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Abstract

Crop introductions have historical importance. Ancient, en-
dangered, Andean root and forage crop Mirabilis expansa 
(Ruiz and Pav.) Standl. (Nyctaginaceae), has high quality 
starch and protein, is drought resistant, and exhibits high 
morphological variation on individuals. Leaves are used for 
animal forage, roots for human food.  Processing of the cal-
cium oxalate could make M. expansa a significant modern 
crop. Cultivated varieties ‘L’ and ‘T’ were grown in con-
structed, lysimeter sand plots in southern Illinois in 2008 
and 2009. There was sufficient survival and growth data 
for var. ‘L’ for testing with Repeated Measures ANOVAs.  
Tables of mean averages of harvest data are included for 
each variety. Var. ‘L’ plots had three levels of soil amend-
ments plus all-sand as the control. Plant height, longest and 
typical axial shoot length, emerging axial and lateral shoot 
numbers, lamina length with and without petiole included, 
lamina width, and estimated herbivory, all had significance 
at P<0.05, for tracking growth in at least some soil amend-
ments. M. expansa cultivars were therefore shown as adapt-
ed to the southern Illinois climate in the modified plots.  
M. expansa is unlikely to become invasive or a major crop 
where standing water can persist in the root zone.

Keywords: Mirabilis expansa (Nyctaginaceae); endangered; 
drought-resistant; growth; forage. 

Abbreviations: Avg, mean average; CIP, Centro Internacional 
de la Papa; COA, combined organic amendments; diam, diam-
eter; QCNE, Herbario Nacional; HRC, Horticulture Research 
Center; H-F-L, Hunyh-Feldt-Lecoutre Epsilon correction; P, 
peat; control, 0.0% soil amendments; 1P, 1% peat; 2P, 2% peat; 
3P, 3% peat; RCBD, randomized complete block design; SDs, 
standard deviations; SIU, Southern Illinois University; S, steer 
manure; 4-5S, 4% and 5% Steer Manure; 1P3S, 1% peat with 
3% Steer Manure or Combined Organic Amendments; var., va-
riety.  Additional abbreviations are in each table’s notes.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creative-
commons.org/licenses/by/3.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided the 
original work is properly cited. 

Introduction

Mirabilis expansa (Ruiz and Pav.) Standl. (Nyctaginaceae) 
is an ancient and endangered Andean crop with high potential 
to serve as a new food and fodder crop for arid lands, including 
both hot desert and cool mountain ecosystems.  It was cultivated 
in both for thousands of years (Kritzer Van Zant, 2016a, 2016b, 
2016c; Popenoe et al., 1989). M. expansa roots have been used 
for human food in many parts of the Andes (Popenoe et al., 
1989). M. expansa leaves, traditionally used for animal forage, 
were found to contain high-quality protein in greater amounts 
than in the roots (Kritzer Van Zant, 2016a, 2016b, 2016c). M. 
expansa is rich in high quality protein and extremely fine starch.  
Preliminary research on M. expansa starch indicates it is equal 
to or better in quality than that of cassava (Kritzer Van Zant, 
2016a, 2016b; Thanyasiriwat et al., 2013).

M. expansa appears to need porous soils (Kritzer Van Zant, 
2016a).  M. expansa roots often have an astringent taste, though 
Ecuadorian varieties may be less astringent (Popenoe et al., 
1989). Astringency is probably due to the presence of needle-
like raphides made of calcium oxalate crystals, which can con-
tribute to kidney stone formation (Korth et al., 2006; Massey 
et al., 1993).  Raphides protect crops from chewing insects. In-
digenous processing methods increase palatability of the crop 
(Popenoe et al., 1989). Mechanical separation methods such as 
calcium binders and centrifuges, and/or enzyme digestion used 
for producing raw protein powders, might ameliorate the cal-
cium oxalate (Coe, 2016; Ranganathan et al., 2010; Turroni et 
al., 2007, 2010).

Biodiversity, crucial to agricultural production, may provide 
solutions for creating ecologically sound agricultural systems 
(Di Falco and Perrings, 2005; Partap, 1992).  Biodiversity is es-
pecially crucial to mountain agriculture’s highly variable soils, 
fragile ecosystems and gene pools, inaccessibility, and niche-
specific adaptations of plants to conditions (Partap, 1992; Zim-
merer, 1992).  In situ conservation of native crops is needed to 
promote biodiversity and improve the lot of small farmers in 
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mountainous regions (Camino, 1992; Tapia, 1992).

Benefits of the Green Revolution were limited to flat and 
well irrigated areas (Conway, 1992; Evenson and Gollin, 2003).  
Resultant varieties and agronomic practices are of little use, 
even damaging, to arid mountain regions.  In the early 1960s 
and 1970s, many aid and development organizations shifted 
their agricultural focus for arid mountains to emphasize human 
need and environmental conditions.  Indigenous crops have an 
important role in addressing these issues.  Most major crops un-
derwent most of their evolutionary development in the highly-
varied conditions of mountain regions (Zimmerer, 1992).  Tapia 
(1992) thoroughly summarizes variable conditions relevant for 
agriculture in the Andes, which include the most varied condi-
tions for a single mountain range in the world.  In the Andes, 
as in mountain regions generally, multiple factors are causing 
losses of indigenous crops and erosion of genetic variability 
(Zimmerer, 1992). Factors include seasonal labor shortages, 
trade issues, and loss of land.  Landslides and the world-wide 
demand for coca (Erythroxylum sp.) also negatively impact in-
digenous farming practices and crops, particularly at altitudes 
up to 2000 m (Camino, 1992; Fjeldså et al., 2005). Zones uti-
lized in coca production overlap with where M. expansa was 
traditionally grown.

We questioned whether M. expansa horticultural varieties 
could withstand the heavy rain and drought extremes common 
to southern Illinois weather.  Also of interest, was whether M. 
expansa could withstand typical native southern Illinois soils in 
better drained areas, such as hillsides and sandy soils. The ques-
tion of whether there was growth through the summer was ex-
amined for two varieties of the crop. Two hypotheses, detailed 
in Methods below, address only var. ‘L’, as it was the only va-
riety to produce sufficient data for Repeated Measures ANOVA 
analysis both years. This paper addresses the successful growth 
of M. expansa, for a two-year period, in constructed plots con-
taining sandy soils. There is also an evaluation of the growth 
characters measured for this morphologically variable crop.  
Growth data was taken in the field while plants were growing.  
Harvest data was taken from a small subset of plants of var. ‘L’ 
in 2008, and of var. ‘L’ and var. ‘T’ in 2009, which were grown 
on plots that received each of several different levels of soil 
amendments, after harvest. Positive results for growth data are 
given from the Repeated Measures ANOVAs (Tables 1 and 2).  
There was insufficient harvested material of either variety for 
meaningful ANOVA analysis, though a table of means is given 
for harvested material for each year (Supplementary Tables 1 
and 2). Harvest data is presented in tables as mean averages 
for each variety (Supplementary Tables 1 and 2); and in graphs 
based on the data in those tables, with error bars representing 
standard deviations (Figures 4, 5, and 6; Supplementary Fig-
ures 1, 2, 3, 4, and 5). Var. ‘T’ grew in plots with slightly dif-
ferent levels of steer manure and peat than those used for var. 
‘L’.  Amounts of peat by itself, and steer manure by itself, were 
similar enough for non-statistical comparison of those two soil 
amendments between varieties. 

Horticulturalists have been growing M. expansa in Belgium 
and Great Britain, though to date, no papers have been pub-
lished from these efforts (Kritzer Van Zant, 2016a, 2016b).  An 
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experiment with the crop in Texcoco, Mexico was considered 
unsuccessful, as the plants failed to flower, and roots are usu-
ally harvested during flowering in the Andes (Kritzer Van Zant, 
2016a, 2016b; Seminario Cunya, 1993, 2004).  However, these 
Texcoco plants may have yielded useful forage and edible roots.

M. expansa grown in the Andes offered better forage yields 
than either improved alfalfa in California (Putnam, 2007) or un-
improved rangeland in Utah (Perry, 2012).  This is based on for-
age yields in an Andean trial with denser plantings than those 
typically used for growing roots (Kritzer Van Zant, 2016a, 
2016b; Seminario Cunya, 2000, 2004). In the denser planting 
trial, root yields were lower than from less dense plantings in-
tended for root harvests.  However, denser planting still pro-
duced enlarged roots simultaneously with forage.  M. expansa 
planted for roots (Rea, 1992) produced comparable yields to 
several potato varieties grown in Idaho (Olsen, 2004).  In the 
root trial described by Rea, M. expansa simultaneously pro-
duced forage.  It should be possible to produce M. expansa 
roots and/or forage with considerably less water and fertilizer 
than needed for potatoes or alfalfa (Kritzer Van Zant, 2016a, 
2016b).  Unfortunately, few details presented in documents de-
scribing growth of the crop in the Andes (Seminario Cunya, 
1993, 2000, 2004), were directly comparable to results from 
our field data.

Materials and Methods

Materials

For the southern Illinois field work, var. ‘L’ cuttings were 
grown from the two stock plants. Var. ‘L’ stock plants were de-
scendants from two sole survivors of plants started from seed 
and greenhouse grown in Illinois. Seeds of var. ‘L’ were sent 
to Kritzer Van Zant by Centro Internacional de la Papa (CIP) 
in Lima, Peru (CIP Accession #208001 ARB5395). Variety ‘L’ 
was said by CIP personnel to have originated in Cajamarca, 
Cajamarca, Peru. However, as there were M. expansa acces-
sions maintained there by personnel at Universidad Nacional 
de Cajamarca, var. ‘L’ may have had a different place of origin.  

Variety T’ was propagated from rhizomes, descendants of 
plants from the garden of Eloisa de la Cruz, an indigenous 
woman farmer in northern Ecuador. Her garden was on prop-
erty in Pinchincha Province, near the road to the Tocacachi ru-
ins. Collection of var. ‘T’ was made during an intensive search 
for cultivated M. expansa in northern Ecuador by Kritzer Van 
Zant. During that search, only var. ‘T’ was found, and only at 
that single location. Variety ‘T’ was initially propagated in Il-
linois from rhizomes.  Stem cuttings from both varieties were 
next propagated as stock plants.  Plants from stem cuttings were 
used for research in this paper, and for subsequent research to 
date on M. expansa amino acids and cytotoxicity (Kritzer Van 
Zant, 2016a).

Permissions and Protections

Upon request, seeds of var. ‘L’ were sent to Kritzer Van Zant 
by common agreement between CIP and USDA.  A few of these 
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Table 1. The 2008 growth data repeat measure ANOVAs positive results.

Abbre viations: AxLatSht#, axial and lateral shoot number; COA, combined organic amendments; df1/df2, error; herb 0, 1,
herbivory coded 0, 1 – 0 = absent, 1 = present; H-F-L, Huynh-Feldt-Lecoutre Epsilon correction, adjusted Pr>F for time and
the interaction; interaction, time*independent variable (specified); In/LAxSht, internodes per longest axial shoot length in
first 50.8 mm above the soil; lamina, lamina length without petiole (laminaLg); lamina length with petiole; lamlPoW, ratio
of lamina with petiole length over lamina width; laminaW, lamina width; lamWolP, ratio of lamina width over lamina with
petiole length; LAxShtL, longest axial shoot length; PlantHt, plant height; p-value, at .05 level, Pr>F for ANOVA; SteerM,
steer manure; TAxShtL, typical axial shoot length; *, significant; **, highly significant.

Test type
Interaction

Independent
Variable

Dependent
Variable

F Value df1, df2 p-value H-F-L 
adjusted

H-F-L p-value at 
.05 level

ANOVA COA PlantHt 6.90 3, 4 0.0464 *
Time COA PlantHt 87.26 6, 24 <0.0001 0.3644 **
Time*COA COA PlantHt 5.64 18, 24 0.0110 0.3644 *
Time Peat PlantHt 27.76 6, 30 0.0006 0.2397 *
Time SteerM PlantHt 42.69 6, 30 <0.0001 0.3555 **
Time Terrace PlantHt 25.48 6, 36 <0.0001 0.3208 **
Time COA LAxShtL 92.30 4, 16 <0.0001 0.4253 **
Time Peat LAxShtL 28.46 4, 20 0.0014 0.3016 *
Time SteerM LAxShtL 44.89 4, 20 0.0002 0.3445 *
Time Terrace LAxShtL 40.57 4, 24 0.0002 0.3177 *
Time COA TAxShtL 28.58 3, 12 0.0002 0.6644 *
Time Peat TAxShtL 20.08 3, 15 0.0004 0.6392 *
Time SteerM TAxShtL 29.63 3, 15 <0.0001 0.9844 **
Time Terrace TAxShtL 24.69 3, 18 <0.0001 0.6191 **
Time COA AxLatSht# 10.73 3, 12 0.0025 0.8250 *
Time Peat AxLatSht# 11.40 3, 15 0.0019 0.7225 *
Time SteerM AxLatSht# 10.23 3, 15 0.0025 0.7460 *
Time Terrace AxLatSht# 17.10 3, 18 0.0002 0.7266 *
Time COA In/LAxSht 29.47 4, 16 0.0001 0.5352 **
Time Peat In/LAxSht 30.24 4, 20 <0.0001 0.5816 **
Time SteerM In/LAxSht 28.68 4, 20 <0.0001 0.7118 **
Time Terrace In/LAxSht 34.73 4, 24 <0.0001 0.7211 **
Time COA laminaLg 5.82 6, 18 0.0024 0.9160 *
Time Peat laminaLg 3.85 6, 24 0.0078 1.3577 *
Time SteerM laminaLg 4.94 6, 24 0.0023 0.9645 *
Time Terrace laminaLg 4.46 6, 30 0.0024 1.6054 *
ANOVA COA laminaP 32.37 3, 3 0.0087 *
Time COA laminaW 7.22 6, 18 0.0005 1.0208 *
Time Peat laminaW 6.86 6, 24 0.0002 1.1642 *
Time SteerM laminaW 5.66 6, 24 0.0091 0.5500 *
Time Terrace laminaW 6.58 6, 30 0.0014 0.6749 *
Time COA lamWolP 8.36 6, 18 0.0191 0.3282 *
Time Peat lamWolP 8.17 6, 24 0.0146 0.3055 *
Time SteerM lamWolP 6.03 6, 24 0.0022 0.7636 *
Time Terrace lamWolP 6.16 6, 30 0.0025 0.6404 *
Time Terrace lamlPoW 4.13 6, 30 0.0171 0.6030 *
ANOVA Peat herb 0, 1 20.89 2, 2 0.0457 *
Time Peat herb 0, 1 17.33 6, 12 0.0312 0.2208 *
Time SteerM herb 0, 1 5.97 6, 12 0.0301 0.5083 *
Time Terrace herb 0, 1 13.75 6, 18 0.0005 0.5749 *
Time COA mass 57.00 6, 24 <.0001 0.3964 **
Time*COA COA mass 4.74 18, 24 0.0151 0.3964 *
Time Peat mass 21.37 6, 30 0.0010 0.2599 *
Time SteerM mass 49.24 6, 30 <0.0001 0.3554 **
Time*SteerM SteerM mass 4.38 12, 30 0.0230 0.3554 *
Time Terrace mass 20.92 6, 36 <0.0001 0.4262 **
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)Table 2. The 2009 growth data repeat measure ANOVAs positive results.

Abbre viations: AxLatSht#, axial and lateral shoot number; COA, combined organic amendments; df1/df2, error;
herb 0, 1, herbivory coded 0, 1—absent = 0, present = 1; herb 0-4, herbivory coded with five levels—no
noticeable herbivory = 0, noticeable though insignificant = 1, slight = 2, moderate = 3, and heavy = 4; lamina,
lamina length with petiole; H-F-L, Huynh-Feldt-Lecoutre Epsilon correction, adjusted Pr>F for time and the
interaction; interaction, time*independent variable (specified); laminaLg, lamina length without petiole;
laminaW, lamina width; LAxShtL, longest axial shoot length; PlantHt, plant height; p-value, at .05 level, Pr>F
for ANOVA; SteerM, steer manure; TAxShtL, typical axial shoot length*, significant; **, highly significant.

Test type
Interaction

Independent
Variable

Dependent
Variable

F Value df1, df2 p-value
H-F-L adjusted 

H-F-L p-value 

Time Peat PlantHt 6.81 4, 20 0.0378 0.2955 *
Time SteerM PlantHt 5.63 4, 20 0.0452 0.3330 *
Time COA LAxShtL 48.29 4, 16 <0.0001 0.7092 **
Time Peat LAxShtL 40.41 4, 20 <0.0001 1.0162 **
Time SteerM LAxShtL 35.54 4, 20 <0.0001 0.8876 **
Time Terrace LAxShtL 33.61 4, 24 <0.0001 0.5571 **
Time COA TAxShtL 105.04 4, 16 <0.0001 1.3380 **
Time*COA COA TAxShtL 4.75 12, 16 0.0023 1.3380 *
Time Peat TAxShtL 61.99 4, 20 <0.0001 0.7635 **
Time SteerM TAxShtL 49.04 4, 20 <0.0001 0.5995 **
Time Terrace TAxShtL 35.10 4, 24 <0.0001 0.6579 **
Time COA AxLatSht# 212.57 4, 16 <0.0001 0.5761 **
Time*COA COA AxLatSht# 5.61 12, 16 0.0095 0.5761 *
Time Peat AxLatSht# 137.68 4, 20 <0.0001 0.4244 **
Time*Peat Peat AxLatSht# 5.30 8, 20 0.0222 0.4244 *
Time SteerM AxLatSht# 53.62 4, 20 0.0002 0.3111 *
Time Terrace AxLatSht# 62.60 4, 24 <0.0001 0.3184 **
Time COA laminaLg 25.55 4, 16 <0.0001 1.0377 **
Time*COA COA laminaLg 3.53 12, 16 0.0102 1.0377 *
Time Peat laminaLg 22.91 4, 20 <0.0001 1.0586 **
Time*Peat Peat laminaLg 4.02 8, 20 0.0055 1.0586 *
Time SteerM laminaLg 15.22 4, 20 0.0006 0.5387 *
Time Terrace laminaLg 12.13 4, 24 <0.0001 0.9150 **
ANOVA COA laminaP 6.97 3, 4 0.0457 *
Time COA laminaP 15.88 4, 16 <0.0001 1.3054 **
Time Peat laminaP 16.40 4, 20 <0.0001 0.9397 **
Time*Peat Peat laminaP 2.76 8, 20 0.0355 0.9397 *
Time SteerM laminaP 11.72 4, 20 0.0006 0.6794 **
Time Terrace laminaP 11.15 4, 24 <0.0001 0.8512 **
Time COA laminaW 13.19 4, 16 <0.0001 1.1839 **
Time Peat laminaW 12.59 4, 20 <0.0001 1.2686 **
Time SteerM laminaW 13.58 4, 20 <0.0001 1.0939 **
Time Terrace laminaW 13.21 4, 24 <0.0001 1.3674 **
Time COA herb 0, 1 63.55 4, 16 <0.0001 0.9955 **
Time Peat herb 0, 1 65.75 4, 20 <0.0001 0.9495 **
Time SteerM herb 0, 1 63.12 4, 20 <0.0001 1.0712 **
ANOVA Terrace herb 0, 1 7.43 1, 6 0.0344 *
Time Terrace herb 0, 1 75.11 4, 24 <0.0001 0.9900 **
Time COA herb 0-4 189.49 4, 16 0.0002 0.2500 *
Time Peat herb 0-4 200.44 4, 20 <0.0001 0.2500 **
Time SteerM herb 0-4 157.37 4, 20 <0.0001 0.2500 **
Time Terrace herb 0-4 273.24 4, 24 <0.0001 0.2500 **
ANOVA COA mass 65.54 3, 4 0.0007 *
Time COA mass 97.57 4, 16 <.0001 0.5103 **
Time*COA COA mass 21.16 12, 16 0.0001 0.5103 **
ANOVA Peat mass 37.48 2, 5 0.0010 *
Time Peat mass 105.07 4, 20 <.0001 0.8146 **
Time*Peat Peat mass 24.46 8, 20 <.0001 0.8146 **
ANOVA SteerM mass 6.59 2, 5 0.0360 *
Time SteerM mass 35.76 4, 20 <.0001 0.05489 **
Time*SteerM SteerM mass 8.22 8, 20 0.0023 0.05489 *
Time Terrace mass 8.83 4, 24 0.0190 0.2882 *
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seeds were shared with Colorado researchers (Vepachedu et al., 
2003).  Variety ‘T’ was brought back to the United States with 
permission from the Ecuadorian government, under Ecuadorian 
permit #023-IC-FLO-DNBAP/MA, in conjunction with Kritzer 
Van Zant’s then host institution, Herbario Nacional (QCNE), in 
Quito.  Guachuiun, Puente and de la Cruz signed Human Sub-
jects Forms protecting their rights and those of Ecuador, along 
with the research rights of Kritzer Van Zant.   

Growth of M. expansa in the Field

M. expansa was grown outdoors in sand plots (Supplementa-
ry Figure 6; Kritzer Van Zant 2016a Appendix B-1). These plots 
had lain fallow for several years prior to 2008. These plots were 
originally set up for research on golf turf, 10-15 years prior to 
first use of them for growing M. expansa.  Plots were each 2 x 4 
m, spaced 1m apart, and arranged in three consecutive terraces.  
Terrace I, II and III slope gradually downward to the east, along 
the same hill, with Terrace I at the top of the hill. Plots were 
amended at the time of construction with varied percentages of 
peat and steer manure.  Eight levels of treatments, including all-
sand controls, were repeated on each terrace when constructed.  
As not all of the original plot types were used, plots used for M. 
expansa made up a modified replicated randomized complete 
block design (RCBD).  Constructed root zones in the plots were 
30.5 cm deep.  Plots were made with 96-100% sand overlaying 
a 10.2 cm deep layer of 6.4 mm sized gravel. A drainage pipe 
was installed at the base of the gravel layer.  Lysimeters were 
incorporated into each plot at construction. Each plot drained 
separately into a bottle, which overflowed into a channel along-
side and 2 m below the plots, so little or no leaching occurred 
between plots and there was little standing water.  Not all lysim-
eters were still functioning at the time M. expansa was growing 
in the plots, so lysimeter measurements were not taken.  How-
ever, each plot still drained well, and the lysimeter construction 
reduced overflow of water among plots.

From each terrace, a single plot for each of three soil amend-
ments, plus an all-sand control, were used for the var. ‘L’ ex-
periments in 2008 (Table 1 and Supplementary Table 1; Figure 
4 and Supplementary Figure 3). This made four treatments.  
These same plots were used again for Experiment I with var. 
‘L’ in 2009 (Table 2 and Supplementary Table 2; Figure 5, and 
Supplementary Figures 1, 3, and 4). Thirty-two plants were 
measured each year for the repeated experiments with var. ‘L’.  
Averaging was done separately for var. ‘L’ for each year. This 
helped to compensate for discrepancies in planting, measuring, 
and survivorship.

Experiment IV plots had var. ‘T’ plants exclusively in 2009 
(Supplementary Table 2; Figure 6 and Supplementary Figures 
2 and 5). For growing var. ‘T’, two levels of treatments were 
used, different from those used for var. ‘L’, and excluding the 
all-sand controls.  Experiment IV plot types were 4% steer ma-
nure (4S) and 2% peat (2P), and were on Terraces I (upper) and 
II (middle). Experiment IV plots were also planted with four 
plants each. Additional plots on the same terraces were also 
planted with each variety in various combinations.  However, 
results from plots containing both varieties, are only included 

as part of our general observations. The additional plots also 
provided material for nutrition and cytotoxicity research on the 
crop.

Four soil samples were taken in 2011 from plot treatments 
matching those which had been used for the var. ‘L’ statistically 
analyzed 2008 and 2009 experiments.  These samples were test-
ed for soil nitrogen concentrations in 2012 at the Soil and Plant 
Testing Laboratory at University of Missouri Extension (http://
soilplantlab.missouri.edu/soil/). Each soil sample came from a 
different plot type on different terraces, so results were not aver-
aged. Nitrogen concentrations for different plots were low and 
did not vary in any pattern that correlated with the original plot 
amendments. They are only mentioned as a window into the 
overall condition of the plots. No additional samples from these 
plots have been subsequently tested for nitrogen.  However, dif-
ferences in weed cover among plot treatments indicated that 
there were still differences among plot types just prior to and 
during the Mirabilis experiments. These plant community dif-
ferences were probably due more to persistent changes in soil 
structure, than to levels of nitrogen present in the plots.

Each plant received a single pint of mushroom composted 
horse manure, at the time of planting. Manure was covered with 
a small amount of sandy media from the plot being planted, be-
neath each plant.  Manure had been added to increase the pos-
sibility that subtle differences that might remain between plots 
with different levels of soil amendments, would be apparent in 
the results.  Manure was aged for the same length of time within 
each year for all plants. However, in 2009 the manure had aged 
an additional year over 2008.

Harvest Data

Growth data had consisted of the measurements taken while 
the plants were still growing in the field and were analyzed in 
Repeated Measures ANOVAs for var. ‘L’ (Tables 1 and 2; Fig-
ures 1, 2, and 3).  Harvest data (Supplementary Tables 1 and 
2; Figures 4, 5, and 6, Supplementary Figures 1, 2, 3, 4, and 5) 
were taken after plants were dug up at the end of each season. 
Harvest data for 2008 and 2009 were insufficient in quantity for 
meaningful ANOVA analysis for either variety, and therefore 
were considered separately from growth data.  Harvest data 
were compared as mean averages between the two varieties, 
from each plot type, for plots modified with similar amounts 
of peat or steer manure, 5S and 3P for var. ‘L’, to 4S and 2P 
for var. ‘T’.  For var. ‘L’, within each year, the combined 1P3S 
and all-sand control plots were also levels of soil amendments 
available to compare to 5S and 3P.  Harvest data for var. ‘L’ 
was grown in 2008 (Supplementary Table 1; Figure 4, Supple-
mentary Figure 3) and 2009 (Supplementary Table 2; Figure 5; 
Supplementary Figures 1 and 4).  Harvest data for var. ‘T’ came 
exclusively from the plants grown in Experiment IV in 2009 
(Supplementary Table 2; Supplementary Figures 2 and 5).

Measurements were taken before and after harvested speci-
mens were dried.  Plants were dried hanging from ropes in a 
barn, to mimic traditional drying practices.  Drying time was 
shorter in 2008 than in 2009 though both periods of time ex-
ceeded the typical eight days minimum drying time reported 
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by indigenous people.  Whole dried plants were weighed, then 
herbage separated from below ground portions of the plants and 
re-weighed separately.  Harvest data for both years consisted 
of whole plant weights prior to and post drying, percentage 
change in dry weight, and above-ground and underground por-
tions of the plant as dry weight.  

Root size was averaged for each variety, for each soil 
amendment from which material was harvested (Supplemen-
tary Tables 1 and 2).  Results for root size from 2009 (Supple-
mentary Table 2), from 4S and 2P plots from which var. ‘T’ 
roots were harvested (Supplementary Table 2; Figure 6, Sup-
plementary Figures 2 and 5), are again compared with results 
for var. ‘L’ taken from 5S and 3P plots (Supplementary Table 
2; Figure 5, Supplementary Figures 1 and 4), from the same 
year.  Two plants were taken for each kind of soil amendment, 
one each from separate plots on different terraces.  Remaining 
plants were left in the ground to see if they would winter over.  
However, var. ‘T’ was not available from 2P plots on the upper 
terrace, so only a single var. ‘T’ plant was harvested from a 2P 
plot on the middle terrace.  Thus no SDs could be computed 
for 2P or upper terrace, on graphs for var. ‘T’ (Supplementary 
Figures 2 and 5).

Additional harvest variables were added in 2009 along with 
var. ‘T’ data (Supplementary Table 2; Supplementary Figures 
1, 2, 3, 4, and 5). They are root length and root diameter in cms 
(Supplementary Table 2; Supplementary Figures 1 and 2), and 
the non-continuous character of position of the widest portion 
of the root mass (Supplementary Table 2). For this last char-
acter, each harvested root mass was visually divided into four 
zones or levels, from top to bottom as they had been oriented in 
the soil, and the widest of these zones was noted.

Harvest data results (Supplementary Tables 1 and 2) are 
otherwise self-explanatory and non-statistical, so harvest re-
sults are not much discussed in the body of the paper below.  
Description is given for the Harvest tables in Kritzer Van Zant 
(2016a Appendices B-4, B-5 and B-6).

Analyses and Variables-Field Growth Data

Results of the ANOVA analyses, are divided into growth 
data from the var. ‘L’ experiments in 2008 (Table 1; Figure 1) 
and 2009 (Table 2; Figures 2 and 3).  Growth data for var. ‘L’ 
(Tables 1 and 2; Figures 1, 2, and 3) resulting from the ANO-
VAs between independent variables, are labelled “ANOVA”.  
ANOVAs for the same data through time are labelled “time”, 
and ANOVAs for the interaction of time with each independent 
variable, are labelled as “time*independent variable” (Tables 1 
and 2).  An example is “time*peat”.  Only positive results of the 
statistical analyses are presented below.  Negative results are in 
extended tables in Kritzer Van Zant (2016a Appendix B-8).  In 
addition, there are three figures of graphs given in this paper 
(Figures 1, 2, and 3), illustrating the most compelling positive 
“ANOVA” results from the Repeated Measures analyses, for 
the var. ‘L’ growth data.

M. expansa var. ‘L’ field data was analyzed with Repeat-
ed Measures 2-way ANOVAs in SAS (Cary, NC), separately 
for 2008 and 2009.  The decision to use Repeated Measures 

ANOVAs, sometimes used in ecological studies, resulted from 
consultation with biological statistician John D. Reeve of SIU-
C. Repeated Measures ANOVAs take into account the lack of 
independence between measurements on the same individuals, 
by applying a correction to time and the interaction.  Regular 
ANOVAs require an assumption of independence between 
measurements. The two independent variables in each Repeat-
ed Measures analysis, were treatment meaning a soil amend-
ment or terrace, and time across the growing season in fixed 
intervals. The intervals for measurement were different for each 
year. Repeated measurements may be correlated, so the tests 
can need adjustment. Repeated measures analysis fixes the cor-
relation issue, using correction factors. Therefore, the H-F-L 
(Huynh-Feldt-Lecoutre Epsilon) value was used to alter the 
degrees of freedom for the time, and treatment x time interac-
tion tests, making them more conservative. H-F-L is considered 
strict. When the H-F-L is 1, tests don’t need adjustment.  Since 
the treatment test is not affected by correlated observations, no 
correction is applied to it, making it similar to a 1-way ANOVA. 
However, since the correction is applied to time, one of the two 
independent variables, 2-way Repeated Measures ANOVAs are 
different from regular 2-way ANOVAs. In this design, treat-
ment, time, and the treatment x time interaction, are all fixed 
effects.  T-tests and tables with means are more traditionally 
included in agricultural field research papers.  Repeated Mea-
sures ANOVAs made it possible to consider the subtle varia-
tions in plot treatments through time for each measured char-
acter, in spite of the lack of independence for measurements on 
the same individuals taken across the growing season. These 
analyses provided three kinds of results, labeled in tables 1 and 
2 as ANOVAs, time, and the interaction of time with each plot 
treatment as independent variables, ie: time x peat in the text, or 
time*peat in tables. The treatment results designated ANOVA, 
use the mean for each subject over time, though they include no 
measurement of time itself. Time and the interaction, include 
both time and repeated measurements, which SAS refers to as 
“Within Subjects”. As these tests address measurements from 
each period of time in which growth measurements were taken, 
for each pair of variables, it is not practical to include means of 
individual measurements at particular points in time in tables.  
Separate tables of means for each kind of growth measurement, 
at each time of measurement, would create confusion when in-
terpreting this data set, as the purpose is to show the growth of 
M. expansa through time, and the usefulness of each measure-
ment through the season. Means considered separately at each 
point in time would not give a cohesive picture. Three graphs 
produced by SAS for the analyses are presented (Figures 1, 2, 
and 3). They illustrate some of the strongest patterns in the data 
across the season from both years.  Graphs for each combina-
tion of variables are in Kritzer Van Zant (2016a Appendix B-9).

Growth rates were analyzed separately for several measured 
dependent variables.  Included dependent variables for 2008 
were the continuous characters: axial and lateral shoot number 
counted on stems up to 5 cm above the soil surface; estimat-
ed mass; plant height; longest axial shoot; typical axial shoot 
length; internodes per longest axial shoot; lamina length with 
and without petioles; and lamina width.  In 2008 the only non-
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continuous character was estimated herbivory coded absent (0) 
or present (1).  Continuous characters were measured in cm or 
cm3 unless otherwise stated.

Some 2008 variables were excluded in 2009 including, 
counting internodes on the longest axial shoot, and ratios for 
lamina lengths and widths, as they had given little useful infor-
mation the previous year.  Independent variable, starting size 
of the plant, had three levels—small, medium, or large.  Inde-
pendent variable position in the subplots had four levels—NW, 
SW, NE, or NW.  Starting size and position in the subplots were 
both dropped in 2008, prior to the ANOVA analysis, after pre-
liminary t-tests showed they had no effect.

Herbivory 0, 1 coding had little meaning in the statistical 
analyses as all plants were subjected to at least some herbivory.  
Therefore, in 2009 though herbivory was measured as present 
or absent again to compare to the 2008 data, it was also sepa-
rately measured on a scale for degree of herbivory with five 
levels—no noticeable herbivory (0), noticeable though insig-
nificant (1), slight (2), moderate (3) and, heavy (4).

In addition, in 2009 the largest and most typical or average-
sized leaves were measured for the continuous characters of 
length of the lamina alone, length of the lamina with petiole in-
cluded, and width of the lamina at the widest point.  The lamina 
measurements and herbivory estimates were taken for each plot 
in 2009, instead of for each plant as in 2008.  Lamina measure-
ments were taken for both largest and average leaves, because 
M. expansa leaves appear to exhibit indefinite growth in the 
field, greenhouse, and herbarium.  All lamina measurements 
taken for individual plants were averaged for each plot prior to 
running the ANOVAs, to compensate for this difference in how 
measurements were taken.

Analyses and Variables-Harvest Data

Means for harvest data (Supplementary Tables 1 and 2) were 
confirmed, and graphs with SDs for that same data (Figures 4, 5 
and 6, Supplementary Figures 1, 2, 3, 4 and 5), were computed 
using Microsoft Excel (2016).    Means for the harvest data are 
presented for var. ‘L’ in 2008 (Supplementary Table 1; Figure 4, 
Supplementary Figure 3), and for both varieties in 2009 (Sup-
plementary Table 2; Figure 5 and 6; Supplementary Figures 1, 
2, 4 and 5).  Y axes for graphs, of the mean harvest weights 
are in kgs (Figures 4, 5 and 6), lengths are in cms (Supplemen-
tary Figures 1 and 2), and percentage weight change for whole 
plants after drying are in percent (Supplementary Figures 3, 4, 
and 5).  Error bars in these graphs represent standard deviations 
(SDs) of the means.

Hypotheses

In addition to the general question, would M. expansa’ grow 
in the outdoor sand plots across the growing season, two hypoth-
eses were addressed for var. ‘L’, prior to the analyses of the field 
growth data for M. expansa. Var. ‘T’ could only be considered 
for the general question concerning growth. Only var. ‘L’ gave 
sufficient data for a meaningful ANOVA analysis of the charac-
ters measured, to see if there were significant differences among 

levels of soil amendments.  Both hypotheses were applied to 
var. ‘L’ grown in 2008 and 2009 in southern Illinois.  Repeated 
Measures ANOVA results were applied separately to the hy-
potheses for var. ‘L’ for each year. For each analysis, p values of 
5% or less indicated significance, and 0.01% or less indicated 
high significance. The hypotheses were: H0 = amounts of peat 
applied at the time of plot construction have no effect on growth 
of M. expansa horticultural varieties. H1 = amounts of peat ap-
plied at the time of plot construction have an effect on growth 
of M. expansa horticultural varieties; H0 = amounts of Steer 
Manure applied at the time of plot construction have no effect 
on growth of M. expansa horticultural varieties. H1 = amounts 
of Steer Manure applied at the time of plot construction have an 
effect on growth of M. expansa horticultural varieties. 

Results and Discussion

Positive Results for Analyses of Variance, Time, and Interac-
tion of Time with Independent Variables

There was a great deal of variation in means at different 
points in time and for different pairs of variables and levels, 
which the Repeated Measure ANOVA results made sense of.  
These contradictions can be seen in 96 graphs which result-
ed from the Repeated Measures analyses of the field data, in 
Kritzer Van Zant (2016a Appendix B-9). The Repeated Mea-
sures ANOVA analyses were particularly useful for finding 
significant results for the variable of time itself, which T-tests 
could not have addressed.

ANOVAs

ANOVAs for the 2008 growth data, were for Treatment only 
(Table 1), and did not include time as a separate variable. They 
were significant for the independent variable COA (combined 
organic amendments) for plant height (F = 06.9003,04, H-F-L ad-
justed p = 0.0464; Figure 1), lamina with petiole length (F = 
32.3703,03, H-F-L adjusted p = 0.0087), and for the independent 
variable peat (F = 20.8902,02, H-F-L adjusted p = 0.0457) for 
herbivory coded 0,1 (Table 1; Figure 1).

ANOVAs for the 2009 growth data (Table 2) were signifi-
cant for: the independent variable COA for lamina with petiole 
length (F = 06.9703,4, H-F-L adjusted p = 0.0457) and estimated 
mass (F = 65.5403,4, H-F-L adjusted p = 0.0007; Figure 2); the 
independent variable Peat for estimated mass (F = 37.4802,05, 
H-F-L adjusted p = 0.0010); the independent variable steer 
manure for estimated mass (F = 6.5902,05, H-F-L adjusted p = 
0.0360; Figure 3); and the independent variable terrace for her-
bivory coded 0, 1 (F = 07.4301,06, H-F-L adjusted p = 0.0344) 
(Table 2).

No one character gave consistent results both years for any 
of the soil amendments in the Repeated Measures ANOVA for 
any treatment without time as a separate independent variable.  
Increases in plant height for all the treatments over the con-
trol became more pronounced as the growing season continued 
in some plot types (Figures 1 and 2). However, the 3% (v3/v3) 
steer manure amended plots, at the time of final measurement in 

A
tla

s J
ou

rn
al

 o
f B

io
lo

gy
 - 

IS
SN

 2
15

8-
91

51
. P

ub
lis

he
d 

B
y 

A
tla

s P
ub

lis
hi

ng
, L

P 
(w

w
w.

at
la

s-
pu

bl
is

hi
ng

.o
rg

)

557



558

A
tla

s J
ou

rn
al

 o
f B

io
lo

gy
 - 

IS
SN

 2
15

8-
91

51
. P

ub
lis

he
d 

B
y 

A
tla

s P
ub

lis
hi

ng
, L

P 
(w

w
w.

at
la

s-
pu

bl
is

hi
ng

.o
rg

)

Figure 2. Chart of effect of COA on var. ‘L’ Estimated Mass, grown in outdoor sand plots in 2009. 
x-axis: Measurement dates: 1, 20Jun; 2, 19Jul; 3, 16Aug; 4, 18Sep; 5, 18Oct. y-axis: estimated mass 
in cm3. Abbreviations: amendm/COA, combined organic amendments; PPP, 3% peat; PSSS, 1% peat 
with 3% steer manure; SSSSS, 5% steer manure; cont, all-sand control. Amendments consist of steer 
manure and/or peat added at time of plot construction. First measurement taken 4 wks post planting.

A
tla

s J
ou

rn
al

 o
f B

io
lo

gy
 - 

IS
SN

 2
15

8-
91

51
. P

ub
lis

he
d 

B
y 

A
tla

s P
ub

lis
hi

ng
, L

P 
(w

w
w.

at
la

s-
pu

bl
is

hi
ng

.o
rg

)

Figure 1. Chart of effect of COA on var. ‘L’ plant height, grown in outdoor sand plots in 2008. x-axis: 
Measurement dates: 1, 19Jul; 2, 2Aug and 4Aug; 3, 17Aug and 19Aug; 4, 2Sep and 3Sep; 5, 16Sep and 
17Sep; 6, 2Oct; 7, 14Oct.  y-axis: plant height in cm. Abbreviations: amendm/COA, combined organic 
amendments; PPP, 3% peat; PSSS, 1% peat with 3% steer manure; SSSSS, 5% steer manure; cont, all-
sand control. Amendments consist of steer manure and/or peat added at time of plot construction. First 
measurement taken 2 wks post planting.
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2009, gave about a 150% (cm3/cm3) increase in estimated mass 
over both the control and 5% steer manure amended plots (Fig-
ure 3). This may show that too little or too much of the nutrients 
in steer manure limited growth. An alternative or additional ex-
planation is that the intermediate 3% steer manure amended 
plots had the effect of retaining sufficient moisture to help M. 
expansa grow, though not enough to interfere with growth.

Herbivory results in the first set of ANOVAs for treatment 
were also contradictory. Herbivory results in ANOVAs for treat-
ment may have been affected by insect life cycles, as they were 
higher for all treatments in the middle of the growing season.  

The greatest difference for lamina with petiole length in the 
first set of ANOVAs for combined organic amendments, was 
at mid-July in 2009, when 1% peat with 3% steer manure had 
roughly 75% greater length than the control, 5% steer manure 
was roughly 50% longer than the control, and 3% peat fell 
between the other two treatments, giving all treatments more 
length than the control (Kritzer Van Zant 2016a Appendix B-6 
Figure 81).  Similar patterns of all treatments producing greater 
growth than the control, can be seen for 1% peat and 3% steer 
manure on plant height in 2008 (Figure 1) and on estimated 
mass in 2009 (Figure 2). 

Time: for the 2008 growth data was highly significant 
for COA, for plant height (F = 87.2606,24, H-F-L adjusted p = 
<0.0001; Figure 1), longest axial shoot length (F = 92.304,16, 
H-F-L adjusted p = <0.0001), internodes per longest axial shoot 
length (F = 29.4704,16, H-F-L adjusted p = 0.0001) and estimated 
mass (F = 57.0006,24, H-F-L adjusted p = <0.0001) (Table 1). 
Time for the 2008 growth data was significant for combined or-

ganic amendments for typical axial shoot length (F = 25.5803.12, 
H-F-L adjusted p = 0.0002), axial and lateral shoot number 
(F = 10.7303.12, H-F-L adjusted p = 0.0025); lamina length (F 
= 05.826,18, H-F-L adjusted p = 0.0024); lamina width (F = 
07.2206,18, H-F-L adjusted p = 0.0005); and lamina width over 
lamina with petiole length (F = 08.3606,18, H-F-L adjusted p = 
0.0191) (Table 1).

Time for the 2009 growth data was highly significant for 
COA for:  longest axial shoot length (F = 48.2904,16, H-F-L ad-
justed p = <0.0001); typical axial shoot length (F = 105.0404,16, 
H-F-L adjusted p = <0.0001); axial and lateral shoot number 
(F = 212.5704,16, H-F-L adjusted p = <0.0001); lamina length 
(F = 25.5504,16, H-F-L adjusted p = <0.0001); lamina with peti-
ole length (F = 15.8804,16, H-F-L adjusted p = <0.0001); lamina 
width (F = 13.1904,16, H-F-L adjusted p = <0.0001); herbivory 
coded 0, 1 (F = 63.5504,16, H-F-L adjusted p = <0.0001); and 
estimated mass (F = 97.5704,16, H-F-L adjusted p = <0.0001) 
(Table 2). Time for the 2009 growth data, was significant for 
COA for herbivory coded 0-4 (F = 189.4904,16, H-F-L adjusted 
p = 0.0002) (Table 2).

Clearly, the analysis of the effect of time indicates multiple 
measurements are useful to track growth in var. ‘L’ through-
out the growing season. However, which are best is less clear, 
when comparing results between 2008 and 2009, or between 
soil amendment within and between years, or for each level of 
soil amendment at different points in time. Considering how 
varied expression is in the Nyctaginaceae, this is not a surprise.  
We have witnessed extremely high variation within wild type 
individuals of M. expansa, on herbarium sheets. For combined 

Figure 3.  Chart of effect of steer manure on var. ‘L’ estimated mass, grown in outdoor sand plots in 
2009. x-axis: measurement dates: 1, 20Jun, 2, 19Jul, 3, 16Aug, 4,18Sep, 5, 18Oct. y-axis: estimated 
mass in cm3. Abbreviations: Steer, steer manure; 0, 0% steer manure; 3, 3% steer manure; 5, 5% steer 
manure. steer manure added at time of plot construction.  First measurement taken 4 wks post planting.
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organic amendments, consistently significant results for growth 
through time, between years, were seen for longest axial shoot 
length, typical axial shoot length, axial and lateral shoot num-
bers counted on stems up to 5 cm above the soil surface, lamina 
length not including petiole length, lamina width, and estimated 
mass.

Time for the 2008 growth data, was highly significant for 
peat only for internodes per longest axial shoot length (F = 
30.2404,20, H-F-L adjusted p = <0.0001) (Table 1). However, 
time for the 2008 growth data, was significant for peat for: 
plant height (F = 27.7606,30, H-F-L adjusted p = 0.0006); longest 
axial shoot length (F = 28.4604,20, H-F-L adjusted p = 0.0014); 
typical axial shoot length (F = 20.0803,15, H-F-L adjusted p = 
0.0004); axial and lateral shoot number (F = 11.4003,15, H-F-L 
adjusted p = 0.0019); lamina length (F = 03.8506,24, H-F-L ad-
justed p = 0.0078); lamina width (F = 06.8606,24, H-F-L adjusted 
p = 0.0002); lamina width over lamina with petiole length (F = 
08.1706,24, H-F-L adjusted p = 0.0146); herbivory coded 0, 1 (F 
= 17.3306,12, H-F-L adjusted p = 0.0312); and estimated mass (F 
= 21.3706,30, H-F-L adjusted p = 0.0010) (Table 1).

Time for the 2009 growth data, was highly significant for 
peat for: longest axial shoot length (F = 40.4104,20, H-F-L ad-
justed p = <0.0001); typical axial shoot length (F = 61.9904,20, 
H-F-L adjusted p = <0.0001); axial and lateral shoot number 
(F = 137.6804,20, H-F-L adjusted p = <0.0001); lamina length 
(F = 22.9104,20, H-F-L adjusted p = <0.0001); lamina with peti-
ole length (F = 16.4004,20, H-F-L adjusted p = <0.0001); lamina 
width (F = 12.5904,20, H-F-L adjusted p = <0.0001); herbivory 
coded 0, 1 (F = 65.7504,20, H-F-L adjusted p = <0.0001); herbiv-
ory coded 0-4 (F = 200.4404,20, H-F-L adjusted p = <0.0001); and 
estimated mass (F = 105.0704,20, H-F-L adjusted p = <0.0001) 
(Table 2).  Time for the 2009 growth data, was significant for 
peat for: plant height (F = 06.8104,20, H-F-L adjusted p = 0.0378) 
(Table 2).

For peat, consistently significant results for growth through 
time between years were seen for longest and typical axial shoot 
lengths, axial and lateral shoot numbers up to 5 cm above the 
soil surface, lamina length not including petiole length, lamina 
width, herbivory coded 0-1 and estimated mass.

Time for the 2008 growth data, was highly significant for 
steer manure for: plant height (F = 42.6906,30, H-F-L adjusted 
p = <0.0001); typical axial shoot length (F = 29.6303,15, H-F-L 
adjusted p = <0.0001); internodes per longest axial shoot (F 
= 28.6804,20, H-F-L adjusted p = <0.0001); and estimated mass 
(F = 49.2406,30, H-F-L adjusted p = <0.0001) (Table 1). Time 
for the 2008 growth data, was significant for steer manure for: 
longest axial shoot length (F = 44.8904,20, H-F-L adjusted p = 
0.0002); axial and lateral shoot number (F = 10.2303,15, H-F-L 
adjusted p = 0.0025); lamina length (F = 04.9406,24, H-F-L ad-
justed p = 0.0023); lamina width (F = 05.6606,24, H-F-L adjusted 
p = 0.0091); lamina width over lamina with petiole length (F = 
06.0306,24, H-F-L adjusted p = 0.0022); and herbivory coded 0, 1 
(F = 05.9706,12, H-F-L adjusted p = 0.0301) (Table 1).

Time for the 2009 growth data, was highly significant for 
steer manure for: longest axial shoot length (F = 35.5404,20, 
H-F-L adjusted p = <0.0001); typical axial shoot length (F = 
49.0404,20, H-F-L adjusted p = <0.0001); lamina with petiole 

length (F = 11.7204,20, H-F-L adjusted p = 0.0006); lamina width 
(F = 13.5804,20, H-F-L adjusted p = <0.0001); herbivory coded both 
0, 1 (F = 63.1204,20, H-F-L adjusted p = <0.0001) and 0-4 (F = 
157.3704,20, H-F-L adjusted p = <0.0001); and estimated mass (F = 
35.7604,20, H-F-L adjusted p = <0.0001) (Table 2; Figure 3).  Time 
for the 2009 growth data, was significant for steer manure for plant 
height (F = 05.6304,20, H-F-L adjusted p = <0.0452), axial and lat-
eral shoot number (F = 53.6204,20, H-F-L adjusted p = <0.0002) and 
lamina length (F = 15.2204,20, H-F-L adjusted p = <0.0006) (Table 
2).

For steer manure, consistently significant results for growth 
through time between years were seen for plant height, longest 
and typical axial shoot length, axial and lateral shoot numbers up 
to 5 cm above the soil surface, herbivory coded 0, 1, length not 
including petiole length, lamina width, and estimated mass (Figure 
3).  Lamina length excluding petiole length was more consistently 
significant than lamina length with the petiole length included.

Time for the 2008 growth data, was highly significant for terrace 
for: plant height (F = 25.4806,36, H-F-L adjusted p = <0.0001); typi-
cal axial shoot length (F = 24.6903,18, H-F-L adjusted p = <0.0001); 
internodes per longest axial shoot (F = 34.7304,24, H-F-L adjusted p 
= <0.0001); and estimated mass (F = 20.9206,36, H-F-L adjusted p = 
<0.0001) (Table 1). Time for the 2008 growth data, was significant 
for terrace for: longest axial shoot length (F = 40.5704,24, H-F-L 
adjusted p = 0.0002); axial and lateral shoot number (F = 17.1003,18, 
H-F-L adjusted p = 0.0002); lamina length (F = 04.4606,30, H-F-L 
adjusted p = 0.0024); lamina width (F = 06.5806,30, H-F-L adjusted 
p = 0.0014); lamina width over lamina with petiole length (F = 
06.1606,30, H-F-L adjusted p = 0.0025); lamina with petiole length 
over lamina width (F = 04.1306,30, H-F-L adjusted p = 0.0171); and 
herbivory coded 0, 1 (F = 13.7506,18, H-F-L adjusted p = 0.0005) 
(Table 1).

Time for the 2009 growth data, was highly significant for ter-
race for steer manure for: longest axial shoot length (F = 33.6104,24, 
H-F-L adjusted p = <0.0001); typical axial shoot length (F = 
35.1004,24, H-F-L adjusted p = <0.0001); axial and lateral shoot 
number (F = 62.6004,24, H-F-L adjusted p = <0.0001); lamina length 
(F = 12.1304,24, H-F-L adjusted p = <0.0001); lamina with petiole 
length (F = 11.1504.24, H-F-L adjusted p = <0.0001); lamina width 
(F = 13.2104,24, H-F-L adjusted p = <0.0001); and herbivory coded 
both 0, 1 (F = 75.1104,24, H-F-L adjusted p = <0.0001) and 0-4 (F 
= 273.2404,24, H-F-L adjusted p = <0.0001) (Table 2). Time for the 
2009 growth data was significant for terrace for estimated mass (F 
= 08.8304,24, H-F-L adjusted p = 0.0190) (Table 2).   

For terrace, consistently significant results for growth through 
time between years were seen for longest and typical axial shoot 
length, axial and lateral shoot number up to 5 cm above the soil 
surface, lamina length without the petiole, lamina width, and her-
bivory coded 0, 1.  Time for the 2008 growth data for terrace was 
unusual for steer manure in that estimated mass was not signifi-
cant.

For all four of the independent measured variables, consistently 
significant results for growth through time between years was only 
seen for longest and typical axial shoot length, axial and lateral 
shoot numbers counted on stems up to 5 cm above the soil sur-
face, lamina length not including petiole length and lamina width.  
Each of these characters has both benefits and issues that might 
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limit their usefulness. Axial shoot measurements and counts re-
quired handling of and/or stretching out of increasingly viney 
stems. As the season progressed, vines became more rigid and 
handling them often resulted in breakage, potentially throw-
ing off subsequent measurement of length or shoot numbers.  
Counting shoots in the overlapping vines within 5 cm of the 
soil surface became difficult as well, as the vines obscured each 
other, or worse became entangled, with rearrangement risking 
more breakage.’ on above and below lines. Therefore, those 
characters are best used only in the first few weeks of growth, 
and at harvest. Lamina length and width characters appear very 
useful.  However, they may have little meaning individually or 
relative to plants at other sites, as leaves of both varieties appear 
capable of continuous growth, interspersed with plateaus which 
falsely appeared to be the maximum possible or typical size.  
Several times we thought we knew the top of the range of leaf 
sizes for the plant, yet under different lighting or fertilizer con-
ditions in the greenhouse, leaves would suddenly begin to grow 
again, exhibiting dramatic gains in size.  Some of these sudden 
and dramatic increases in leaf size only occurred after several 
years of consistent maximum leaf growth by an individual plant 
or group of plants in the greenhouse.  Also, new leaves are con-
stantly emerging all season along the multiple vines that form 
the crop’s adult habit. For these reasons, leaves typical in size 
for a plot were measured.  

The next best character for tracking growth through time was 
estimated mass, which only lacked significance for terrace and 
only in 2008. Estimated mass is often used as a measurement to 
track growth in agricultural studies. However, estimated mass 
can be a highly subjective measurement. Even if individual re-
searchers are consistent in how they measure estimated mass, 
other researchers may differ somewhat in method, making com-
parison between data sets from different workers less reliable 
for this character. Though the herbivory coded 0, 1 character 
also gave positive results through time, it did not clearly show 
a pattern that correlated with the levels of soil amendments.  
In addition, herbivory coded 0, 1 did not give positive results 
for COA, even though it did so both years for peat and steer 
manure separately, as well as for terrace.  Monitoring herbivory 
was most useful for paying attention to what fed on the plants. 
Several species of caterpillars voraciously consumed leaves, in-
cluding hawk moth caterpillars which often clung tightly to M. 
expansa vines, resisting removal by hand.

Interaction of Time with Independent Variables: Interac-
tion of time with COA for the 2008 growth data was signifi-
cant for plant height (F = 05.6418,24, H-F-L adjusted p = 0.0110) 
and estimated mass (F = 04.7418,24, H-F-L adjusted p = 0.0151) 
(Table 1). Interaction of time with steer manure for the 2008 
growth data was only significant and only for estimated mass 
(F = 04.3812,30, H-F-L adjusted p = 0.0230). Interaction of time 
with peat and with terrace for the 2008 growth data each had no 
significance (Table 1).  

Interaction of time with COA for the 2009 growth data was 
only highly significant for estimated mass (F = 21.1612,16, H-F-L 
adjusted p = 0.0001) (Table 2). Interaction of time with COA 
for the 2009 growth data was significant for typical axial shoot 
length (F = 04.7512,16, H-F-L adjusted p = 0.0023), axial and 

lateral shoot number (F = 05.6112,16, H-F-L adjusted p = 0.0095) 
and lamina length (F = 03.5312,16, H-F-L adjusted p = 0.0102) 
(Table 2).  

Interaction of time with peat for the 2009 growth data was 
also highly significant only for estimated mass (F = 24.4608,20, 
H-F-L adjusted p = <.0001) (Table 2). Interaction of time with 
peat for the 2009 growth data was significant for axial and lat-
eral shoot number (F = 05.3008,20, H-F-L adjusted p = 0.0222), 
lamina length (F = 04.0208,20, H-F-L adjusted p = 0.0055) and 
lamina with petiole length (F = 02.7608,20, H-F-L adjusted p = 
0.0355) (Table 2).

Interaction of time with steer manure growth data was only 
significant for estimated mass, for both 2008 (F = 04.3812,30, 
H-F-L adjusted p = 0.0230) (Table 1) and 2009 (F = 08.228,20, 
H-F-L adjusted p = 0.0023) (Table 2).

Interaction of time with COA, and with steer manure, were 
only consistently significant for both years for estimated mass.  
Interaction of time with peat was not consistently significant for 
estimated mass for both years, nor for any measured character.  
Interaction of time with terrace had no significant characters 
either year (Tables 1 and 2).

Individual growth characters for M. expansa were more 
meaningful when analyzed through time than when examined 
in the ANOVA results for treatment, or in the interactions be-
tween time and the independent variables.

Resolution of the General Question and Two Hypotheses

For the general question on growing M. expansa across the 
growing season, the expectation of failure was not met.  For the 
hypothesis on the peat application at the time of construction 
influencing growth, the null of no effect was rejected.  Peat in 
2008 had a slightly significant effect on herbivory, also a high 
significance for the interaction of peat with time for herbivory, 
and slight significance for the interaction of peat with time for 
the ratio of lamina width over the length of the lamina with the 
petiole included.  Peat in 2009 was slightly significant for the 
interaction of peat with time for both typical axial shoot length 
and axial shoot number.  For estimated mass, peat and peat’s 
interaction with time were highly significant in 2009.  Lamina 
length somewhat, and lamina with petiole length slightly, were 
significant for the interaction of peat with time for var. ‘L’ in 
2009.

For the hypothesis that the original steer manure application 
had an effect on the growth of var. ‘L‘ in the sand plots, the null 
of no effect was again rejected. The same outcome was seen 
for COA, though there was no COA hypothesis. Steer manure’s 
interaction with time for estimated mass in 2008, had a slightly 
significant effect on plant height and a highly significant inter-
action with time. Steer manure in 2009 had a slightly significant 
effect on estimated mass, and a highly significant effect on the 
interaction of estimated mass with time. 

Although no hypothesis was written for COA, that data 
was also analyzed. COA includes var. ‘L’ data from all plots 
containing only peat, or only steer manure, as well as from 
the 1P3S plots. COA in 2008 was slightly significant for plant 
height and extremely highly significant for its interaction with 
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time on plant height for var. ‘L’. COA interaction with time 
in 2009 was also somewhat significant for longest axial shoot 
length. COA interaction with time was highly significant for es-
timated mass in 2009. COA in 2009 was somewhat significant 
for lamina with petiole length.

Conclusions and Recommendations

Varieties ‘L’ and ‘T’ of M. expansa were shown to have 
grown in the northern temperate climate of southern Illinois 
even in very wet years.  Insight was also gleaned from our ob-
servations while growing the plants indoors and in the green-
house, into plant requirements and differences between the 
ways the two varieties grow.  Some significant differences were 
seen for the impact of the original soil treatments, though there 
were inconsistencies between years, and within and among lev-
els of soil amendment, for different measured characters.  

Harvest data allowed for comparison of the two varieties for 
weight gain.  Harvest data also gave information on wet-to-dry 
ratios above and below ground for each variety in 2009, and 
between 2008 and 2009 for var. ‘L’.  Harvest data indicated that 
var. ‘L’ had larger roots than var. ‘T’.  However, var. ‘L’ roots 
contained a higher percentage of water than those of var. ‘T’.  

Additional differences between the two varieties were in 
sensitivity to moisture, as well as the size of plants early in the 
season.  The volume of above-ground portions of var. ‘T’ ap-
peared to have caught up with var. ‘L’ towards the end of 2009.  
Var. ‘L’ seemed more tolerant to wet southern Illinois condi-
tions and produced more forage from early through mid-season, 

than var. ‘T’. Var. ‘T’ seems to be more drought tolerant than 
var. ‘L’.  These considerations concerning drought and flooding 
tolerance are based on multiple observations in both field and 
greenhouse, which varied in degree each year. In addition, by 
harvest time both years for var. ‘L’, fresh whole plant weights 
were several times heavier for the upper terrace over the middle 
terrace, in all-sand control plots. This resulted in very large SDs 
in graphs of both growth and harvest data for var. ‘L’ controls 
(Figures 4 and 5, Supplementary Figure 4).

Clones of each variety survived about ten years from the 
time they were first planted in the greenhouse in southern Il-
linois. This was in a less than hospitable climate for the crop, 
due to combined extreme heat and humidity in the summers 
(Angel, 2008, 2009, 2010a, 2010b; Carbondale Illinois Airport/
NOAA, 2008, 2009, 2010; Changnon and Black, 2009; Daily 
Republican, 2011; Kritzer Van Zant, 2016a Appendices B-2, 
B-3 and B-6).  Long survival times for serially grown clones are 
promising for several areas of long term research with the crop.  
This ability of M. expansa, to be clonally propagated in the field 
or greenhouse for extended periods, is similar to the ability of 
some cell types to withstand being passed to fresh media for 
generations, in that longevity and continuity are valuable traits 
for any model organism.  

M. expansa has a high possibility for being reclaimed as a 
highly valuable crop.  This is especially true as the search in-
tensifies for solutions to the impact of climate change upon ag-
riculture.  Funding is required to help this to happen.

Four recommendations are given, which address the useful-
ness of M. expansa as a modern agricultural crop.
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Figure 4. Chart of 2008 var. ‘L’ Harvest Weights Fresh & >30 Days Dry with SDs, grown in outdoor 
sand plots. x-axis: Treatments: Upper Terrace and Middle Terrace, Soil Amended plot types 5S, 3P, 1P3S 
and Control.  y-axis: Weights in kgs. Abbreviations: 5S, 5% steer manure; 3P, 3% peat; 1P3S, combined 
organic amendments 1% peat and 3% steer manure; Control was all sand.
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Figure 5.  Chart of 2009 var. ‘L’ Harvest Weights Fresh & Nine Days Dry with SDs, grown in outdoor 
sand plots. x-axis: Treatments: Upper Terrace and Middle Terrace, Soil Amended plot types Control, 3P, 
1P3S and 5S.  y-axis: Weights in kgs. Abbreviations: Control was all sand; 3P, 3% peat; 1P3S, combined 
organic amendments 1% peat and 3% steer manure; 5S, 5% steer manure.

Figure 6. Chart of 2009 var. ‘T’ Harvest Weights Fresh & Nine Days Dry with SDs, grown in outdoor 
sand plots. x-axis: Treatments: Upper Terrace and Middle Terrace, Soil Amended plot types 2P, 2% peat; 
4S, 4% steer manure.  y-axis: Weights in kgs.



First, more experiments are needed on a larger scale to ad-
dress best methods for growing M. expansa.  These experiments 
should additionally give a clearer picture of which growth char-
acteristics should be measured to track growth in the crop.  Sec-
ond, research on the crop’s complex genetics, epigenetics and 
possible ploidy issues should be funded.  Genetic research may 
add to the crop’s economic value.  Mirabilis can provide a fresh 
window into real time variation in expression on individuals, 
that is highly localized, and ongoing during the life of the plant.  
Third, nutrition and food-safety research should be funded for 
use of both M. expansa roots for human food, and the leaves 
and stems for forage and dry feed.  The plant is an excellent 
source of large amounts of amino acids, including all essen-
tial amino acids.  The roots and enlarged rhizomes also contain 
large amounts of minute starch grains.  Though we will present 
currently completed research on these topics in future papers, 
additional investigation is needed.  Fourth, there are likely bet-
ter places in North America and elsewhere to grow M. expansa 
than in southern Illinois. Areas with sandy and volcanic soils 
are probably best suited, though these results indicate soils can 
also be modified for these plants. Anywhere the crop can ob-
tain water through stems and leaves above ground or through 
rhizomes below ground, while the root zone remains dry, has 
potential for growing the crop. M. expansa is highly endan-
gered, as well as highly nutritious and drought resistant.  The 
crop should be grown at more sites as soon as possible, with 
monitoring to make sure it does not become invasive in specific 
ecosystems. M. expansa’s extreme sensitivity to standing water 
in soils, makes it unlikely to become widely, permanently, inva-
sive in the United States.
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Summary of Supplementary Materials

Supplementary Material includes a description of the ap-
pearance of M. expansa varieties ‘L’ and ‘T’, details on how 
the crop was grown in the greenhouse, additional details on 
field plot conditions including precipitation, information on the 
lyophilization of harvested material for subsequent nutritional 
research, positive exploratory data that did not apply directly to 
hypotheses in this paper, consideration of patterns of negative 
data, and additional discussion including consideration of har-
vest data.   Information included in the Supplementary Material 
may be useful to future growers of the crop.

Description of M. expansa Crop Varieties

Crop varieties of M. expansa appear as dense masses of fine 
vines, cascading outward more or less in a circle. This cascading 
appearance was less pronounced for both varieties in the short 
growing season of southern Illinois, in comparison with mature 
var. ‘T’ plants seen by Kritzer Van Zant in Ecuador. The wild 
type’s mature habit is reported as bush-like, in type descrip-
tions, regional keys, and in descriptions on herbarium sheets. 
Var. ‘L’ seed, var. ‘T’ rhizomes, and off-shoots from cuttings of 
both, in a greenhouse medium without extra fertilizer, emerged 
into a bush-like, branching habit.  In the presence of additional 
fertilizer, new growth from greenhouse cuttings could emerge 
as a rosette, later developing the bush-like habit. Stems nor-
mally develop into vines as the crop matures.  Both varieties 
‘L’ and ‘T’ have ovate or nearly-ovate leaves, and are more 
stable for leaf shape than wild M. expansa, which frequently 
has varied leaf shapes. Variety ‘L’ usually exhibits dark green 
foliage and stems, red-purple veins, flowers, and leaf and stem 
splotches, and its turmeric-colored root epidermis has a slightly 
sparkling crystalline appearance, at harvest. Variety ‘T’ usually 
exhibits lighter green leaves and stems, with white or creamy 
light green veins, flowers, and leaf splotches, and a non-crys-
talline light tan-colored root epidermis.  Roots of both varieties 
have light-colored starchy flesh internally. The relatively young 
age at harvest of southern Illinois field grown plants must be 
considered in matters of color.  Each variety can temporarily 
mimic the other for leaf and stem coloration, especially in the 
earliest stages of growth, no matter the method of propagation.  
However, red leaf veins on young var. ‘T’ plants are usually not 
as deeply colored as those on var. ‘L’ plants, and in most cases, 
red-veined var. ‘T’ plants soon revert to having lighter colored 
veins as they continue growing.

M. expansa is unusual for having both enlarged storage roots 
and rhizomes.  Root here refers to true root tissue, free of nodes.  
Rhizomes are enlarged underground stems and therefore have 
nodes.  Once enlarged with starch, roots and rhizomes become 
indistinguishable in appearance, even in cross-section, particu-
larly where they meet in the crown region of mature plants.  

Var. ‘L’ always gained size more quickly and exhibited greater 
harvest weights than var. ‘T’ in the southern Illinois outdoor 
sand plots.  Size differences between varieties were less obvi-
ous at all stages of growth in the greenhouse.

An extended description of M. expansa is in Kritzer Van 
Zant (2016a), along with information on crop distribution, 
greenhouse culturing, and cropping rationale for these plants.

Additional information on growing M. expansa in the Field 
and Greenhouse

Propagation in Greenhouses: Basic greenhouse media for 
maintaining stock of M. expansa consisted of equal amounts 
of perlite, vermiculite, and sand, plus 5-15% peat. Additions 
of 5-10% of the dense organic fertilizer vermifuge, increased 
moisture in the medium used to start cuttings. Vermifuge is 
denser than mushroom composted horse manure. This may be 
why it took a larger volume of mushroom composted horse ma-
nure to get the same level of moisture retention as from using 
a smaller volume of vermifuge. With addition of either fertil-
izer, it was necessary to remove plants from the mist within 
two weeks of starting them or they rotted away. Rotting usu-
ally occurred sooner for var. ‘T’ compared with var. ‘L’. Root 
remnants, usually disappeared overnight, when more mature 
plants became too wet in the greenhouse.  It appeared that rapid 
rotting of roots led to plant death.  Without using fertilizer, cut-
tings did not rot so easily but still did better if removed from the 
mist bench as soon as new leaf buds began to open.

Cuttings and Planting:  Most stock plants were started from 
stem cuttings in a base of equal amounts of perlite, vermicu-
lite, and sand, on a mist bench in the greenhouse, without heat-
ing pads.  Once plants had a few weeks off the mist bench, 
they were transplanted with 15% (v3/v3) peat, added to equal 
amounts of perlite, vermiculite, and sand.

Cuttings intended for field planting were started on the mist 
bench on 26 Feb 2008, 10 Jan 2009, and 10 Apr 2009. The 
Jan 2009 cuttings were started in a mixture of 80% 1:1:1 ver-
miculite: perlite: sand, with 20% (v3/v3) vermifuge [aka vermi-
compost], on the mist bench, without heating pads.  Red worms 
(Eisenia fetida) fed food waste at the vermifuge center at SIU-C 
(http://coas.siu.edu/research/university-farms-forest-research/
sustainability-center/vermicomposting.html), were the source 
of the vermifuge.

For each batch of cuttings, once new leaves appeared, plants 
were transferred from the mist bench to a dry bench where they 
received two to three days of daily watering.  After that they 
were watered infrequently, usually no more than twice a week.

In 2008, young var. ‘L’ plants grown from cuttings, were 
planted outdoors on 2 July and no replacements were made 
through the season.  Var. ‘T’ plants were first planted outside in 
2009.  Both varieties were planted into the outdoor sand plots 
in 2009.
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Experiment I was planted outside on 14 June 2009. Experi-
ment IV was planted outside on 15 June 2009.  Experiment IV 
had only var. ‘T’ plants.  Experiments I and IV were exclusively 
planted with, and replaced with, Apr 2009 cuttings. Experiment 
IV plants were used to obtain all harvest data for var. ‘T’ con-
sidered in the body of the paper. 

April cuttings were started after losing most of the January 
cuttings, probably the result of overwatering in the greenhouse.  
Fertilizers added to the January starting medium made it neces-
sary to greatly reduce time on the mist bench. Plants started in 
Feb 2008 and Apr 2009 did not receive vermifuge until they 
were removed from the mist bench. Cuttings planted outside 
in 2008 had roots that were better established at planting, com-
pared to those of the 2009 transplants.  

Prior to planting the original outdoor plantings in June 2009, 
cuttings of var. ‘L’ were arranged into three size classes—small, 
medium, and large. Distribution by size was randomized using 
Microsoft Excel (2007).  April 2009 cuttings had not developed 
roots sufficiently well to hang on to media when removed from 
starter pots, during the original planting. This was unlike root 
development in cuttings for the 2008 season.  

Either or both of two var. ‘T’ survivors from a mostly-failed 
January start for cuttings, and from April cuttings used as re-
placements in a failed experiment, may have been included 
in lyophilized material later submitted for out-sourced amino 
acid and cytotoxicity assays (Kritzer Van Zant 2016a). Details 
are available for the establishment of other cuttings in 2009 in 
Kritzer Van Zant (2016a). Because of planting discrepancies, 
statistical analyses were only made with var. ‘L’, considered 
separately by year, and averaged for each plot. 

Replacement of plants in the field: The first month’s data 

from Experiment I were taken from the original plants, planted 
on 20 June 2009.  The second month, data were taken for sur-
viving plants including 11 July replants on 19 July 2009.  No 
plants of either variety that died after 11 July 2009 were re-
placed.  Fifteen of the 44 var. ‘L’ plants originally planted in the 
field in 2009 were dead by the time the second measurements 
were taken on 19 July.  These numbers include the 32 var. ‘L’ 
plants in Experiment I.  The var. ‘L’ plants from Experiment I 
which had died by 19 July 2009 are: 4L (Tier I, 1P3S); 6L and 
7L (Tier II, 1P3S); 9L, 11L, 12L (Tier I, 3P); 15L (Tier II, 3P); 
21L, 23L (Tier II, 5S); 25L, 27L, 28L (Tier I, control); 30L, 
31L, 32L (Tier II, control). By 16 August var. ‘L’ plant 17L 
(Tier I, 5S) from Experiment I was also dead.  By 18 September 
the longest surviving var. ‘L’ plant in Experiment I, 2L (Tier I, 
1P3S), was dead. Data from the lost plants was excluded statis-
tically, as imbalances would have been created had they been 
included.’ for line above and two below.  

First measurements in 2009 were taken 20 June for Experi-
ment I, and 21 June for Experiment IV.  No plants were re-
placed from the time of the second measurement in July 2009, 
though losses continued to occur. Last measurements on surviv-
ing plants were taken in October both years. In 2008 there were 
no losses in either the upper or middle terrace and the lowest 
terrace was not planted with M. expansa. In Experiment I with 
all var. ‘L’, by 19 July 2009, plants were discovered to be miss-
ing while taking measurements from: the upper terrace—two 
lost from the control plot, three each from 1P3S and 3S, and 
one was lost from 5S; the middle terrace—three were lost from 
the control, one from 3P, and two from 5S. No additional plants 
were lost from Experiment I after 19 July 2009. In Experiment 
IV with only var. ‘T’, in addition to losses discovered 8 July and 
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Supplementary Table 1. 2008 harvest data for var. ‘L’ with averages for controls, amendments, and 
terraces.

Terrace Treatment Whole wet Whole dry Whole
Dry/fresh

Lf/stem
dry

Root
dry

Terrace Avg mid-all 2.9 kg 0.4 kg 15.4% 0.4 kg >0.1 kg
Terrace Avg upr-all 4.2 kg 0.7 kg 16.7% 0.6 kg 0.2 kg
Upr Control 3.1 kg 0.5 kg 16.8% 0.4 kg 0.1 kg
Mid Control 0.6 kg 0.1 kg 23.3% 0.1 kg >0.1 kg
Treatment Avg Control 1.9 kg 0.3 kg 17.9% 0.3 kg >0.01 kg
Upr 3P 4.4 kg 0.8 kg 17.5% 0.7 kg 0.1 kg
Mid 3P 4.1 kg 0.6 kg 15.3% 0.6 kg 0.1 kg
Treatment Avg 3P 4.2 kg 0.7 kg 16.4% 0.6 kg 0.1 kg
Upr 1P3S 3.6 kg 0.6 kg 15.8% 0.5 kg 0.2 kg
Mid 1P3S 2.9 kg 0.4 kg 15.1% 0.4 kg <0.1 kg
Treatment Avg 1P3S 3.2 kg 0.5 kg 15.3% 0.4 kg <0.1 kg
Upr 5S 5.8 kg 1.0 kg 16.9% 0.9 kg 0.8 kg
Mid 5S 4.0 kg 0.6 kg 14.7% 0.5 kg <0.1 kg
Treatment Avg 5S 4.9 kg 0.8 kg 16.0% 0.7 kg 0.4 kg
Notes: Averaged by treatment, 2 plants averaged, one harvested per plot; averaged by terrace, 4 plants
averaged, same individuals as for treatment; harvested roots were washed with sprayer hose, air dried 20 min,
weighed, then hung with ropes to dry in barn; numbers = % soil amendment; root—obvious rhizome
removed, transition zone retained; weights for wet were taken at time of harvest (16Oct2008); weights for dry
are from whole plants hung in barn (1Dec2008). Abbreviations in order of appearance: all, all treatments
included; avg, mean average; dry%fresh, dry weight as a percentage of fresh weight; lf/stem, leaf/stem = part
of plant growing above soil line; mid, middle terrace; P, peat; root, part of plant growing below soil line; S,
steer manure; upr, upper terrace.



soon replaced, one more plant was discovered dead on 16 Aug 
from the 4S upper terrace plot. In addition, another plant that 
had been suspected to be dead in the same plot on 8 July was 
missing without any remnant by 19 July.  That last plant was 
also not replaced.

Fertilizer: Individual plants, planted outdoors 2 July 2008 
and 1 July 2009, received one pint of mushroom composted 
horse manure at the time of planting.  In 2009, the same batch 
of manure was used to fertilize the plants.  However, by 2009 
the manure pile had been exposed to the elements and resultant 
leaching for an additional year.  Mushroom composted horse 
manure was added to each plant by first digging a small hole, 
then stirring the manure into the sand or using a little more sand 
to cover the manure, then placing cuttings on top.

Chemical fertilizers were not used.  M. expansa has potential 
as a superfood for the designer health product industry.  If the 
plants can be grown organically, they will have broader appeal 
for this market.  In 2008 leaves of the plants were treated at 
planting time with a natural latex-based commercial prepara-
tion, to reduce damage from pests.  Latex was applied because 
some of the young plants lost in 2007 in native soil had been 
badly damaged from herbivory, suspected to have been the 
work of small animals.  As the latex clogged a sprayer, it was 
hand applied. As a result, the substance was probably applied 
too thickly. As applying latex seemed to do more harm than 
good, it was not used again. Fortunately, most plants soon pro-

duced other leaves which were not treated, allowing them to 
survive.  

 Nitrogen - Plots were tested for nitrogen concentrations 
with samples taken from different plots and terraces in 2011.  
In 2012, a subset of these samples, from the first terrace, 
including the plot types for the repeated 2008 and 2009 ex-
periments, were submitted for nitrogen testing to the Soil and 
Plant Testing Laboratory at University of Missouri Extension 
(http://soilplantlab.missouri.edu/soil). Nitrogen concentra-
tions for different plots varied, though not in any pattern that 
correlated with plot amendments at the time of construction.  
No additional samples from these plots were tested further for 
nitrogen levels.

   Weeds and Weeding - Weedy species inhabiting plots 
varied sufficiently to show effects, carried over from the origi-
nal treatments. These differences in species communities, ap-
peared to be independent of whether the original additions of 
steer manure and peat were still present. Weed taxa present 
in each plot may indicate differences in aggregate structure 
and/or water-holding capacity of the plots. Weeding was done, 
with hand tools, when data were collected. Plants were weeded 
monthly in 2009 instead of bi-monthly as they had been in 
2008. More detail on plot differences can be found in Kritzer 
Van Zant (2016a) along with information on efforts to plant in 
native soils from 2007 to 2011.  

Fencing - Fencing varied from year to year and made little 
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Supplementary Table 2. 2009 harvest data for varieties ‘L’ and ‘T’ with averages for controls, amendments, 
and terraces.

Var. Terrace Treatment Whole 
plant wet

Whole
Plant dry

Dry
% fresh

Herbage
dry

Root
dry

Root lgth 
dry

Root Diam 
dry

L Terrace Avg mid-all 0.8 kg 0.3 kg 40.7% 0.3 kg 0.1 kg 28.8 cm 10.4 cm
L Terrace Avg upr-all 1.0 kg 0.4 kg 35.3% 0.3 kg <0.1 kg 31.3 cm 7.0 cm
L Upr Control 0.8 kg <0.1 kg 03.8% <0.1 kg <0.1 kg 26.6 cm 5.6 cm
L Mid Control 0.1 kg 0.1 kg 45.5% 0.03 kg <0.02 kg 21.5 cm 7.1 cm
L Treatment Avg Control 0.5 kg <0.1 kg 08.9% 0.02 kg <0.1 kg 24.1 cm 6.4 cm
L Upr 3P 1.0 kg 0.4 kg 42.3% 0.40 kg <0.1 kg 31.1 cm 7.0 cm
L Mid 3P 1.1 kg 0.4 kg 41.0% 0.39 kg <0.1 kg 36.7 cm 7.4 cm
L Treatment Avg 3P 1.0 kg 0.4 kg 41.4% 0.39 kg <0.1 kg 33.9 cm 7.2 cm
L Upr 1P3S 1.6 kg 0.8 kg 47.2% 0.70 kg 0.1 kg 38.0 cm 8.4 cm
L Mid 1P3S 1.4 kg 0.5 kg 39.4% 0.47 kg 0.1 kg 40.0 cm 8.5 cm
L Treatment Avg 1P3S 1.5 kg 0.7 kg 43.6% 0.58 kg 0.1 kg 39.0 cm 8.5 cm
L Upr 5S 0.6 kg 0.2 kg 36.5% 0.20 kg <0.1 kg 29.7 cm 6.9 cm
L Mid 5S 0.7 kg 0.3 kg 40.9% 0.24 kg 0.1 kg 17.0 cm 18.4 cm
L Treatment Avg 5S 0.7 kg 0.3 kg 38.8% 0.22 kg <0.1 kg 23.3 cm 12.7 cm
T Terrace Avg mid-all 0.3 kg 0.1 kg 50.0% 0.11 kg <0.1 kg 21.6 cm 7.0 cm
T Terrace Avg upr-all 0.1 kg <0.1 kg 40.0% 0.02 kg <0.1 kg 15.1 cm 4.4 cm
T Upr 2P † † † † † † †
T Mid 2P 0.2 kg 0.1 kg 42.1% 0.07 kg <0.1 kg 21.2 cm 5.6 cm
T Treatment Avg 2P 0.2 kg 0.1 kg 42.1% 0.07 kg <0.1 kg 21.2 cm 5.6 cm
T Upr 4S 0.1 kg <0.1 kg 40.0% 0.02 kg <0.1 kg 15.1 cm 4.4 cm
T Mid 4S 0.3 kg 0.2 kg 52.9% 0.15 kg <0.1 kg 21.9 cm 8.3 cm
T Treatment Avg 4S 0.2 kg 0.1 kg 50.0% 0.08 kg <0.1 kg 18.5 cm 6.4 cm

Notes: averaged by terrace, 4 plants averaged for var. 'L', 2 for var. 'T'†, same individuals as for treatment; averaged by
treatment, 2 plants averaged†, one harvested per plot; †exception—No var. 'T' plants survived past July 8, 2009, so no
harvest weight was given for 2% peat upper terrace; both varieties were barn dried to the 9th day after harvest when
weighed; harvested roots were washed with sprayer hose, air dried 20 min, weighed, then hung with ropes to dry in barn;
lengths and diameters of roots were measured on dry material; numbers = % soil amendment; root—obvious rhizome
removed, transition zone retained; var. 'L' harvest data is from experiment I in 2009. Var. 'T' harvest data is from
experiment IV Weights for wet taken at time of harvest (19Oct2008); weights for dry from whole plants hung in barn
(28Oct2008). Abbreviations in order of appearance: all, all treatments included; avg, mean average; dry%fresh, dry
weight as a percentage of fresh weight; leaf/stem, part of plant growing above soil line (lf/stem); mid, middle terrace; P,
peat; root, part of plant growing below soil line; S, steer manure; upr, upper terrace.
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Supplementary Figure 1. Chart of 2009 var. ‘L’ harvest root size nine days dry with SDs, grown in 
outdoor sand plots. x-axis: treatments: upper terrace and middle terrace, soil amended plot types control, 
3P, 1P3S, 5S.  y-axis: lengths in cms. Abbreviations: control was all sand; 3P, 3% peat; 1P3S, COA 1% 
peat and 3% steer manure; 5S, 5% steer manure.

Supplementary Figure 2. Chart of 2009 var. ‘T’ harvest root size nine days dry with SDs, grown in 
outdoor sand plots. x-axis: treatments: upper terrace and middle terrace, soil amended plot types 2P and 
4S. y-axis: lengths in cms. Abbreviations: 2P, 2% peat; 4S, 4% steer manure.
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Supplementary Figure 3. Chart of 2008 var. ‘L’ >30 days dry as a % of fresh weight with SDs, grown 
in outdoor sand plots. x-axis: Treatments: upper terrace and middle terrace, soil amended plot types 
control, 5S, 3P, 1P3S, control.  y-axis: percent. Abbreviations: 5S, 5% steer manure; 3P, 3% peat; 1P3S, 
combined organic amendments 1% peat and 3% steer manure; control was all sand.

Supplementary Figure 4. Chart of 2009 var. ‘L’  nine days dry as a % of fresh weight with SDs, grown 
in outdoor sand plots in 2009. x-axis: Treatments: upper terrace and middle terrace, soil amended plot 
types control, 3P, 1P3S, 5S. y-axis: percents. Abbreviations: control was all sand; 3P, 3% peat; 1P3S, 
combined organic amendments 1% peat and 3% steer manure; 5S, 5% steer manure.
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Supplementary Figure 5. Chart of 2009 var. ‘T’  nine days dry as a % of fresh weight with SDs, grown 
in outdoor sand plots in 2009. x-axis: Treatments: upper terrace and middle terrace, soil amended plot 
types control, 2P, 4S. y-axis: percent. Abbreviations: 2P, 2% peat; 4S, 4% steer manure.

difference within terraces. Plots used in Experiment I had been 
fenced early in the 2008 growing season and remained so in 
2009. More details on fencing for these years, as well as infor-
mation on native soil attempts from 2007 to 2011 are available 
(Kritzer Van Zant 2016a and 2016a).

Precipitation - Both 2008 and 2009 were among the wettest 
years recorded for southern Illinois as of 2009.  Precipitation 
data for southern Illinois, used to interpret our data, were taken 
from the Illinois State Water Survey Prairie Research Institute 
(Angel 2008, 2009, 2010a, 2010b).  Specific data for October 
from Carbondale Illinois Airport/NOAA (2008, 2009, 2010) 
were also examined. It should be considered that plants were no 
longer being measured after mid-October. The general precipi-
tation for southern Illinois averaged for each month in inches, 
as given for the 2008—2010 growing seasons from May to Oc-
tober shows: 2008—May 7.28, June 2.55, July 5.68, Aug 2.33, 
Sep 3.79, Oct 2.22; Total for season 23.85. 2009—May 6.81, 
June 4.57, July 5.59, Aug 3.57, Sep 3.32, Oct 10.59; Total for 
season 34.45.

Other than rain, water was given to plants outdoors only at 
the time of planting, if at all. More detailed information on pre-
cipitation is in Kritzer Van Zant (2016a and 2016a Appendix 
B-3). This includes summarization of published analyses of the 
significance of southern Illinois weather in the years when M. 
expansa was planted there (Angel 2010a, 2010b; Carbondale 
Illinois Airport/NOAA 2009; Changnon and Black 2009; Daily 
Republican 2011). Most final data for 2009 were taken 18 Oct.  
Details are in Kritzer Van Zant (2016a and 2016a Appendix 
B-3). Axial shoot data was taken 21 Oct after that data point 
was discovered to be missing during computer entry. Frost im-

pacted above-ground parts of plants by 18 Oct, partially wilting 
stems and leaves, and causing discoloration. Despite the slight 
frost, final measurements for 2009 are thought to be accurate. 

Lyophilization - Leaves with attached fine stems were ly-
ophilized for additional testing (Kritzer Van Zant 2016a and 
2016a Appendix B-3). Roots lyophilized for additional testing 
had attached epidermi and retained connected enlarged stems. 
One var. ‘L’ plant from each of four of the eight original soil 
treatments, 5S, 3P 1P3S, and the control, were lyophilized in 
2008. Harvested and lyophilized var. ‘T’ roots were from 2P 
and 4S plots in 2009. 

Plants of both varieties were brought into the greenhouses 
from field plots and transplanted into pots on 1 Nov 2009.  
These plants continued growing until processed for lyophiliza-
tion. They were repotted from the field at the HRC greenhouse, 
in media consisting of 40% vermiculite, 40% perlite, 15% peat 
and 5% vermifuge.  At first these plants dropped most of their 
leaves in the greenhouse.  Soon, most of them leafed out and 
appeared to thrive indoors.

Var. ‘T’ plants numbered T3, T8, and T10, all died in the 
greenhouse prior to harvest for lyophilization, leaving an 
above-ground portion in the pot. These three plants were not 
discarded until checked for root remnants at the time of harvest 
for lyophilization. When M. expansa dies it is rare to find any 
remnant of the roots. Of these three, only T8 (5S) had intact 
root remaining. This root remnant was stored in ethanol in a 
clear glass vial. Some of the root epidermis fell away during 
handling, exposing possible fibers in the transition zone be-
tween root and stem. Perhaps in the future T8 root remnants 
can be examined to identify which fungi and/or other micro-
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Supplementary Figure 6. Terrace plot map Horticultural Research Center (HRC) SIU-C, random 
blocks of 2 m x 4 m plots, repeating on three terraces. Each plot received one of eight levels of soil 
amendment. Tier 1 is the highest terrace, closest to the top of the hill, closest to the access road within 
HRC, and therefore closest to nearly daily human activity. Tier 1 is the site of the var. ‘L’ repeat ex-
periments in 2008 and 2009. Tier 3 is the lowest terrace along the hillside, most isolated from human 
activity, though closest to the road adjacent to and outside of HRC. Tier 3 is the site of the all var. 
‘T’ experiment, from which harvest data for var. ‘T’ was taken. Numbers indicate percentage of each 
soil amendment used for that plot at the time of construction. Abbreviations: P, peat; S, steer manure; 
zero, all-sand control.

organisms infected it, and/or whether there are possible fungal 
allies present.

In late winter/spring 2010, specimens were harvested in 
batches for lyophilization from the plants moved from the field 
into the greenhouse at the end of the 2009 growing season, be-
ginning 19 Feb 2010.  Methods for lyophilization are given in 
greater detail in Kritzer Van Zant (2016a).

Additional Descriptions of Positive Data and Strong Trends 
in Negative Data

Additional descriptions—ANOVAs 2008: Figures of plant 
height and longest axial shoot length for COA reveal that per-
cent increases for all treatments gradually increased over the 
all-sand controls (Figures 1 and 5; Kritzer Van Zant 2016a).

The 1% Peat combined with 3% Steer Manure treatment had 
the least effect on plant height until it increased to second place 
at the time of harvest in mid-October.  However, 1% Peat com-
bined with 3% Steer Manure retained the lowest increase over 
the control for longest axial shoot length through the season.

ANOVAs for the 2008 growth data, for the independent vari-
ables Steer Manure and Terrace were neither highly significant 
nor significant for any dependent variable (Table 1).

Additional descriptions—ANOVAs 2009: COA for lami-
na with petiole length exhibited a great deal of inconsistency 
through the growing season, though the control was lowest un-
til the time of harvest in mid-October (Kritzer Van Zant 2016a).  

ANOVAs for the 2009 growth data, for the independent vari-
ables peat and steer manure, were neither highly significant nor 
significant for any dependent variable (Table 2).  

The upper terrace consistently had more herbivory coded 0, 
1 through the growing season, though only slightly so in mid-
July and about 60% more than the middle terrace when differ-
ences were greatest. Greatest differences occurred at the time of 
harvest in mid-October (Figure 92 in Kritzer Van Zant 2016a).

Additional descriptions—Interaction of time with indepen-
dent variables 2008: Interaction of time with peat, steer manure, 
and terrace, for the 2008 growth data, had no significance for 
any dependent variable (Table 1).

Additional descriptions—Interaction of time with indepen-
dent variables 2009:  Interaction of time with COA for the 2009 
growth data was not highly significant for any dependent vari-
able.

Interaction of time with steer manure, and with terrace, for 
the 2009 growth data, was neither highly significant nor signifi-
cant for any independent variable (Table 2).

Discussion and Additional Points

Discussion, additional points—Cuttings: Poorer root de-
velopment of cuttings at the time of outdoor planting in 2009 
compared to 2008 was unsurprising. This is because most of the 
2009 transplants were younger at planting time than the 2008 
transplants had been. Adding vermifuge initially when starting 
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cuttings, was sometimes desirable when working with stock 
plants, as this often produced dense, bonsai-like habits in young 
plants, and faster initial growth.  However, the ability to toler-
ate the richer and wetter media appears to be relative to overall 
heat and humidity inside the greenhouse. In 2009, starting stock 
plants by using vermifuge when initiating cuttings in 2009 
seemed to have contributed to higher mortality in cuttings and 
less root development at the time of field planting, compared to 
2008.  Though replacements plants in 2009 had less time in the 
field than originally planted individuals, this discrepancy was 
somewhat cancelled out by the replacements having stronger 
roots when planted outside than their predecessors earlier in the 
same year.  Var. ‘L’ plants in the repeated experiments were not 
replaced, and no replacements were measured for harvest data 
for either variety. Therefore, replacements had no impact on the 
ANOVAs, or interpretation of harvest data.

Discussion, additional points—Field Growth Variables:  
At least some plants of each variety grew to maturity in at least 
one of each plot type utilized in both 2007 and 2008.

Lamina width over lamina with petiole length was signif-
icant for all four independent variables in 2008: COA; peat; 
steer manure; and terrace. The inverse relationship, lamina with 
petiole length over lamina width, was significant only for ter-
race, and only in 2008.  No other ratio data had significance for 
any variable. Lamina width over lamina with petiole length was 
not more informative than other characters. For these reasons, 
all ratios were dropped from analysis in 2009.  

Discussion, additional points—ANOVAs: ANOVAs for 
growth data for the independent variables steer manure in 2008 
and 2009, terrace in 2008, and peat in 2009, had no significance 
for any dependent variable. See discussion immediately above 
for consideration of terrace in ratio data.

Discussion, additional points—Interaction of time with in-
dependent variables: Interaction of time with any independent 
variable, for the growth data, was consistently not highly sig-
nificant, and consistently not significant between years, for any 
combination of independent and dependent variables. Interac-
tion of time with the independent variable peat, for the growth 
data, had no significance for any dependent variable in 2008.  
Interaction of time with either independent variable steer ma-
nure or terrace, for the growth data, were not significant for any 
dependent variable in 2008 or 2009. Thus, there was a consis-
tent lack of significance in 2008 and 2009 for the interaction of 
time with both independent variables steer Manure and terrace.

Discussion, additional points—Herbivory: Herbivory cod-
ed 0, 1 was not significant in 2008, for COA for time.  

Though Herbivory coded 0, 1 in 2008 and Herbivory coded 
0-4 in 2009 were both significant for peat for time, Herbivory 
coded 0, 1 in 2009 had no significance for peat.

Discussion, additional points—Harvest: Variety ‘L’ entire 
plants lost much more water weight during drying in 2008 than 
in 2009. This occurred, despite less rain across the 2008 grow-
ing season. This was true for entire plants from both the middle 
and upper terraces. There was an inverse relationship of water 
available in the final month of growth and water lost when var. 
‘L’ was dried. Extra rain in 2009 may have allowed var. ‘L’ to 
increase its solid mass even more than its water mass.  

Looking at the individual terraces for entire plant wet and 
dry weights, upper terrace whole wet plants in 2008 were about 
50% heavier than dried whole plants from the middle terrace 
for plots with the same soil amendments. These differences be-
tween 2008 and 2009 var. ‘L’ can be seen for every treatment 
for dry entire plant weights. For var. ‘L’ averaged entire dry 
plants, the control, 3P and 1P3S plots were about ¼ of a kilo 
heavier, and 5S plots were about ½ of a kilo heavier, in 2008 
compared to 2009.

For averaged entire plants in 2009, 2P plots of var. ‘T’ and 
3P plots of var. ‘L’, retained nearly the same percentage of dry-
to-wet mass in 2009. For averaged entire plants in 2009, 4S 
plots of var. ‘T’ retained 11% more mass upon drying than 5S 
plots of var. ‘L’. Comparing the all peat plots between variet-
ies in 2009 for the averaged dry weights of the harvested en-
tire plants, 3P grown var. ‘L’ weighed 0.4 kg, compared to 2P 
grown var. ’T’ which weighed less than 0.1 kg.  Comparing the 
all steer manure plots between varieties in 2009 for the aver-
aged dry weights of the harvested entire plants, 5S grown var. 
‘L’ weighed 0.3 kg, while 4S grown var. ‘T’ weighed less than 
½ of that weight at 0.1 kg.  

Averaged dry weights for leaves and stems for the upper ter-
race were nearly double those of the middle terrace in 2008. In 
2009, averaged weights for dried leaves and stems of var. ‘L’ 
were again greater for the upper terrace though much less than 
for 2008. For var. ‘T’ in 2009, the averaged dried leaves and 
stems weighed less for the upper terrace. This is the opposite 
of var. ‘L’ in 2009. Var. ‘T’ had much lower weights than var. 
‘L’ that year. Both varieties had considerable weight differences 
between terraces in 2009 for averaged dried roots.

In 2008 and 2009 dry leaf and stem material of each variety 
weighed more than dry root material with what appears to be 
a single exception (Supplementary Table 2). This was true for 
both terraces and all plot types tested. The seeming exception 
was for var. ‘L’ for control plots in 2009, which had the same 
averaged weight for dried leaf and stem as for dried root. Indi-
vidual plots and terraces on average were also higher for dry 
weights of leaf and stem over root, for both varieties in 2009.  

In 2008 for var. ‘L’, the heaviest averaged, dried, entire 
plant, leaf and stem, and root portions, were in the upper terrace 
relative to the middle terrace. In 2009 var. ‘L’ averaged, dried, 
entire plant, and dried leaf and stem portions, were both heavier 
again in the upper terrace.  However, the averaged dried root 
material of variety ‘L’ was heavier in the middle terrace as were 
the dried averaged entire plant, stem and leaf portion, and root 
portion, of var. ‘T’ in 2009. Therefore, heaviest dry weights by 
terrace in 2009, were mostly inversed for the two varieties. For 
var. ‘L’ in 2009 root lengths were longer on the upper terrace 
though for var. ‘T’ root lengths were longer on the middle ter-
race.  For both varieties in 2009 root diameters were wider on 
the middle terrace.

Averaged dried var. ‘L’ material in 2008, by plot type for 
both the dry entire plant and the dried leaf and stem portions, 
were heaviest in the 5S plots and lightest in the control plots.  

Averaged dried var. ‘L’ material in 2008 by plot type for the 
dried root portions was again heaviest in the 5S plots though 
lightest in both the control plots and 1P3S plots. Averaged dried 
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var. ‘L’ material in 2009 by plot type for the dry entire plant, 
leaf and stem portion, and root portion, was heaviest in the 
1P3S plots and lightest in the control plots.  

Thus the var. ‘L’ 2008 and 2009 material were somewhat 
similar in having the lightest dried root material primarily in the 
control plots.  However, there was a lack of resolution for why 
1P3S plots shared the lightest averaged weights with the con-
trol in 2008 yet had the heaviest averaged weights for the same 
variety in 2009.  Examining this in more detail, 1P3S plots in 
both the upper and middle terraces in 2008, had the lightest dry 
var. ‘L’ entire plants, leaf and stem portions, and root portions.  
For the 5S plots for var. ‘L’, whole dry plants, and dry leaf and 
stem portions, were lighter in both terraces in 2009.  However, 
the 5S plots for var. ‘L’ had root portions which were lighter in 
the middle terrace in 2008, though lighter in the upper terrace 
in 2009.

Averaged dried var. ‘T’ material in 2008 by plot type was 
heavier for the entire plant, leaf and stem portion, and root por-
tion, in the 4S plots over the 2P plots. This heaviest dry weight 
data for var. ‘T’ in 2009 was only similar to the var. ‘L’ harvest 
results for the all peat and all steer manure averaged plot types 
in 2008, which again contradicted the var. ‘L’ 2009 dry weight 
results.

For var. ‘L’ in 2009 averaged root length was longest in the 
1P3S plots and shortest in the 5S plots.  For var. ‘L’ in 2009 av-
eraged root diameter was greatest in the 5S plots and least in the 
control plots.  Thus, there was an inverse relationship for var. 
‘L’ in 2009 between root length and diameter in the 5S plots. 

For var. ‘T’ in 2009 averaged root length was longest in the 
2P plots and shortest in the 4S plots. For var. ‘T’ in 2009 aver-
aged root diameters were greatest in the 4S plots and least in 
the 2P plots. As the relationship for var. ‘T’ at harvest in 2009 
between root length and root diameter were in an inverse re-
lationship between the 2P and 4S plots, and as 5S for var. ‘L’ 

and 4S for var. ‘T’ were the densest plot types in this study, it 
appeared that denser, richer soils favored a shorter broader root 
shape for M. expansa. This may indicate that the shape of M. 
expansa roots can change along with changes in soil density. 

Harvest Data Complete Tables and Additional Graphs

Harvest Data Tables: There were insufficient harvest data 
for statistical analysis beyond presenting means from the same 
plot types and graphs of the data in these charts with error bars 
representing standard deviations. Most of this data are means 
from two plants unless only one plant was available for a partic-
ular plot type.  Eight figures are based on Supplementary Tables 
1 and 2. Three are in the body of the paper (Figures 4, 5, and 
6) show the relationships in kg between plot types and terraces 
with measurements taken at harvest time, respectively for var. 
‘L’ in 2008 (Figure 4), var. ‘L’ in 2009 (Figure 5), and var. ‘T’ 
in 2009 (Figure 6).  Additional figures based on these tables 
show the relationships for the same harvested plants measured 
in cm only in 2009, for variety ‘L’ (Supplementary Figure 1) 
and var. ‘T’ (Supplementary Figure 2). Charts showing percent-
age the differences in fresh and dry whole plant weights from 
these tables, are for var. ‘L’ in 2008 (Supplementary Figure 3), 
var. ‘L’ in 2009 (Supplementary Figure 4) and var. ‘T’ in 2009 
(Supplementary Figure 5). Where only one plant was avail-
able for harvest from a particular plot type, standard deviations 
could not be computed in the charts. 
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