plants will positively impact urban biodiversity (Hunt et al., 2015). Our 

results also indicate that having a mixture of plant species will likely have more 

of a positive impact on the hydraulic cycle of a site than a monoculture of one 

species.  
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Table 1. Solar radiation levels for Raleigh, NC. 
 Solar Radiation (W.m-2) 

Timez 26 August 
2013y 

28 August 
2013 

9 September 
2013 

21 October 
2013 

1:00 PM 895.0x 186.2 778.1 682.4 
2:00 PM 853.0 311.4 754.4 579.1 

3:00 PM 717.4 240.4 304.5 460.5 
4:00 PM 531.4 155.7 243.6 149.0 

5:00 PM 318.1 40.62 236.9 27.1 
z Stomatal conductance measurements were made between 1:00 PM and 5:00 PM. 
y Stomatal conductance measurements were made on 26 August (day after an  
irrigation treatment), 28 August (day before an irrigation treatment),  
9 September (day after an irrigation treatment), and 21 October 2013  
(day before an irrigation treatment). 
x Solar radiation values were obtained from the North Carolina State Climate  
Office for the Lake Wheeler Road Field Lab Station (Latitude: 35.72816,  
Longitude: -78.67981). 
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Figure 1. Effect of species [Agastache rupestris (Agastache), Monarda fistulosa (Monarda), Ratibida pinnata (Ratibida),  

Salvia greggii ‘Ultra Violet’ (Salvia), Panicum virgatum ‘Shenandoah’ (Panicum), Schizachyrium scoparium  

(Schizachyrium), Sorghastrum nutans ‘Sioux Blue’ (Sorghastrum), Sporobolus wrightii (Sporobolus), Cotinus coggygria v. 

purpurea (Cotinus), Euonymus alatus ‘Compactus’ (Euonymus), Ilex opaca (Ilex), Itea virginica (Itea), Acer ginnala  

‘Flame’ (Acer), Betula nigra ‘Duraheat’ (Betula), Cercis canadensis (Cercis), and Liquidambar styraciflua (Liquidambar)]  

on growth indices for a sand (80% washed sand, 15% clay and silt fines and 5% pine bark v/v/v) substrate.  Means between 

species with different letters are significantly different from each other based on Tukey’s  

honestly significant difference mean separation procedures (P<0.05). 
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Figure 2. Effect of species [Agastache rupestris (Agastache), Monarda fistulosa (Monarda), Ratibida pinnata (Ratibida),  

Salvia greggii ‘Ultra Violet’ (Salvia), Panicum virgatum ‘Shenandoah’ (Panicum), Schizachyrium scoparium  

(Schizachyrium), Sorghastrum nutans ‘Sioux Blue’ (Sorghastrum), Sporobolus wrightii (Sporobolus), Cotinus coggygria v. 

purpurea (Cotinus), Euonymus alatus ‘Compactus’ (Euonymus), Ilex opaca (Ilex), Itea virginica (Itea), Acer ginnala  

‘Flame’ (Acer), Betula nigra ‘Duraheat’ (Betula), Cercis canadensis (Cercis), and Liquidambar styraciflua (Liquidambar)]  

on growth indices for a slate (100% MS-16 expanded slate) substrate. Means between species  

with different letters are significantly different from each other based on Tukey’s honestly significant difference mean separation 

procedures (P<0.05).
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Figure 3. Effect of species [Agastache rupestris (Agastache), Monarda fistulosa (Monarda), 

Ratibida pinnata (Ratibida), Salvia greggii ‘Ultra Violet’ (Salvia), Panicum virgatum 

‘Shenandoah’ (Panicum), Schizachyrium scoparium (Schizachyrium), Sorghastrum nutans 

‘Sioux Blue’ (Sorghastrum), Sporobolus wrightii (Sporobolus), Cotinus coggygria v. 

purpurea (Cotinus), Euonymus alatus ‘Compactus’ (Euonymus), Ilex opaca (Ilex), Itea 

virginica (Itea), Acer ginnala ‘Flame’ (Acer), Betula nigra ‘Duraheat’ (Betula), Cercis 

canadensis (Cercis), and Liquidambar styraciflua (Liquidambar)] on total shoot dry weights 

averaged over substrates sand (80% washed sand, 15% clay and silt fines and 5% pine 
bark v/v/v) and slate (100% MS-16 expanded slate).  Means between species with 

different letters are significantly different from each other based on Tukey’s honestly 

significant difference mean separation procedures (P<0.05). 
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Figure 4. Effect of species [Agastache rupestris (Agastache), Monarda fistulosa (Monarda), Ratibida pinnata (Ratibida),  

Salvia greggii ‘Ultra Violet’ (Salvia), Panicum virgatum ‘Shenandoah’ (Panicum), Schizachyrium scoparium (Schizachyrium), 

Sorghastrum nutans ‘Sioux Blue’ (Sorghastrum), Sporobolus wrightii (Sporobolus), Cotinus coggygria v. purpurea (Cotinus), 

Euonymus alatus ‘Compactus’ (Euonymus), Ilex opaca (Ilex), Itea virginica (Itea), Acer ginnala ‘Flame’ (Acer), Betula nigra 

‘Duraheat’ (Betula), Cercis canadensis (Cercis), and Liquidambar styraciflua (Liquidambar)] on living shoot dry weights for sand 

(A - 80% washed sand, 15% clay and silt fines and 5% pine bark v/v/v) and slate (B - 100% MS-16 expanded slate) 
substrates.  Means between species with different letters are significantly different from each other based on Tukey’s honestly 

significant difference mean separation procedures (P<0.05). 
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Figure 5. Effect of species [Agastache rupestris (Agastache), Monarda fistulosa (Monarda), Ratibida pinnata (Ratibida),  

Salvia greggii ‘Ultra Violet’ (Salvia), Panicum virgatum ‘Shenandoah’ (Panicum), Schizachyrium scoparium (Schizachyrium), 

Sorghastrum nutans ‘Sioux Blue’ (Sorghastrum), Sporobolus wrightii (Sporobolus), Cotinus coggygria v. purpurea (Cotinus), 

Euonymus alatus ‘Compactus’ (Euonymus), Ilex opaca (Ilex), Itea virginica (Itea), Acer ginnala ‘Flame’ (Acer), Betula nigra 

‘Duraheat’ (Betula), Cercis canadensis (Cercis), and Liquidambar styraciflua (Liquidambar)] on necrotic shoot dry weights for 

sand (A - 80% washed sand, 15% clay and silt fines and 5% pine bark v/v/v) and slate (B - 100% MS-16 expanded slate) 
substrates.  Means between species with different letters are significantly different from each other based on Tukey’s honestly 

significant difference mean separation procedures (P<0.05). 
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Figure 6. Effect of species [Agastache rupestris (Agastache), Monarda fistulosa (Monarda), Ratibida pinnata (Ratibida), Salvia 

greggii ‘Ultra Violet’ (Salvia), Panicum virgatum ‘Shenandoah’ (Panicum), Schizachyrium scoparium (Schizachyrium), 

Sorghastrum nutans ‘Sioux Blue’ (Sorghastrum), Sporobolus wrightii (Sporobolus), Cotinus coggygria v. purpurea (Cotinus), 

Euonymus alatus ‘Compactus’ (Euonymus), Ilex opaca (Ilex), Itea virginica (Itea), Acer ginnala ‘Flame’ (Acer), Betula nigra 

‘Duraheat’ (Betula), Cercis canadensis (Cercis), and Liquidambar styraciflua (Liquidambar)] on root dry weights for sand (A - 

80% washed sand, 15% clay and silt fines and 5% pine bark v/v/v) and slate (B - 100% MS-16 expanded slate) substrates.  
Means between species with different letters are significantly different from each other based on Tukey’s honestly significant 

difference mean separation procedures (P<0.05).
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Figure 7. Effect of species [Agastache rupestris (Agastache), Monarda fistulosa (Monarda), 

Ratibida pinnata (Ratibida), Salvia greggii ‘Ultra Violet’ (Salvia), Panicum virgatum 

‘Shenandoah’ (Panicum), Schizachyrium scoparium (Schizachyrium), Sorghastrum nutans 

‘Sioux Blue’ (Sorghastrum), Sporobolus wrightii (Sporobolus), Cotinus coggygria v. 

purpurea (Cotinus), Euonymus alatus ‘Compactus’ (Euonymus), Ilex opaca (Ilex), Itea 

virginica (Itea), Acer ginnala ‘Flame’ (Acer), Betula nigra ‘Duraheat’ (Betula), Cercis 

canadensis (Cercis), and Liquidambar styraciflua (Liquidambar)] on leaf area for a slate 

(100% MS-16 expanded slate) substrate.  Means between species with different letters are 

significantly different from each other based on Tukey’s honestly significant difference mean 

separation procedures (P<0.05). 
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Figure 8. Effect of species [Agastache rupestris (Agastache), Monarda fistulosa (Monarda), Ratibida pinnata (Ratibida), Salvia 

greggii ‘Ultra Violet’ (Salvia), Panicum virgatum ‘Shenandoah’ (Panicum), Schizachyrium scoparium (Schizachyrium), 

Sorghastrum nutans ‘Sioux Blue’ (Sorghastrum), Sporobolus wrightii (Sporobolus), Cotinus coggygria v. purpurea (Cotinus), 

Euonymus alatus ‘Compactus’ (Euonymus), Ilex opaca (Ilex), Itea virginica (Itea), Acer ginnala ‘Flame’ (Acer), Betula nigra 

‘Duraheat’ (Betula), Cercis canadensis (Cercis), and Liquidambar styraciflua (Liquidambar)] on stomatal conductance averaged 

over sand (80% washed sand, 15% clay and silt fines and 5% pine bark v/v/v) and slate (100% MS-16 expanded slate) 
substrates for four sample times (A-26 August, B-28 August, C-9 September, and D-21 October 2013). Means between species 

with different letters within a sample date are significantly different from each other based on Tukey’s honestly significant 

difference mean separation procedures (P<0.05). 
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Figure 9. Effect of species [Ratibida pinnata (Ratibida), Salvia greggii ‘Ultra Violet’ 

(Salvia), Panicum virgatum ‘Shenandoah’ (Panicum), Schizachyrium scoparium 

(Schizachyrium), Cotinus coggygria v. purpurea (Cotinus), Euonymus alatus  

‘Compactus’ (Euonymus), Ilex opaca (Ilex), and Liquidambar styraciflua  

(Liquidambar)] on stomatal densities averaged over sand (80% washed sand, 15%  
clay and silt fines and 5% pine bark v/v/v) and slate (100% MS-16 expanded  
slate) substrates and sample dates (August 14, September 9, and October 21, 2013).  

Means between species with different letters are significantly different from each other  

based on Tukey’s honestly significant difference mean separation procedures (P<0.05). 
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Figure 10. Effect of substrates, sand  (80% washed sand, 15% clay and silt fines and 5% 
pine bark v/v/v) and slate (100% MS-16 expanded slate) on evapotranspiration for sample 

time 1 (13 Aug. and 25 Aug., 2013), sample time 2 (10 Sept. and 22 Sept., 2013), and sample 

time 3 (8 Oct. and 20 Oct., 2013) averaged over all species [Agastache rupestris (Agastache), 

Monarda fistulosa (Monarda), Ratibida pinnata (Ratibida), Salvia greggii ‘Ultra Violet’ 

(Salvia), Panicum virgatum ‘Shenandoah’ (Panicum), Schizachyrium scoparium 

(Schizachyrium), Sorghastrum nutans ‘Sioux Blue’ (Sorghastrum), Sporobolus wrightii 

(Sporobolus), Cotinus coggygria v. purpurea (Cotinus), Euonymus alatus ‘Compactus’ 

(Euonymus), Ilex opaca (Ilex), Itea virginica (Itea), Acer ginnala ‘Flame’ (Acer), Betula 

nigra ‘Duraheat’ (Betula), Cercis canadensis (Cercis), and Liquidambar styraciflua 

(Liquidambar)]. Means between sample dates within each engineered filter bed substrate 

with different letters are significantly different from each other based on Tukey’s honestly 

significant difference mean separation procedures (P<0.05). 
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Figure 11. Effect of species [Agastache rupestris (Agastache), Monarda fistulosa (Monarda), Ratibida pinnata (Ratibida),  

Salvia greggii ‘Ultra Violet’ (Salvia), Panicum virgatum ‘Shenandoah’ (Panicum), Schizachyrium scoparium (Schizachyrium), 

Sorghastrum nutans ‘Sioux Blue’ (Sorghastrum), Sporobolus wrightii (Sporobolus), Cotinus coggygria v. purpurea (Cotinus), 

Euonymus alatus ‘Compactus’ (Euonymus), Ilex opaca (Ilex), Itea virginica (Itea), Acer ginnala ‘Flame’ (Acer), Betula nigra 

‘Duraheat’ (Betula), Cercis canadensis (Cercis), and Liquidambar styraciflua (Liquidambar)] on volume of effluent grown in a 

sand substrate (80% washed sand, 15% clay and silt fines and 5% pine bark v/v/v). Means between sample times (13 Aug., 27 

Aug., 10 Sept., 24 Sept., 8 Oct., and 22 Oct.) with different letters are significantly different from each other based on Tukey’s 

honestly significant difference mean separation procedures (P<0.05). 
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Figure 12. Effect of species [Agastache rupestris (Agastache), Monarda fistulosa (Monarda), Ratibida pinnata (Ratibida), Salvia 

greggii ‘Ultra Violet’ (Salvia), Panicum virgatum ‘Shenandoah’ (Panicum), Schizachyrium scoparium (Schizachyrium), 

Sorghastrum nutans ‘Sioux Blue’ (Sorghastrum), Sporobolus wrightii (Sporobolus), Cotinus coggygria v. purpurea (Cotinus), 

Euonymus alatus ‘Compactus’ (Euonymus), Ilex opaca (Ilex), Itea virginica (Itea), Acer ginnala ‘Flame’ (Acer), Betula nigra 

‘Duraheat’ (Betula), Cercis canadensis (Cercis), and Liquidambar styraciflua (Liquidambar)]on volume of effluent grown in a 

slate substrate (100% MS-16 expanded slate). Means between sample times (13 Aug., 27 Aug., 10 Sept., 24 Sept., 8 Oct., and 22 

Oct.) with different letters are significantly different from each other based on Tukey’s honestly significant difference mean 

separation procedures (P<0.05).
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Appendix A: Analysis of variance F-value and P-value for saturated hydraulic 
conductivity (Ksat) trial 1 (2012-2013) and trial 2(2013-2014). 

Trial 1 Trial 2 

F-value P-valuey F-value P-value 
base*amendment*method*amountz 14.34 <.0001 3.91 0.0126 

amendment*method*amount 5.34 0.0024 10.85 <.0001 
base*method*amount 1.42 NS 2.22 NS 

base*amendment*amount 2.52 NS 2.90 0.0418 
base*amendment*method 15.23 0.0002 153.67 <.0001 

method*amount 0.44 NS 9.80 <.0001 
amendment*amount 10.77 <.0001 5.94 0.0012 

base*amount 7.56 0.0002 3.87 0.0132 
amendment*method 8.54 0.0048 36.52 <.0001 

base*method 110.52 <.0001 8.94 0.0040 
base*amendment 32.55 <.0001 0.21 NS 

amount 3.96 0.0118 11.67 <.0001 
method 56.53 <.0001 32.04 <.0001 

amendment 6.37 0.0141 20.65 <.0001 
base 441.94 <.0001 59.13 <.0001 

zAnalysis of variance interactions and main effects for base [sand (80% washed sand, 
15% clay and silt fines, and 5% pine bark v/v/v) or slate (D-tank 100% expanded slate 
for trial 1 and 100% MS-16 expanded slate for trial 2)], amendment (composted yard 
waste or pine bark), and method (banding or incorporation) in the amounts of 1, 2, 3, or 
4 inches for banding or 5, 10, 15, or 20% (v/v) for incorporation.  
yNS = P>0.05, P-value given otherwise.  
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Appendix B: Average particle size distribution for sand (80% washed sand, 15% clay and silt fines, and 5% pine bark 
v/v/v) and slate (100% D-tank expanded slate) amended with composted yard waste (CYW) and pine bark (PB) during 
trial 1 (2012-2013). 

   Sieve sizes (mm) 

6.30 4.00 2.80 2.00 1.40 1.00 0.71 0.50 0.36 0.25 0.18 0.11 Fines 

Sand CYW 5%z 1.68y 4.20 4.57 6.96 9.77 12.61 15.18 13.79 11.17 8.52 4.71 3.31 3.53 
CYW 10% 1.13 4.63 5.30 7.07 11.05 14.60 16.76 14.68 10.46 6.84 3.34 2.17 1.98 
CYW 15% 2.28 4.70 5.37 7.09 9.98 12.69 15.43 14.68 11.47 7.76 4.02 2.64 1.88 
CYW 20% 2.22 5.19 5.25 6.99 9.34 11.54 14.22 13.47 11.52 8.96 5.02 3.67 2.60 
PB 5% 1.88 4.59 5.37 7.60 10.51 13.22 16.01 14.48 10.83 7.54 3.87 2.40 1.72 
PB 10% 1.59 5.28 5.20 6.96 11.05 13.27 14.44 13.34 10.50 7.50 4.03 2.96 3.86 
PB 15% 1.51 6.85 8.11 12.24 15.28 13.39 11.64 9.94 7.44 5.28 2.86 2.29 3.17 

PB 20% 1.17 4.78 5.54 8.01 12.46 14.39 14.61 13.04 9.80 6.79 3.47 2.47 3.47 

Slate CYW 5% 0.91 5.77 17.48 15.62 12.53 9.41 8.21 6.15 4.44 3.50 2.80 3.37 10.11 
CYW 10% 1.41 6.85 18.75 16.11 12.89 9.20 7.73 5.86 4.16 3.31 2.64 3.18 7.92 
CYW 15% 1.91 6.39 17.57 15.79 12.28 9.32 8.13 6.37 4.66 3.67 2.91 3.42 7.58 
CYW 20% 1.43 6.28 18.49 16.06 12.35 9.52 8.18 6.31 4.65 3.77 2.84 3.20 6.93 
PB 5% 0.69 6.69 19.11 16.56 12.31 9.14 7.74 5.94 4.26 3.41 2.68 3.27 8.19 
PB 10% 1.69 6.78 18.37 16.04 12.10 9.14 8.12 6.19 4.45 3.50 2.65 3.22 7.74 
PB 15% 1.26 6.39 18.67 16.00 12.25 9.03 8.05 6.23 4.53 3.59 2.84 3.38 7.79 

PB 20% 1.10 6.15 17.95 16.26 12.69 9.36 8.36 6.48 4.75 3.76 2.90 3.22 7.02 

100% CYWx 14.40 13.13 10.83 10.53 9.64 9.06 8.66 6.74 4.82 3.71 2.59 2.76 3.11 
100% PB 21.11 22.11 14.02 10.80 7.30 5.61 5.26 4.22 2.88 2.13 1.53 1.57 1.47 

100% Slate 1.05 6.40 16.83 15.03 11.81 9.04 8.36 6.39 4.76 3.90 3.00 3.56 9.85 
  100% Sand 2.92 4.65 5.37 7.05 9.49 12.07 14.14 13.42 10.63 7.89 4.43 3.35 4.60 

zCYW and PB incorporated in sand and slate at varying amounts of 5, 10, 15 and 20% (v/v) 
yThe sample from each sieve was weighed, and particle size was expressed as a percentage of the total weight of the 
sample.  
xParticle size distribution of 100% CYW, 100% PB, 100 % slate, and 100% sand.  
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Appendix C: Average particle size distribution for sand (80% washed sand, 15% clay and silt fines, and 5% pine bark 
v/v/v) and slate (100% MS-16 expanded slate) amended with composted yard waste (CYW) and pine bark (PB) during 
trial 2 (2013-2014). 

   Sieve sizes (mm) 

  6.30 4.00 2.80 2.00 1.40 1.00 0.71 0.50 0.36 0.25 0.18 0.11 Fines 

Sand CYW 5%z 0.39y 3.01 3.79 5.60 8.27 12.21 16.83 16.48 12.85 9.31 5.67 3.35 2.25 
CYW 10% 0.36 3.16 4.34 6.13 9.65 14.76 18.42 15.72 11.10 7.55 4.44 2.52 1.85 
CYW 15% 0.51 3.49 4.61 6.82 10.94 17.03 19.35 14.57 9.46 6.15 3.54 1.99 1.55 
CYW 20% 0.55 3.19 4.27 6.13 8.88 13.24 18.32 16.98 11.94 7.89 4.49 2.57 1.55 
PB 5% 0.30 2.69 4.08 5.65 8.49 13.00 17.09 16.69 12.21 8.61 5.19 3.20 2.79 
PB 10% 0.35 3.33 4.28 5.72 8.29 11.85 16.19 15.98 12.62 9.33 5.81 3.57 2.68 
PB 15% 0.52 3.28 4.15 5.97 8.67 12.37 16.71 16.10 12.45 8.96 5.43 3.17 2.21 

PB 20% 1.20 3.93 4.61 6.19 9.23 12.55 16.55 15.48 11.86 8.34 4.96 2.93 2.18 

Slate CYW 5% 0.11 0.28 4.56 18.74 15.34 11.68 10.73 7.96 6.12 4.92 3.84 4.45 11.29 
CYW 10% 0.60 0.70 4.71 18.98 14.83 11.28 10.18 7.82 6.31 5.23 4.39 4.81 10.17 
CYW 15% 0.14 0.37 4.51 18.16 14.81 11.27 10.36 8.02 6.42 5.50 4.67 5.58 10.20 
CYW 20% 0.29 0.53 4.40 16.84 14.02 10.77 10.22 7.93 6.49 5.52 4.81 6.06 12.12 
PB 5% 0.08 0.24 4.15 18.37 15.52 11.81 10.63 8.01 6.11 4.85 3.81 4.40 12.02 
PB 10% 0.31 0.29 4.29 18.10 15.41 11.80 10.70 8.14 6.15 4.86 3.78 4.41 11.76 
PB 15% 0.68 0.83 4.67 20.33 15.88 11.57 10.15 7.48 5.58 4.43 3.49 4.06 10.84 

  PB 20% 0.70 1.09 4.45 19.50 15.90 11.63 10.33 7.67 5.79 4.63 3.63 4.23 10.46 

100% CYWx 10.70 7.67 6.28 7.29 8.22 8.87 10.61 15.72 11.89 5.31 3.08 2.36 1.99 
100% PB 13.49 17.17 14.07 12.61 9.90 7.84 7.45 6.29 4.36 2.69 1.75 1.45 0.92 

100% Slate 0.08 0.25 5.53 22.80 17.24 12.04 10.01 6.92 4.86 3.71 2.80 3.23 10.53 
100% Sand 0.23 3.01 4.23 5.39 7.76 10.31 14.52 14.58 12.49 10.20 6.88 4.89 5.51 

zCYW and PB incorporated in sand and slate at varying amounts of 5, 10, 15 and 20% (v/v) 
yThe sample from each sieve was weighed, and particle size was expressed as a percentage of the total weight of the 
sample.  
xParticle size distribution of 100% CYW, 100% PB, 100 % slate, and 100% sand.   



147 

 

 

Appendix D: Analysis of variance F-value and P-value for particle size distribution for trial 1 (2012-2013) and trial 2 
(2013-2014) for incorporation.  

Coarsey Medium Fine 

Trial 1 F-value P-valuex F-value P-value F-value P-value 
base*amendment*amountz 4.41 0.0108 24.85 <.0001 9.49 0.0001 

amendment*amount 5.63 0.0034 27.95 <.0001 12.92 <.0001 
base*amount 7.21 0.0008 13.29 <.0001 7.83 0.0005 

base*amendment 4.44 0.0433 1.75 NS 13.68 0.0008 
amount 6.64 0.0014 6.10 0.0021 9.02 0.0002 

amendment 12.99 0.0011 0 NS 24.34 <.0001 
base 1726.70 <.0001 4642.56 <.0001 182.38 <.0001 

Trial 2 
base*amendment*amount 3.14 0.0311 20.70 <.0001 8.16 0.0001 

amendment*amount 4.26 0.0084 15.71 <.0001 5.49 0.0020 
base*amount 0.77 NS 13.51 <.0001 3.86 0.0133 

base*amendment 1.68 NS 117.59 <.0001 33.65 <.0001 
amount 3.44 0.0220 6.00 0.0011 4.56 0.0059 

amendment 1.50 NS 29.90 <.0001 2.37 NS 
base 572.48 <.0001 1875.02 <.0001 2.88 NS 

zAnalysis of variance interactions and main effects for base [sand (80% washed sand, 15% clay and silt fines, and 5% pine 
bark v/v/v) or slate (D-tank 100% expanded slate for trial 1 and 100% MS-16 expanded slate for trial 2)], amendment 
(composted yard waste or pine bark), and in the amounts of 5, 10, 15, or 20% (v/v) for incorporation.  
yPercentages of total sample were grouped into coarse (>2.0mm), medium (0.5-2.0mm), and fine (<0.5mm) fractions as 
described by Drzal et al. (1999). 
xNS = P>0.05, P-value given otherwise.  
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Appendix E: Analysis of variance F-value and P-value for cumulative total volume of 
effluent for trial 1 (2012-2013) and trial 2 (2013-2014).  

Trial 1  Trial 2 

F-value P-valuey F-value P-value 

species*base*amendment*method*amountz 4.67 0.0040 1.43 NS 

base*amendment*method*amount 3.29 0.0230 1.75 NS 

species*amendment*method*amount 0.20 NS 1.37 NS 

species*base*method*amount 2.73 0.0471 2.96 0.0337 

species*base*amendment*amount 2.08 NS 2.82 0.0406 

species*base*amendment*method 0.01 NS 2.16 NS 

amendment*method*amount 0.41 NS 9.05 <.0001 

base*method*amount 2.18 NS 1.73 NS 

species*method*amount 1.01 NS 7.70 <.0001 

base*amendment*amount 6.17 0.0006 1.98 NS 

species*amendment*amount 1.45 NS 0.28 NS 

species*base*amount 1.09 NS 8.13 <.0001 

base*amendment*method 7.62 0.0067 0.51 NS 

species*amendment*method 0.00 NS 0.82 NS 

species*base*method 1.56 NS 0.50 NS 

species*base*amendment 4.99 0.0274 0.76 NS 

method*amount 4.73 0.0037 4.24 0.0064 

amendment*amount 0.04 NS 0.17 NS 

base*amount 0.04 NS 1.37 NS 

species*amount 2.09 NS 1.30 NS 

amendment*method 6.84 0.0100 0.34 NS 

base*method 1.63 NS 3.18 NS 

species*method 4.09 0.0452 0.04 NS 

base*amendment 0.26 NS 0.75 NS 

species*amendment 5.36 0.0223 0.30 NS 

species*base 2.87 NS 1.68 NS 

amount 1.49 NS 1.07 NS 

method 38.44 <.0001 65.10 <.0001 

amendment 8.67 0.0039 13.74 0.0003 

base 278.74 <.0001 37.01 <.0001 

species 3.26 NS 2.16 NS 
zAnalysis of variance interactions and main effects for species [Monarda fistulosa and 
Panicum virgatum ‘Shenandoah’ during trial 1 and Betula nigra ‘Duraheat’ and Panicum 

virgatum ‘Shenandoah’ for trial 2)], base [sand (80% washed sand, 15% clay and silt 
fines, and 5% pine bark v/v/v) or slate (D-tank 100% expanded slate for trial 1 and 
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100% MS-16 expanded slate for trial 2)], amendment (composted yard waste or pine 
bark), and method (banding or incorporation) in the amounts of 1, 2, 3, or 4 inches for 
banding or 5, 10, 15, or 20% (v/v) for incorporation. 
yNS = P>0.05, P-value given otherwise.  
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Appendix F: Analysis of variance F-value and P-value for evapotranspiration for trial 2 
(2013-2014).  

F-value P-valuey 

species*base*amendment*method*amount*sampletimez 2.68 NS 
amount*base*amendment*method*sampletime 4.84 0.0082 

amount*species*amendment*method*sampletime 1.84 NS 
amount*amendment*method*sampletime 1.85 NS 
amount*species*base*method*sampletime 0.81 NS 

amount*base*method*sampletime 1.27 NS 

amount*species*method*sampletime 1.83 NS 
amount*species*base*amendment*sampletime 1.92 NS 

amount*base*amendment*sampletime 0.65 NS 
amount*species*amendment*sampletime 0.63 NS 

amount*species*base*sampletime 1.45 NS 
species*base*amendment*method*sampletime 1.70 NS 

base*amendment*method*sampletime 2.17 NS 
species*amendment*method*sampletime 0.25 NS 

species*base*method*sampletime 0.68 NS 
species*base*amendment*sampletime 0.39 NS 

amount*species*base*amendment*method 2.32 NS 
amount*base*amendment*method 1.24 NS 

amount*species*amendment*method 0.81 NS 
amount*species*base*method 4.64 0.0316 

amount*species*base*amendment 1.49 NS 
species*base*amendment*method 0.58 NS 

amount*method*sampletime 1.12 NS 
amount*amendment*sampletime 3.66 0.0264 

amount*base*sampletime 0.72 NS 
amount*species*sampletime 2.85 NS 

amendment*method*sampletime 2.85 NS 
base*method*sampletime 0.29 NS 

species*method*sampletime 1.09 NS 
base*amendment*sampletime 0.07 NS 

species*amendment*sampletime 1.28 NS 
species*base*sampletime 0.15 NS 

amount*amendment*method 0.02 NS 
amount*base*method 3.89 0.0490 

amount*species*method 0.95 NS 
amount*base*amendment 0.51 NS 
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amount*species*amendment 1.95 NS 
amount*species*base 3.09 NS 

base*amendment*method 1.09 NS 
species*amendment*method 0.07 NS 

species*base*method 1.71 NS 
species*base*amendment 0.07 NS 

amount*sampletime 6.49 0.0016 
method*sampletime 0.39 NS 

amendment*sampletime 1.08 NS 
base*sampletime 0.29 NS 

species*sampletime 0.04 NS 
amount*method 0.93 NS 

amount*amendment 0.03 NS 
amount*base 4.30 0.0386 

amount*species 1.45 NS 
amendment*method 0.67 NS 

base*method 2.95 NS 
species*method 0.39 NS 

base*amendment 0.16 NS 
species*amendment 0.01 NS 

species*base 0.42 NS 
sampletime 12.62 <.0001 

amount 19.37 <.0001 
method 8.16 0.0044 

amendment 2.39 NS 
base 0.00 NS 

species 1.38 NS 
zAnalysis of variance interactions and main effects for species (Betula nigra ‘Duraheat’ 
and Panicum virgatum ‘Shenandoah’), base [sand (80% washed sand, 15% clay and silt 
fines, and 5% pine bark v/v/v) or slate (100% MS-16 expanded)], amendment 
(composted yard waste or pine bark), method (banding or incorporation) in the 
amounts of 1, 2, 3, or 4 inches for banding or 5, 10, 15, or 20% (v/v) for incorporation, 
and sampletime [June 12 and 24, 2013 (sampletime 1), July 25 and August 8, 2013 
(sampletime 2), and Ocotber 18 and October 29 (sampletime 3)]. 
yNS = P>0.05, P-value given otherwise.  
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Appendix G: Analysis of variance F-value and P-value for stomatal conductance for trial 2 (2013-2014) with square root 
transformations for Panicum virgatum ‘Shenandoah’ (Panicum) on July 25, 2013 (A) and August 8, 2013 (B) and for Betula 
nigra ‘Durageat’ (Betula) on July 26, 2013 (A) and August 8, 2013 (B). 

Panicum - A Panicum - B Betula - A Betula - B 

F-value P-value F-value P-value F-value P-value F-value 
P-

value 
base *amendment* method *amountz 1.88 NSy 2.40 NS 1.75 NS 4.46 0.0058 

method*amendment*amount 3.23 0.0260 2.39 NS 2.70 NS 5.39 0.0019 
base*amendment*amount 1.36 NS 2.06 NS 3.78 0.0133 1.20 NS 

base*method*amount 0.16 NS 4.75 0.0040 1.56 NS 0.11 NS 
base*method*amendment 11.65 0.0010 3.49 NS 20.65 <.0001 12.50 0.0007 

amendment*amount 2.94 0.0370 2.26 NS 1.16 NS 0.40 NS 
method*amount 1.26 NS 1.40 NS 2.39 NS 1.52 NS 

base*amount 0.99 NS 1.11 NS 1.15 NS 1.03 NS 
method*amendemnt 4.96 0.0284 11.84 0.0009 23.02 <.0001 12.36 0.0007 

base*amendment 4.26 0.0419 0.12 NS 1.02 NS 13.31 0.0005 
base*method 1.59 NS 4.15 0.0445 12.34 0.0007 44.22 <.0001 

amount 4.05 0.0094 2.42 NS 1.07 NS 8.00 <.0001 
amendment 57.79 <.0001 28.25 <.0001 64.03 <.0001 57.54 <.0001 

method 1.60 NS 1.23 NS 31.01 <.0001 25.07 <.0001 
base 8.79 0.0039 6.95 0.0098 5.07 0.0267 5.31 0.0237 

zAnalysis of variance interactions and main effects for base [sand (80% washed sand, 15% clay and silt fines, and 5% pine 
bark v/v/v) or slate (100% MS-16 expanded slate)], amendment (composted yard waste or pine bark), method (banding 
or incorporation) in the amounts of 1, 2, 3, or 4 inches for banding or 5, 10, 15, or 20% (v/v) for incorporation. 
yNS = P>0.05, P-value given otherwise.  
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Appendix H: Analysis of variance F-value and P-value for shoot dry weights for trial 1 
(2012-2013) harvests on November 6, 2012 and May 7, 2013. 

11/6/2012 5/7/2013 

F-value P-valuey F-value P-value 
species*base*amendment*method*amountz 4.78 0.0303 0.88 NS 

base*amendment*method*amount 5.28 0.0017 1.24 NS 
species*amendment*method*amount 1.54 NS 1.45 NS 

species*base*method*amount 1.70 NS 0.20 NS 
species*base*amendment*amount 1.24 NS 0.19 NS 

species*base*amendment*method 0.91 NS 0.02 NS 
amendment*method*amount 6.77 0.0003 1.65 NS 

base*method*amount 0.67 NS 5.54 0.0012 
species*method*amount 5.03 0.0023 0.06 NS 

base*amendment*amount 0.81 NS 0.26 NS 
species*amendment*amount 8.24 <.0001 1.14 NS 

species*base*amount 0.80 NS 2.11 NS 
base*amendment*method 0.20 NS 3.58 NS 

species*amendment*method 18.02 <.0001 3.34 NS 
species*base*method 25.38 <.0001 39.64 <.0001 

species*base*amendment 12.47 0.0005 3.60 NS 
method*amount 1.96 NS 2.69 0.0477 

amendment*amount 14.50 <.0001 36.59 <.0001 
base*amount 3.46 0.0179 1.26 NS 

species*amount 2.58 NS 0.76 NS 
amendment*method 27.28 <.0001 56.86 <.0001 

base*method 7.84 0.0057 6.10 0.0144 
species*method 4.10 0.0446 1.01 NS 

base*amendment 20.10 <.0001 7.04 0.0086 
species*amendment 63.80 <.0001 28.6 <.0001 

species*base 15.03 0.0002 0.15 NS 
amount 6.72 0.0003 13.24 <.0001 
method 7.79 0.0059 11.6 0.0008 

amendment 362.73 <.0001 802.2 <.0001 

base 176.21 <.0001 98.88 <.0001 
species 1727.47 <.0001 862.72 <.0001 

zAnalysis of variance interactions and main effects for species (Monarda fistulosa and 
Panicum virgatum ‘Shenandoah’), base [sand (80% washed sand, 15% clay and silt 
fines, and 5% pine bark v/v/v) or slate (D-tank 100% expanded slate)], amendment 
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(composted yard waste or pine bark), method (banding or incorporation) in the 
amounts of 1, 2, 3, or 4 inches for banding or 5, 10, 15, or 20% (v/v) for incorporation. 
yNS = P>0.05, P-value given otherwise.  
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Appendix I: Analysis of variance F-value and P-value for shoot dry weights for trial 2 
(2013-2014) harvests on November 11, 2013 and May 20, 2014. 

11/12/13 5/20/14 
F-value P-valuey F-value P-value 

species*base*amendment*method*amountz (.)x (.) 7.53 0.0067 
base*amendment*method*amount 1.99 NS 1.29 NS 

species*amendment*method*amount 2.11 NS 0.27 NS 
species*base*method*amount (.) (.) 0.95 NS 

species*base*amendment*amount 0.48 NS 1.55 NS 
species*base*amendment*method (.) (.) 3.2 NS 

amendment*method*amount 9.09 <.0001 5.56 0.0012 
base*method*amount 3.89 0.0102 3.93 0.0096 

species*method*amount 4.78 0.0032 1.29 NS 
base*amendment*amount 4.34 0.0057 1.14 NS 

species*amendment*amount 8.76 <.0001 1.45 NS 
species*base*amount 0.84 NS 0.35 NS 

base*amendment*method 63.53 <.0001 75.03 <.0001 
species*amendment*method 44.52 <.0001 0.21 NS 

species*base*method 1.88 NS 0.31 NS 
species*base*amendment 6.13 0.0143 1.22 NS 

method*amount 9.37 <.0001 4.38 0.0053 
amendment*amount 30.92 <.0001 29.09 <.0001 

base*amount 6.04 0.0006 9.92 <.0001 
species*amount 7.28 0.0001 1.1 NS 

amendment*method 13.08 0.0004 1.66 NS 
base*method 6.87 0.0096 24.65 <.0001 

species*method 4.78 0.0303 0.32 NS 
base*amendment 24.73 <.0001 13.37 0.0003 

species*amendment 203.36 <.0001 9.65 0.0022 
species*base 28.90 <.0001 1.46 NS 

amount 31.50 <.0001 42.75 <.0001 
method 38.36 <.0001 75.76 <.0001 

amendment 748.74 <.0001 1498.88 <.0001 
base 18.47 <.0001 61.76 <.0001 

species 1226.55 <.0001 304.86 <.0001 
zAnalysis of variance interactions and main effects for species (Betula nigra ‘Duraheat’ 
and Panicum virgatum ‘Shenandoah’), base [sand (80% washed sand, 15% clay and silt 
fines, and 5% pine bark v/v/v) or slate (MS-16 100% expanded slate)], amendment 
(composted yard waste or pine bark), method (banding or incorporation) in the 
amounts of 1, 2, 3, or 4 inches for banding or 5, 10, 15, or 20% (v/v) for incorporation. 
yNS = P>0.05, P-value given otherwise.  
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xInteraction F-value and P-value could not be determined due to missing data points 
and are signified by (.). 
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Appendix J: Analysis of variance F-value and P-value for shoot shoot nitrogen (N) and 
phosphorus (P) contents for trial 1 (2012-2013). 

N P 
F-value P-valuey F-value P-value 

species*base*amendment*method*amountz 0.66 NS 1.15 NS 
base*amendment*method*amount 1.96 NS 2.37 NS 

species*amendment*method*amount 1.10 NS 0.61 NS 
species*base*method*amount 2.48 NS 2.92 0.0352 

species*base*amendment*amount 1.28 NS 1.54 NS 
species*base*amendment*method 0.68 NS 1.52 NS 

amendment*method*amount 0.99 NS 1.31 NS 
base*method*amount 3.32 0.0210 3.02 0.031 

species*method*amount 1.38 NS 0.36 NS 
base*amendment*amount 0.93 NS 1.32 NS 

species*amendment*amount 0.75 NS 1.85 NS 
species*base*amount 4.11 0.0075 1.49 NS 

base*amendment*method 0.00 NS 0.78 NS 
species*amendment*method 5.73 0.0176 2.44 NS 

species*base*method 8.06 0.0050 1.29 NS 
species*base*amendment 3.94 0.0487 0.78 NS 

method*amount 0.16 NS 0.87 NS 
amendment*amount 15.30 <.0001 15.17 <.0001 

base*amount 1.54 NS 0.30 NS 
species*amount 0.24 NS 1.43 NS 

amendment*method 3.70 NS 2.10 NS 
base*method 0.49 NS 6.12 0.0143 

species*method 0.01 NS 0.01 NS 
base*amendment 1.17 NS 0.59 NS 

species*amendment 4.02 0.0463 28.09 <.0001 
species*base 1.57 NS 0.68 NS 

amount 10.53 <.0001 12.30 <.0001 
method 3.76 NS 3.05 NS 

amendment 315.89 <.0001 338.08 <.0001 
base 25.84 <.0001 52.99 <.0001 

species 18.49 <.0001 61.83 <.0001 
zAnalysis of variance interactions and main effects for species (Monarda fistulosa and 
Panicum virgatum ‘Shenandoah’), base [sand (80% washed sand, 15% clay and silt 
fines, and 5% pine bark v/v/v) or slate (100% D-tank expanded slate)], amendment 
(composted yard waste or pine bark), method (banding or incorporation) in the 
amounts of 1, 2, 3, or 4 inches for banding or 5, 10, 15, or 20% (v/v) for incorporation. 
yNS = P>0.05, P-value given otherwise.  
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Appendix K: Analysis of variance F-value and P-value for shoot shoot nitrogen (N) and 
phosphorus (P) contents for trial 2 (2013-2014) for Panicum virgatum ‘Shenandoah’. 

N P 
F-value P-valuey F-value P-value 

base*amendment*method*amountz 4.90 0.0033 2.38 NS 
amendment*method*amount 2.92 0.0381 3.71 0.0142 

base*method*amount 5.47 0.0017 2.53 NS 
base*amendment*amount 4.03 0.0097 2.31 NS 
base*amendment*method 12.55 0.0006 1.13 NS 

method*amount 3.21 0.0268 4.28 0.0071 
amendment*amount 49.39 <.0001 37.21 <.0001 

base*amount 5.17 0.0024 2.40 NS 
amendment*method 25.05 <.0001 36.88 <.0001 

base*method 8.79 0.0039 1.34 NS 
base*amendment 14.85 0.0002 0.25 NS 

amount 48.30 <.0001 38.25 <.0001 
method 69.49 <.0001 48.89 <.0001 

amendment 1166.99 <.0001 753.95 <.0001 
base 19.96 <.0001 0 NS 

zAnalysis of variance interactions and main effects for base [sand (80% washed sand, 
15% clay and silt fines, and 5% pine bark v/v/v) or slate (MS-16 100% expanded 
slate)], amendment (composted yard waste or pine bark), method (banding or 
incorporation) in the amounts of 1, 2, 3, or 4 inches for banding or 5, 10, 15, or 20% 
(v/v) for incorporation. 
yNS = P>0.05, P-value given otherwise.  
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Appendix L: Analysis of variance F-value and P-value for effluent total nitrogen (TN) 
and total phosphorus (TP) concentrations for trial 1 (2012-2013) for Panicum virgatum 
‘Shenandoah’. 

TN TP 
F-value P-valuey F-value P-value 

base*amendment*method*amountz 3.70 0.0163 1.84 NS 
amendment*method*amount 2.38 NS 3.05 0.0351 

base*method*amount 10.62 <.0001 4.28 0.0082 
base*amendment*amount 1.85 NS 0.57 NS 
base*amendment*method 0.02 NS 1.98 NS 

method*amount 2.10 NS 3.82 0.0142 
amendment*amount 0.76 NS 0.45 NS 

base*amount 4.04 0.0110 2.11 NS 
amendment*method 2.03 NS 0.13 NS 

base*method 0.33 NS 0.54 NS 
base*amendment 0.00 NS 4.87 0.031 

amount 0.20 NS 1.98 NS 
method 66.17 <.0001 20.09 <.0001 

amendment 0.19 NS 0.07 NS 
base 41.60 <.0001 29.90 <.0001 

zAnalysis of variance interactions and main effects for base [sand (80% washed sand, 
15% clay and silt fines, and 5% pine bark v/v/v) or slate (100% D-tank expanded 
slate)], amendment (composted yard waste or pine bark), method (banding or 
incorporation) in the amounts of 1, 2, 3, or 4 inches for banding or 5, 10, 15, or 20% 
(v/v) for incorporation. 
yNS = P>0.05, P-value given otherwise.  
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Appendix M: Analysis of variance F-value and P-value for effluent total nitrogen (TN) 
and total phosphorus (TP) concentrations for trial 2 (2013-2014) for Panicum virgatum 
‘Shenandoah’. 

TN TP 
F-value P-valuey F-value P-value 

base*amendment*method*amountz 0.52 NS 8.62 <.0001 
amendment*method*amount 1.73 NS 20.24 <.0001 

base*method*amount 0.76 NS 29.04 <.0001 
base*amendment*amount 1.82 NS 16.22 <.0001 
base*amendment*method 4.23 0.0425 1.24 NS 

method*amount 1.34 NS 5.14 0.0026 
amendment*amount 1.50 NS 1.79 NS 

base*amount 2.89 0.0396 17.99 <.0001 
amendment*method 1.25 NS 7.55 0.0073 

base*method 5.85 0.0175 3.35 NS 
base*amendment 0.66 NS 2.17 NS 

amount 1.92 NS 1.30 NS 
method 74.60 <.0001 39.66 <.0001 

amendment 29.74 <.0001 1.08 NS 
base 5.19 0.0250 53.69 <.0001 

zAnalysis of variance interactions and main effects for base [sand (80% washed sand, 
15% clay and silt fines, and 5% pine bark v/v/v) or slate (MS-16 100% expanded 
slate)], amendment (composted yard waste or pine bark), method (banding or 
incorporation) in the amounts of 1, 2, 3, or 4 inches for banding or 5, 10, 15, or 20% 
(v/v) for incorporation. 
yNS = P>0.05, P-value given otherwise.  
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Appendix N: Analysis of variance F-value and P-value for pH and electrical conductivity 
(EC). 

pH EC 

F-value P-valuey F-value P-value 

sampletime*species*basez 1.35 0.0351 0.54 NS 

species*base 6.83 <.0001 3.45 <.0001 

sampletime*base 32.34 <.0001 6.50 <.0001 

sampletime*species 1.26 NS 0.86 NS 

base 329.77 <.0001 505.48 <.0001 

species 5.19 <.0001 5.28 <.0001 

sampletime 451.73 <.0001 73.22 <.0001 
zAnalysis of variance interactions and main effects for sampletime (13 August, 27 
August, 10 September, 24 September, 8 Ocotber, and 22 October 2013), species 
(Agastache rupestris, Monarda fistulosa, Ratibida pinnata, Salvia greggii ‘Ultra Violet’, 

Panicum virgatum ‘Shenandoah’, Schizachyrium scoparium, Sorghastrum nutans ‘Sioux 

Blue’, Sporobolus wrighti, Cotinus coggygria v. purpurea, Euonymus alatus ‘Compactus’, 

Ilex opaca, Itea virginica, Acer ginnala ‘Flame’, Betula nigra ‘Duraheat’, Cercis canadensis, 

and Liquidambar styraciflua, and base [sand (80% washed sand, 15% clay and silt fines, 
and 5% pine bark v/v/v) or slate (MS-16 100% expanded slate)]. 
yNS = P>0.05, P-value given otherwise.  
 

  



162 

 

 

Appendix O: Analysis of variance F-value and P-value for growth indices. 

F-value P-valuey 

species*basez 3.01 0.0006 

base 14.05 0.0003 

species 11.15 <.0001 
zAnalysis of variance interactions and main effects for species (Agastache rupestris, 

Monarda fistulosa, Ratibida pinnata, Salvia greggii ‘Ultra Violet’, Panicum virgatum 

‘Shenandoah’, Schizachyrium scoparium, Sorghastrum nutans ‘Sioux Blue’, Sporobolus 

wrighti, Cotinus coggygria v. purpurea, Euonymus alatus ‘Compactus’, Ilex opaca, Itea 

virginica, Acer ginnala ‘Flame’, Betula nigra ‘Duraheat’, Cercis canadensis, and 

Liquidambar styraciflua and base [sand (80% washed sand, 15% clay and silt fines, and 
5% pine bark v/v/v) or slate (MS-16 100% expanded slate)]. 
yNS = P>0.05, P-value given otherwise.  
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Appendix P: Analysis of variance F-value and P-value for living (less tan 50% necrotic tissue), necrotic (more than 50% 
necrotic tissue), and total (necrotic + living) shoot dry weights and root dry weights.  

Living Shoot Dry Weights Necrotic Shoot Dry Weights 
Total Shoot Dry 

Weights Root Dry Weights 
F-value P-valuey F-value P-value F-value P-value F-value P-value 

species*basez 8.66 <.0001 12.86 <.0001 1.35 NS 3.67 <.0001 
base 42.48 <.0001 48.76 <.0001 0.33 NS 0.02 NS 

species 24.32 <.0001 30.15 <.0001 43.72 <.0001 51.94 <.0001 
zAnalysis of variance interactions and main effects for species (Agastache rupestris, Monarda fistulosa, Ratibida pinnata, 

Salvia greggii ‘Ultra Violet’, Panicum virgatum ‘Shenandoah’, Schizachyrium scoparium, Sorghastrum nutans ‘Sioux Blue’, 

Sporobolus wrighti, Cotinus coggygria v. purpurea, Euonymus alatus ‘Compactus’, Ilex opaca, Itea virginica, Acer ginnala 

‘Flame’, Betula nigra ‘Duraheat’, Cercis canadensis, and Liquidambar styraciflua and base [sand (80% washed sand, 15% clay 
and silt fines, and 5% pine bark v/v/v) or slate (MS-16 100% expanded slate)]. 
yNS = P>0.05, P-value given otherwise.  
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Appendix Q: Analysis of variance F-value and P-value for leaf area. 

F-value P-valuey 

species*basez 2.08 0.0181 

base 17.32 <.0001 

species 5.93 <.0001 
zAnalysis of variance interactions and main effects for species (Agastache rupestris, 

Monarda fistulosa, Ratibida pinnata, Salvia greggii ‘Ultra Violet’, Panicum virgatum 

‘Shenandoah’, Schizachyrium scoparium, Sorghastrum nutans ‘Sioux Blue’, Sporobolus 

wrighti, Cotinus coggygria v. purpurea, Euonymus alatus ‘Compactus’, Ilex opaca, Itea 

virginica, Acer ginnala ‘Flame’, Betula nigra ‘Duraheat’, Cercis canadensis, and 

Liquidambar styraciflua and base [sand (80% washed sand, 15% clay and silt fines, and 
5% pine bark v/v/v) or slate (MS-16 100% expanded slate)]. 
yNS = P>0.05, P-value given otherwise.  
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Appendix R: Analysis of variance F-value and P-value for stomatal conductance. 

F-value P-valuey 

sampletime*species*basez 0.92 NS 

species*base 0.72 NS 

sampletime*base 0.19 NS 

sampletime*species 2.54 <.0001 

base 4.50 0.0346 

species 28.11 <.0001 

sampletime 29.08 <.0001 
zAnalysis of variance interactions and main effects for sampletime (26 August, 28 
August, 9 September, and 21 Ocotber 2013), species (Agastache rupestris, Monarda 

fistulosa, Ratibida pinnata, Salvia greggii ‘Ultra Violet’, Panicum virgatum ‘Shenandoah’, 

Schizachyrium scoparium, Sorghastrum nutans ‘Sioux Blue’, Sporobolus wrighti, Cotinus 

coggygria v. purpurea, Euonymus alatus ‘Compactus’, Ilex opaca, Itea virginica, Acer 

ginnala ‘Flame’, Betula nigra ‘Duraheat’, Cercis canadensis, and Liquidambar styraciflua) 

and base [sand (80% washed sand, 15% clay and silt fines, and 5% pine bark v/v/v) or 
slate (MS-16 100% expanded slate)]. 
yNS = P>0.05, P-value given otherwise.  
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Appendix S: Analysis of variance F-value and P-value for stomatal densities. 

F-value P-valuey 

sampletime*species*basez 0.31 NS 

species*base 0.78 NS 

sampletime*base 0.45 NS 

sampletime*species 1.53 NS 

base 0.18 NS 

species 16.7 <.0001 

sampletime 1.84 NS 
 zAnalysis of variance interactions and main effects for sampletime (14 August, 9 
September, and 21 Ocotber 2013), species (Ratibida pinnata, Salvia greggii ‘Ultra Violet’, 

Panicum virgatum ‘Shenandoah’, Schizachyrium scoparium, Cotinus coggygria v. purpurea, 

Euonymus alatus ‘Compactus’, Ilex opaca, and Liquidambar styraciflua and base [sand 
(80% washed sand, 15% clay and silt fines, and 5% pine bark v/v/v) or slate (MS-16 
100% expanded slate)]. 
yNS = P>0.05, P-value given otherwise.  
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Appendix T: Analysis of variance F-value and P-value for evapotranspiration.  

F-value P-valuey 

sampletime*species*basez 0.84 NS 

species*base 1.93 0.0208 

sampletime*base 6.42 0.0019 

sampletime*species 1.04 NS 

base 0.29 NS 

species 1.92 0.0215 

sampletime 203.78 <.0001 
 zAnalysis of variance interactions and main effects for sampletime [(13 August and 25 
August 2013 (sampletime 1) 10 September and 22 September 2013 (sampletime 2) and 
8 October and 20 October 2013 (sampletime 3)], species (Agastache rupestris, Monarda 

fistulosa, Ratibida pinnata, Salvia greggii ‘Ultra Violet’, Panicum virgatum ‘Shenandoah’, 

Schizachyrium scoparium, Sorghastrum nutans ‘Sioux Blue’, Sporobolus wrighti, Cotinus 

coggygria v. purpurea, Euonymus alatus ‘Compactus’, Ilex opaca, Itea virginica, Acer 

ginnala ‘Flame’, Betula nigra ‘Duraheat’, Cercis canadensis, and Liquidambar styraciflua) 

and base [sand (80% washed sand, 15% clay and silt fines, and 5% pine bark v/v/v) or 
slate (MS-16 100% expanded slate)]. 
yNS = P>0.05, P-value given otherwise.  
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Appendix U: Analysis of variance F-value and P-value for volume of effluent. 

F-value P-valuey 

sampletime*species*basez 1.41 0.018 

species*base 9.09 <.0001 

sampletime*base 40.52 <.0001 

sampletime*species 1.02 NS 

base 4.42 0.0359 

species 20.58 <.0001 

sampletime 109.26 <.0001 
zAnalysis of variance interactions and main effects for sampletime (13 August, 27 
August, 10 September, 24 September, 8 Ocotber, and 22 October 2013), species 
(Agastache rupestris, Monarda fistulosa, Ratibida pinnata, Salvia greggii ‘Ultra Violet’, 

Panicum virgatum ‘Shenandoah’, Schizachyrium scoparium, Sorghastrum nutans ‘Sioux 

Blue’, Sporobolus wrighti, Cotinus coggygria v. purpurea, Euonymus alatus ‘Compactus’, 

Ilex opaca, Itea virginica, Acer ginnala ‘Flame’, Betula nigra ‘Duraheat’, Cercis canadensis, 

and Liquidambar styraciflua, and base [sand (80% washed sand, 15% clay and silt fines, 
and 5% pine bark v/v/v) or slate (MS-16 100% expanded slate)]. 
yNS = P>0.05, P-value given otherwise.  
 

 


