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C. halicacabum (Sapindaceae) is an invasive plant that is considered a nuisance species 

in Texas riparian environments. Little is known of the tolerance of C. halicacabum to flooding 

and drought; however, this information may provide insight into the characteristics that 

contribute to C. halicacabum purported invasiveness. C. halicacabum seedlings (n = 92) were 

exposed to one of four levels of water availability (flooded, saturated, intermediate and dry) 

over six weeks under greenhouse conditions.  Plant performance was affected by water 

availability; however, there was no effect on survivorship. Flooded and saturated plants 

exhibited morphological adaptations; producing adventitious roots, hypertrophy, and 

aerenchyma tissue. Morphological measures, anatomical responses, and patterns of biomass 

allocation all indicate that C. halicacabum is able to survive periodic inundation, perform in 

saturation, and establish and thrive on the drier end of a moisture gradient.  
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INTRODUCTION 

Invasive Species 

The negative economic impact of all invasive species, in the United States is estimated 

to be $120 billion (Pimentel et al. 2005).  Invasive organisms threaten biodiversity (Wilcove et 

al. 1998, Williamson 1999, Schmitz and Simberloff 1997), and contribute to the decline of 

endangered species (Schmitz and Simberloff 1997, Armstrong 1995, Pimentel et al. 2005), 

displace native vegetation, alter landscape aesthetics, influence ecosystem functioning (Zedler 

and Kercher 2004),  impact crop production (Brighenti et al. 2003, Westbrooks 2004), and affect 

human recreation (Zedler and Kercher 2004). Exotic plants exceed the amount of destruction 

that is caused by other types of organisms (Schmitz and Simberloff 1997) and invasive plants 

are responsible for approximately $34 billion dollars of the total economic impact associated 

with invasive species (Pimentel et al. 2005).   Crop weeds are estimated to account for about 

78% of the economic impact attributed to invasive plants with a projected $24 billion for 

damages to crops and $3 billion for control (Pimentel et al. 2005). 

  

What is an Invasive Species? 

Although there are many definitions of an invasive species, most refer to native or non-

native species that may have negative economic or ecological impacts.  For instance, 

Richardson et al. (2000) define invasive species as “plants (not necessarily alien) that grow in 

sites where they are not wanted and which usually have detectable economic or environmental 

effects (synonyms: plant pests, harmful species; problem plants) (Richardson et al. 2000). The 

Texas Department of Agriculture (TDA) and Texas Invasive Plant Council (TIPC) define invasive 
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plants as “plant species that have serious potential to cause economic or ecological harm to the 

state” (Texas Department of Agriculture 2004).  This definition is similar to the one given by 

President Clinton in Executive Order 13112, which calls for a coordinated effort in management 

and a minimization of risk associated with invasive species (1999). 

 

Why Plants are Invasive 

The increased frequency and distance that we travel (Dukes and Mooney 1999), the 

advancing rate of habitat alteration and destruction, and anthropogenic (Tickner et al. 2001) 

and natural climate shifts (Dukes and Mooney 1999, Davis et al. 2000, Tickner et al. 2001), have 

created more invasion opportunities that have lead to an unprecedented rise in the incidence 

of invasion (Chapin et al. 2000, Mooney and Hobbs 2000, Chornesky and Randall 2003).  A 

critical component of the management of invasive alien species is researching their biological 

characteristics (Clements 2007).  The prediction, prevention or lessening the impact of invasion  

is then possible with an understanding of the biological characteristics that promote 

invasiveness (Johnston et al. 1979, Rejmánek 2000, Williamson 1999, Dukes and Mooney 1999, 

Tickner et al. 2001).   

Given global climate change, escalating frequency and duration of extreme weather 

patterns, and extremes in flood and drought, increased urbanization, and other factors that 

influence hydrological regimes makes understanding the biological thresholds of invaders 

essential to the modeling of potential distributions of these problematic species (Dukes and 

Mooney 1999, Tickner et al. 2001).   Studies of an organism’s response to flood and drought 

may be invaluable in predicting a species’ proliferation (Tickner et al. 2001). A “plastic 
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response” of an invasive species to abiotic stress like flood and drought have been identified as 

an important factor in promoting the success of an invader (see Baker 1974, Pimentel et al. 

2005, Sakai et al. 2001, Rejmánek et al. 2000, Tickner et al. 2001, Shafroth et al. 2002).    

Cardiospermum halicacabum (balloonvine) belongs to the Sapindaceae (soapberry) 

family, and is a prostrate climbing vine that may be up to 4 meters long (Johnston et al. 1979).  

In more tropical locations, it is a woody perennial; however in the United States, C. 

halicacabum occurs as an herbaceous annual (Heit 1974, Johnston et al. 1979, Hurst 1980). C. 

halicacabum was likely introduced as an ornamental (TIPC) to the lower 48 United States (USDA 

Plant Database 2008-2011). C. halicacabum is often found in disturbed areas (Diggs et al. 1999). 

The mechanism of dispersal, aside from human distribution, is through water (Hebbar et al. 

1993, Brighenti 2003).  C. halicacabum is known to invade flooded and disturbed areas (Crouch 

1997, Ison 1996, Noble and Murphy 1975), yet there is little known about specific adaptations it 

may exhibit under these conditions (TIPC 2008).   

The objective of this project is to quantify the anatomical (internal cellular) and 

morphological (external anatomy) responses of C. halicacabum to four levels of water 

availability.  The results from this project should have value to the Texas’ agricultural 

communities, seed producers, soybean farmers, and the invasive plant biology community at 

large since this information will provide quantifiable data on the characteristics that contribute 

to C. halicacabum’s invasiveness. 

 

Cardiospermum halicacabum 

The fruit and seed  (Figure 1A & 1B) of C. halicacabum account for some of its common 
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names, balloon vine, heart seed, heart seed vine, love-in-a-puff, frolitos (little lanterns), and 

heart pea.  The fruit (Figure 1A) is “inflated, green, pubescent, triangular capsule opening by 

locules, and is trilocular” (Johnston et al. 1979, Nair and Joseph 1960). The round seed (appx. 

5mm) is black and lined, roughly 1/3 of the surface, with a white heart shaped “finely porous, 

chordate spot at the micropyle” (Johnston et al. 1979, Hurst 1980).   The strength of the seed 

coat is hypothesized to extend the viability of the seed over time (Hurst 1980).  The leaves are 

alternate on the stem, compound, and comprised of 9 serrate leaflets (Figure 1D).  The petiole 

of the leaf is sheathed at the base by two lateral stipules (Figure 1E), anatomically containing 

four larger vascular bundles and four smaller bundles (Figure 1H)  (Nair and Joseph 1960).  The 

axis of the inflorescence contains two cirrhose tendrils (Figure 1G) which are subtended by a 

sterile bract and are lateral branches of the inflorescence (Nair and Joseph 1960, Dave and 

Sahah 1970; Figure 1H).  The bilaterally symmetrical flower of C. halicacabum (Figure 1H and 1I) 

is white and about 4mm long (Diggs et al. 1999).   

The medicinal applications and ethno-botanical properties of C. halicacabum comprise a 

majority of available literature.  C. halicacabum leaves can be used as a food source 

(Subramanyam et al. 2007) and in a recent study showed significant activity as an analgesic and 

as an antiulcer treatment (Muthumani et al. 2010). As an antifilarial, tested on the helimenth, 

Brugia pahangi, extracts in high concentration of C. halicacabum have a small but direct 

macrofilaricidal affect (Khunkitti et al. 2000).  While C. halicacabum is a problematic weed in 

some habitats, its purported rich remedial properties make it an attractive species to 

propagate.    
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Figure 1. The morphology of C. halicacabum. (A) fruit (B) seed (C) a cross section of an 
immature seed (D) leaf  (E) stipules at the petiole axis (F) a cross section of the petiole 
arrows depicting the eight vascular bundles (G) tendrils (H) inflorescence and (I) flower.  

 
Distribution 

C. halicacabum is found mostly in tropical and subtropical regions; however C. 

halicacabum is the only genus of the Sapindaceae family that extends into temperate climates 

(Chishom and Hopkins 1958).  According to the USDA Germplasm Resources Information 

Network (GRIN) website (2010) C. halicacabum is found globally in Africa, temperate and 

tropical Asia, North (Figure 2A) and South America as well as Fiji in the Pacific (Appendix C for a 

complete listing).  The Hawaiian Ecosystems at Risk (HEAR) website documents C. 
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halicacabum’s presence throughout the pacific archipelago as well as along the Pacific Rim in 

Australia, China, Ecuador, Guatemala, Honduras, Indonesia, Malaysia, Mexico, Panama, Peru, 

Thailand, and Vietnam (2011).  Its distribution through Texas (Figure 2B) is generally to the East 

and along the I-35 corridor.   

 

  

                                   A                                                                                 B   
Figure 2. United States Department of Agriculture map depicting the current known distribution 
of Cardiospermum halicacabum in the United States (A) as well as (B) its known distribution 
within the state of Texas. 
 

C. halicacabum in North Texas (Region 6) has a wetland indicator status of Facultative (FAC), 

and is “equally likely to occur in wetlands or non-wetlands though in other regions its 

considered a more upland species (USDA 2008) (Table 1).   

Table 1. Wetland indicator status of Cardiospermum halicacabum from the USDA Plant 
Database.  FACU = Facultative Upland, FAC = Facultative, NO = No Occurance, NI = No Indicator, 
UPL = Upland.  Regions  

Nat. Ind. Reg. 
1 

Reg. 
2 

Reg. 
3 

Reg. 
4 

Reg. 
5 

Reg. 
6 

Reg. 
7 

Reg. 
8 

Reg. 
9 

Reg. 
0 

Reg. 
A 

Reg. 
C 

Reg. 
H 

UPL,FAC FACU* FAC FAC NO FAC- FAC NI NO NO NO NO UPL UPL 

FACU = Facultative Upland, FAC = Facultative, NO = No Occurance, NI = No Indicator,UPL = 
Uplant Regions. 
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Known Invasiveness 

According to both the USDA plant database and USDA Germplasm Resources 

Information Network (GRIN), C. halicacabum is listed as being a noxious plant and or weed seed 

in multiple states (USDA 2011; Table 2).  Though native to both Brazil and India it is considered 

to be a weedy species there (Kumaran and Karunakaran 2006, USDA GRIN 2011, Brighenti and 

Voll 2003).  

Table 2. United States Department of Agriculture weed classification of Cardiospermum 
halicacabum and the Germplasm Resources List Including weed seed classification [ † = appears 
on both lists, * = terrestrial weed (GRIN) • = in seed(GRIN)]. 
 
USDA Plant Database 

State Classification 

Alabama Class C noxious weed1 

Arkansas Noxious Weed 

South Carolina Plant Pest 

Texas Noxious Plant 
 
USDA GRIN Database 

States 
Alabama†•* 
Arkansas†•* 
Delaware• 
Florida• 
Georgia• 
Kentucky• 
Louisiana• 
Maryland• 
Missouri• 

Mississippi• 
North Carolina• 
Oklahoma•* 
South Carolina†• 
Tennessee• 
Texas†•* 
Virginia• 

 

C. halicacabum has been described as a problematic species in soybean fields (Brighenti 

et al. 2003, TIPC 2008) where it has been shown to reduce crop yields by as much as 25.5% 
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(Souza and Machado 1997 as reported in Brighenti and Voll 2003) and is resistant to herbicides 

useful for soybean crop management (Brighenti and Voll 2003).  Soybean crops can be found in 

low lying floodplain areas where flooding is frequent (Henshaw et al. 2006) offering both an 

opportunity for distributing C. halicacabum and a disturbed environment in which it can 

establish.  Since the state of Texas is a large producer and exporter of soybean (Glycine max) 

seed, the TDA is concerned that C. halicacabum seeds will contaminate certified seed 

production (Bhatkar, personal comm.).  C. halicacabum seeds are similar to the size of G.max 

and are difficult to mechanically separate (Bhatkar, personal comm., Hurst 1980).  According 

the TDA’s Summary of Protection Regulations, not only is C. halicacabum a plant that is 

unlawful to own, its seed are at zero tolerance for limitations per pound as a tag-along in 

agriculture seed (Bhatkar, personal comm.).   

C. halicacabum has also been identified as posing a threat to riparian vegetation (TIPC).  

Following a six-week flood of a remnant bottomland hardwood forest along the Elm Fork of the 

Trinity River in Denton Texas, C. halicacabum was found to be one of the most prevalent 

species that established following flood water recession (Figure 3).  C. halicacabum is often 

seen establishing in wetland areas following disturbance and among the dominant vegetation 

in disturbed areas near the Tombigbee River, Alabama (Crouch and Golden 1997), the Arkansas 

mudflats within the St. Francis National Forest (Ison 1996), and along the Mississippi River in 

Louisiana (Noble and Murphy 1975). In Hemphill County, Texas it has been documented “in 

wooded areas near creeks in the sand hills and the river bottoms (Rowell 1957).  
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A B 

Figure 3. (A) Post flood in the Denton Greenbelt showing extensive colonization by 
C.halicacabum. Photo provided by Jordan Sloop. ( B) C. halicacabum in a plot along the Denton 
Greenbelt. Photo provide by Misty Wellner. 
 

Though moisture studies have been conducted on seeds to establish the effects of water 

availability on seed germination for C. halicacabum, data are lacking regarding the effect of 

water availability on the mature plant (Johnston et al. 1979).   

 

Plant Responses to Water Stress 

Water availability is the major determinant of plant community composition in wetlands 

(Blom et al. 1990, Jackson and Colmer 2005, Kozlowski 1984, Kercher and Zedler 2004, Tickner 

et al. 2001, Shafroth et al. 2002) with flooding and drought representing the extremes in 

riparian hydrological regimes.  Flooding or saturation of the soil rapidly leads to hypoxia and/or 

anoxia as the roots, microbes, and other aerobic organisms exhaust the remaining oxygen in 

the rhizosphere (Blom et al. 1990).  Adapting to hypoxia is the chief hurdle a plant faces in 

saturated or flooded conditions (Jackson and Colmer 2005).  To survive with limited oxygen, 
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plants must alter the way they acquire and manage gasses, make ATP, store carbohydrates, and 

deal with hormone concentrations (Kozlowski 1984).   Plants, invasive or otherwise, exhibit 

various responses to flooding.  Short term responses include formation of aerenchyma tissue to 

facilitate gas exchange, stomatal closure, reduced leaf production and reduction in above 

ground biomass.  Long term responses may include stunted growth as well as the production of 

adventitious roots, swelling (hypertrophy) of the stem, thinning of the cuticle, producing 

pneumatophores, and/or an increased shoot to root ratio (Cronk and Fennessy 2001, Kozlowski 

1984). Stunted growth and plant mortality can expected for flooded intolerant species (Jackson 

and Colmer 2005, Kozlowski 1997).  Drought stress on the other hand if extreme enough, can 

result in arrested plant growth and perhaps death (Yordanov et al. 2003).    

Morphologically plants respond to saturated and flooded conditions through the 

formation of adventitious roots (Blom et al. 1990) which are characteristic of wetland species 

(Seago et al. 2005).  These specialized roots are derived from the stem, forming laterally, 

replacing damaged or dead roots from the deeper anoxic soil layers.  The formation of 

adventitious roots allows a plant to acquire nutrients and water if the below ground roots 

system has been compromised by flooding (Stevens and Peterson 2007). Adventitious roots 

contain aerenchyma providing additional airspace for gas movement.  Additionally, adventitious 

roots aide in sequestering oxygen from the surrounding water, and allow byproducts of 

anaerobic respiration to be expelled (Cronk and Fennesy 2002).   The formation of the 

adventitious roots may be timed with the reopening of the stomata (Kozlowski 1984), allowing 

for greater gas exchange from the leaves and less threat of desiccation.  Several studies show a 
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negative plant response upon removal of adventitious roots; however, Stevens and Peterson 

found contradictory results (2007).  

Flooding can result in a reduction in above ground biomass due to the consumption of 

carbohydrates by the anaerobic root systems; indirectly linking the affect on root function to 

shoot morphology (Vartapetian and Jackson 1997, Blom et al. 1990).  Shoot height and dry 

weight is correlated with fitness in plants in disturbed environments (Shipley and Dion 1992, 

Stevens and Peterson 2007).   Flood stress may also negatively affect leaf initiation (Kozlowski 

1984).  Flood intolerant plants may exhibit an increased shoot to root ratio (Zedler and Kercher 

2004), though not necessarily adaptive and attributed mostly to a reduction in root mass 

(Kercher and Zedler 2004). Roots respond to flooding by shallow rooting near the surface where 

the soil is still oxygenated (Blom et al. 1990).   

The formation of aerenchyma, both in the shoots and the roots, is an important and 

representative anatomical adaptation for wetland species as well as those tolerant of wetland 

conditions (Jackson and Colmer 2005).  Aerenchyma forms in the roots and in the shoots 

establishing a contiguous network of airspace facilitating gas exchange from submerged plant 

tissues to the atmosphere.  Aerenchyma spaces allow the plant a means of expelling CO2 and 

ethylene to the shoot and allowing oxygen to diffuse to the anoxic zones in the root.   

Aerenchyma may appear in the cortical tissue of roots or in the cortex and pith of stems (Seago 

2005).  In the case of plants that undergo secondary growth an additional pathway linking the 

stem and root is found in the spongy phellem (bark) tissue (Stevens et al. 2002).  In some plants 

aerenchyma development is independent of environmental conditions and is termed 

constitutive aerenchyma, in other plants it may be induced by flooding and is termed 
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facultative aerenchyma (Cronk and Fennessy 2002).  In flood tolerant species aerenchyma 

formation may produce gas spaces in the order of 50-60% of the root area whereas in flood 

intolerant species this may account for less than 12% (Cronk and Fennessy 2001).  Lysigenous 

aerenchyma is the more common type; formed by cellular disintegration, reducing the number 

of cells in the airspaces (Seago et al. 2005).  Stem area may increase as a consequence of the 

aerenchyma formation (Cronk and Fennessy 2001).    This increase in area, hypertrophy, is a 

result of the cellular expansion from the formation of aerenchyma.   Other types of aerenchyma 

include schizogenous, organized airspace outlined by intact cells and expansigenous, 

intercellular spaces due to cell enlargement.  

Since the cortex of stems and roots is soughed off following the onset of secondary 

growth there is a break in the continuity of the air spaces in stems and roots of plants that 

become woody.  This continuity can be restored by the development of an additional pathway 

for gas transport that develops in the bark.  The lateral expansion of phellem cells in the bark 

produces a gas filled tissue and can lead to an increase in the stem area.  This increase may be a 

consequence of the aerenchyma formation (Stevens et al. 1997).   

 

Hypotheses 

I expect to see the greatest effect in the dry and flooded treatments.  Loss of soil 

moisture, scarcity of nutrients, and stomatal closure in dry treatments should result in a 

reduction in performance for some replicates and mortality in others.  Performance will be 

quantified in terms of plant height, dry above ground biomass, leaf count, tendril number, and 

floral production.  Saturated and intermediate plants are expected to be more optimal for plant 
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growth and will likely have no significant or detectable effect on the plant. I expect the extent 

of the root system to be inversely related to water availability and shoot to root ratios to be 

directly related to water availability. Adventitious roots are expected to develop on flooded 

stems. Cortical aerenchyma is anticipated in flooded roots while cortical and/or aerenchyma in 

the pith is expected in flooded stems. In tissues with secondary growth an aerenchymatous 

phellem and subsequent increase in stem diameter is expected. 
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MATERIALS AND METHODS 

Pre-Treatment 

 In the winter of 2007 seeds of C. halicacabum were hand collected from a large 

sampling area in the Denton Texas Greenbelt (Figure 4; 33°14’21.67N 97 02’84”W elevation 

525ft Google Earth 2010) and stored at room temperature.   One thousand seeds were used for 

this experiment.  

 

Figure 4. The Denton, Texas Greenbelt from Google Earth.  

 

To facilitate germination, the seeds were scarified in concentrated sulfuric acid (H2SO4) 

for two hours and neutralized with saturated sodium bicarbonate (NaHCO3) (Johnson et 

al. 1979).    Following scarification seeds were germinated on the surface of moist filter paper in 

sealed Petri dishes under greenhouse conditions (16/8 light dark cycle, 25° C).   Seeds were 



15 
 

transferred to 2.54 cm x 2.54 cm cells in seedling trays containing a 50% sand and native soil 

mixture.  The soil was collected from the Denton Greenbelt in an area vegetated with 

C.halicacabum.  The seedlings were grown under greenhouse conditions for ten days after 

which plant height was determined and the smallest and largest plants were eliminated. The 

remaining plants were randomly assigned (Microsoft Excel 2007) to one of four treatments 

(dry, intermediate, saturated, and flooded) with 23 replicates per treatment and the plants 

randomly assigned a location in the greenhouse.  The design was a completely randomized.  

The four water-level treatments were established in cylindrical mesocosms (30 cm height with a 

15 cm diameter).  Holes were drilled in each mesocosm to allow drainage of water at the 

desired level of treatment (Figure 5). The bottom of each mesocosm contained 3L of Turface 

®MVP® a sport turf conditioner that would allow for drainage from the bottom of the 

mesocosms, while providing a substrate that was large enough not to pour though the drain 

holes.  Ortho®EcoSense™ Brand Outdoor Insect Killer and Marathon 1% granular (OHP Inc 

2006) were applied once to control insects.  

Water was delivered to the mesocosms twice daily to maintain water levels.  Watering 

was supplemented weekly with 50 ml 1/64 strength Long Ashton nutrient solution (Hewitt 1966).  

Macronutrients contained in 1/64 strength Long Ashton nutrient solution are consistent with 

nutrient levels found in local watersheds.  Plants were grown for  6 weeks commencing July 26th 

2010.  Stem length was measured every other day. 



16 
 

 
Figure 5. The mesocosms setup for the water gradient study depicting the location of 
the treatment water drainage holes.  Each mesocosm fitted with PVC pipe connected to 
a water source with ¼ gph emitters from a carbon filter.  Each mesocosm filled with a 
Turface ®MVP®, sand and soil mixture.   

 

 
Harvest 

 
Figure 6.  The progression of the harvest.  
 

Harvesting (Figure 6) began after six weeks exposure and was completed within a 26 

hour period.  Final plant height, leaf number, tendril count and flower number were obtained 

prior to harvest.  All above ground biomass was severed from the root systems, separated, 

bagged, and dried at 80°C for 72 hours.  In all 92 plants, the bottom 8 cm section of stem were 
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fixed and preserved in 50% ethanol for anatomical study. Stem dry mass values were 

extrapolated ro total dry stem  =  (average mass of the stem) x 8cm + remaining dry stem mass.    

To obtain  roots, each mesocosm was carefully emptied on a series of mesh screens and soil 

washed from the roots.   Seven samples per treatment were fixed and stored in 50% ethanol for 

anatomical study.   The remaining roots were dried with the above ground matter.  Dry weights 

of roots and shoots were determined to the 0.001g for all plants.  To quantify root length, 

entire root systems were spread out on a 44x32cm plastic tray and scanned using an Epson 

Expression 100000XL color photo scanner.  Digitized images were imported into WinRHIZO Pro 

V.2007c (Regent Instruments Inc. Quebec City, Quebec) and root length quantified in mm.  

   

Stem Anatomy 

Hand sections were obtained from three locations along the stem for 12 plants per 

treatment (n = 48). Locations of hand section [0cm, 3.5cm, and 7cm] were chosen to represent 

the soil and stem junction, the area near the water line, and a third area above the water level.    

Sections stained with 0.05% toluidine blue O (TBO) (Parker et al. 1982) in an aqueous solution 

of 1% sodium tetraborate solution (Rutzin 1999) and images obtained using a Zeiss Stemi 200-C 

dissecting microscope equipped with a Zeiss AxioCamMRC-5.   

 

Image Analysis 

Digitized images were imported into AxioVision Micro Imaging Software v.4.8.2.0 for 

analysis (Zeiss 2006-2010).  The imaging software was calibrated using a stage micrometer 

(1mm/0.01mm divisions).   Total stem area, the relative area of the aerenchyma in the pith, the 
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relative pith area, the relative amount of secondary xylem area, and the relative area of the 

region containing the vascular bundle, cortex and epidermis collectively called bark, were 

quantified from stem sections (7A).  In the lateral roots (Figure 7B) total root area, total area of 

the stele, the area of the cortex and relative area of aerenchyma to cortex were quantified from 

hand sections.  Total area of the woody root 3cm below the soil line (Figure 7C), relative 

amount of cortex and relative amount of xylem were quantified from hand sections.  

  
A B 

 

 
Figure 7. C. halicacabum over four treatments 
of water availability, (A) hand section of the 
stem, (B) hand sections of lateral roots and (C) 
woody roots sectioned at 3cm below the soil 
line. All hand sections stained with 0.05% 
toluidine blue O (TBO).  Measured areas 
separated by color. Areas outlined; (A) Red = 
aerenchyma, Green = pith, Blue = secondary 
xylem, and Magenta = vascular bundle, cortex 
and epidermis. (B) [Red = stele, Green = cortex 
Light Blue = aerenchyma] (C) [blue = xylem 
Red = Epidermis]. 

C 

0.05mm 0.2 mm 

0.1 mm 
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Root Anatomy 

In order to determine the effects of treatments on woody roots and lateral roots, hand 

sections were taken from 3 cm below the soil line on the root and from several randomly 

obtained lateral roots.  Sections were stained as above. Specimens were viewed at 100x 

magnification using a Zeiss Axio Scope A-1 light microscope and then images were captured as 

above.   

 

Data Analysis 

The effect of treatments, time and the interaction of treatments x time on plant height 

were assessed using a two-way analysis of variance (ANOVA) with PROC MIXED in SAS (SAS 

Institute Cary, NC).  To meet the assumptions of normality and equal variance, the analysis was 

conducted on ranked data.  Patterns of resource allocation shoot and root morphology were 

analyzed with one-way ANOVAs with PROC mixed in SAS.  To meet the assumptions of 

normality and equal variance the following transformations were applied, log [root mass, final 

leaf count], square root [final flower count], and reciprocal [relative area of the cortex in the 

woody root].  Subsampled lateral roots were analyzed using a one-way ANOVA with PROC 

MIXED in SAS.  To meet the assumptions of normality and equal variance the relative area of 

aerenchyma to cortex area in the lateral roots was square root transformed.   A log 

transformation was used for total area of the stele.  Ranked data were analyzed for the total 

cortex area and the total area of stele in the lateral roots.  Internal stem data were analyzed 

using a two-way ANOVA in SAS with treatment and location as the main effect and treatment 

by location as the interaction effect.  To meet the assumptions of normality and equal variance 
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the analysis of total lysigenous aerenchyma relative to the area of the pith and relative area of 

secondary xylem was conducted on ranked data.  The relative area of the bark (vascular bundle, 

cortex, and epidermis) to total area was transformed using a reciprocal transformation.    Total 

stem area was analyzed using the area relative to the total plant height.  To determine if there 

was a treatment effect on the presence of aerenchymatous roots, a chi square contingency test 

was calculated. Statistical decisions were based upon α = 0.05.  Upon identification of 

significant treatment or interaction effects multiple comparisons were conducted using a 

Bonferroni’s correction was used to separate means.  For ease of interpretation graphs are 

presented with the raw means and standard error. 
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RESULTS 

Overall Results 

There was no mortality of the 92 plants over the six-week treatment.  Although plant 

performance was significantly affected, plants among all treatments continued to grow and 

produce leaves, tendrils, and flowers.  

 

Repeated Measures 

There were detectable effects of water availability on plant height (Figure 8).  

 

Figure 8. Plant heights of C. halicacabum plants grown under four levels of water availability 
(dry, intermediate, saturated and flooded) for 43 days.  Numbers in the plot area indicate 
separation of means ANOVA p <  0.05. Means are presented ± standard error. After 15 days 
(label 1) plant height in the dry treatment was significantly greater than that in the saturated 
and flooded treatments. After 17 days (label 2) plant height in the intermediate treatment was 
significantly greater than that in the saturated and flooded treatments. After 31 days (label 3) 
the plant height in the saturated treatment was identified as significantly greater than that in 
the flooded treatment. 
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After fifteen days of exposure plant height in the  dry treatment was significantly greater than 

the saturated and flooded treatments (p <   0.05).  On day seventeen mean plant height in the 

intermediate treatment was significantly greater than the saturated and flooded treatments.  

After thirty-one days plant height in the saturated treatment was significantly higher than the 

flooded treatment (p <  0.05).  There were no significant differences in plant height between 

the dry and intermediate treatment throughout the experiment.   

 

Morphology 

Total plant dry weight, above ground dry weight, root dry weight, and leaf dry weight 

were significantly greater in intermediate and dry treatments compared to the flooded and 

saturated treatments (Figure 9).   

              

 

 
 
Figure  9. Dry total plant 
mass (n = 64), dry above 
ground mass (n = 92), dry 
root mass (n = 92), and leaf 
mass (n = 92) of C. 
halicacabum plants grown 
under four levels of water 
availability [F = flooded, S =  
saturated, I = intermediate, 
D = dry] after six weeks. 
Different letters indicate 
significant differences 
among treatment means (p 
<  0.05). Means are 
presented + standard error. 
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Total plant dry weight and root dry weight were significantly greater in the saturated treatment 

compared to the flooded treatment, whereas there was no detectable difference in leaf dry 

weight and above ground mass between the flooded and saturated treatments. 

             Leaf and flower numbers differed among levels of water availability (Figure 10).  Both 

were greatest in the intermediate treatment followed by the dry and saturated treatment and 

lastly the flooded treatments.  Tendril count was greatest in the intermediate and dry 

treatments and lowest in the flooded treatments.  

 
Figure 10.  Mean final counts for leaves, flowers and tendrils (n = 92) of C. halicacabum plants 
grown under four levels of water availability [F = flooded, S = Saturated, I = Intermediate, D = 
Dry]. Different letters indicate significant difference among treatment means from an ANOVA 
(p <  0.05).  Means are presented + standard error.  Data from the final leaf count were log 
transformed, final flower count square root transformed.  
 
             Dry tissue shoot-to-root ratios tended to decrease with decreasing water availability 

(Figure 11, p <  0.05).  Shoot to root ratios were significantly higher in the flooded treatment 
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compared to all other treatments.  The dry treatment had a significantly lower shoot to root 

ratio compared to the saturated treatment.   

 
Figure 11. Mean dry shoot to root ratios of C. halicacabum plants (n = 64) grown under four 
levels of water availability.  Different letters indicate differences among treatment means from 
a Bonferroni’s correction for multiple comparisons (α 0.008).  Means presented + standard 
error. 
 

             Adventitious roots formed across treatments (Figure 12) and the frequency decreased 

with decreasing water availability.  All twenty-three replicates in the flooded treatment 

produced adventitious roots.  Seven of the saturated, four intermediate and two dry treatment 

plants also produced adventitious roots.  The presence of adventitious roots was significantly 

contingent upon water availability in C. halicacabum (χ2 contingency test χ2 = 56.4 p <   0.001). 
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A B 

  
C D 

Figure 12. Adventitious root development in C. halicacabum plants subjected to flooded and 
saturated soils. (A) early flooded, (B) early saturation, (C) late flooding and (D) late saturation.  
Specimen D appears to have produced wood.  Arrows indicate adventitious roots. 
 

            Root length was greatest in the dry treatments followed by the intermediate treatment 

(Figure 13).  Root length was lowest in, and did not differ significantly between the flooded and 

saturated treatment.  
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Figure 13. Root lengths (mm) of C. halicacabum plants grown under four levels of water 
availability for 6 weeks [Flooded, Saturated, Intermediate, Dry].  Different letters indicate 
significant differences among treatment means (p <  0.05) Means are presented + standard 
error. 
 

Stem Anatomy 

             Total stem area relative to plant height was significantly affected by location along the 

stem, treatments and the interaction of treatment x location.  Total stem area decreased with 

an increased distance up the stem (Figure 14).  By location, flooded treatment stems were not 

significantly different at 0 cm or at 3.5cm.  At the 0cm, plants in the flooded treatment, 

saturated treatment were significantly greater than the dry treatment.  At the 3.5 cm up the 

stem the relative area of the stem was significantly greater in the flooded treatment compared 

to all other treatment means.  There were no significant differences in relative stem area 7 cm 

up the stem. 
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Figure 14. Total stem area relative to plant height of C. halicacabum plants subjected to four 
levels of water availability. Numbers indicate significant differences among treatments within 
a location (p < 0.05), letters indicate significant differences in treatment means among 
locations within treatments (p < 0.05). All means are presented ± SE. 
 

             The relative area of bark significantly differed among locations and treatments (Figure 

15). Flooded plants had a higher percentage of bark compared to all other treatments.  While 

the relative area of the bark in the saturated treatment was significantly greater than the dry 

and intermediate treatments, there was no significant difference in relative area of the bark 

between dry and intermediate treatments.  At 0 cm the relative area of the bark was 

significantly greater than that at 3.5 cm and 7 cm.  There were no significant differences in the 

relative area of the bark between locations 3.5 and 7 cm up the stem.  



28 
 

 
Figure 15. Bark relative to total stem area of C. halicacabum plants subjected to four levels of 
water availability. All means are presented ± SE. 
 

             The relative area of the secondary xylem (Figure 16) was significantly affected by 

treatment, location, and the treatment x location interaction.  The relative amount of 

secondary xylem decreased up stem for dry, intermediate, and saturated treatments, but not in 

flooded treatment.  At the stem 0cm mark,   the dry and intermediate treatments had the 

greatest relative amount of secondary xylem, followed by the saturated and the flooded 

treatments.  At 3.5 cm and at 7 cm up the stem the relative amount of secondary xylem in the 

dry and intermediate treatments was significantly different than that in the flooded and 

saturated treatments.  
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Figure 16. Secondary xylem area relative to total stem area of C. halicacabum plants 
subjected to four levels of water availability. Numbers indicate significant differences among 
treatments within a location (p < 0.05), letters indicate significant differences in treatment 
means among locations within treatments (p < 0.05). All means are presented ± SE. 
 

            The relative pith to the total stem area (Figure 17) was significantly affected by location, 

treatment and the treatment x location interaction.  At 0 cm and at 3.5 cm of the plant there 

were no detectable differences in the relative area of the pith among treatments.  At a distance 

of 7 cm up the stem the saturated treatment had the greatest relative area of the pith 

compared to intermediate and dry treatments.  In all levels of water availability the relative 

area of the pith was greatest at 3.5 and 7 cm up the stem compared to 0 cm.   
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Figure 17. Pith area relative to total stem area of C. halicacabum plants subjected to four 
levels of water availability. Numbers indicate significant differences among treatments within 
a location (p < 0.05); letters indicate significant differences in treatment means among 
locations within treatments (p < 0.05). All means are presented ± SE. 
 

             The relative area of the aerenchyma to the total stem area (Figure 18) was significantly 

affected by location and the treatment by location interaction.  The relative amount of 

aerenchyma was greater at the 0 cm location and decreased moving up the stem.  Saturated 

treatments were significantly different in all three locations.  
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Figure 18. Aerenchyma relative to the area of the pith of C. halicacabum plants subjected to 
four levels of water availability. Numbers indicate significant differences among treatments 
within a location (p < 0.05), letters indicate significant differences in treatment means among 
locations within treatments (p < 0.05). All means are presented ± SE. 
 

 

Root Anatomy 

Total cross sectional area of the woody root was significantly affected by treatment 

(Figure 19).   Total cross sectional area was greatest among the intermediate and dry 

treatments compared to the saturated and flooded treatments.  There was no significant 

difference to total cross sectional area between flooded and saturated treatments or between 

the intermediate and dry treatments.    
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Figure 19. Total surface area (mm2) of the woody roots of C. halicacabum at the 3cm below 
the soil line. Plants analyzed were grown under four levels of water availability [Flooded n = 
6, Saturated n = 6, Intermediate n = 7, Dry n = 7].    Different letters indicate significant 
differences among treatment means from a Bonferroni’s correction for multiple comparisons. 
Means are presented + standard error. 
 

The relative amount of secondary xylem and the relative amount of bark per total 

woody root area (Figure 20) were significantly affected by water availability.  The relative cross 

sectional area of the xylem was smaller in flooded and saturated treatments compared to the 

intermediate or dry treatments.  The relative amount of secondary xylem in the flooded and 

saturated treatments were not significantly different, however this was greater in the dry 

treatment compared to the intermediate treatment. The relative amounts of bark were 

greatest in the flooded and saturated treatments compared to the dry treatment and the 

relative amount of bark was significantly greater in the intermediate compared to the dry 

treatment.   
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Figure 20. Relative amounts of secondary xylem and bark relative to total root cross sectional 
area in roots of C. halicacabum  grown under four levels of water availability [F = Flooded n = 
6, S = Saturated n = 6, I = Intermediate n = 7, D = Dry n = 7].  Different letters indicate 
significant differences among treatment means (p < 0.05). Means are presented + standard 
error. 
 

  
A B 
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C D 

Figure 21. Hand sections of lateral roots stained with 0.05% toluidine blue O (TBO) and 
photographed from a light microscope.  C. halicacabum roots are from the (A) dry, (B) 
intermediate, (C) saturated, and (D) flooded treatment.  
 

Total cross sectional area of the lateral roots (Figure 21), area was significantly lower in 

the dry treatment compared to the saturated and flooded treatment (Figure 22).   

 
Figure 22. Total cross sectional area lateral roots of C. halicacabum grown under four levels 
of water availability [Flooded n = 34, Saturated n = 36, Intermediate n = 35, Dry n = 33].  
Different letters indicate significant differences among treatment means (p <  0.05). Means 
are presented + standard error. 
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Both the cross sectional area of the stele and the cross sectional area of the cortex (p = 

0.0002) were significantly affected by water availability (Figure 23).  The cross sectional area of 

the stele was significantly lower in the dry treatment compared to all other treatments, while 

there was no significant differences in cross sectional area between flooded, saturated and 

intermediate treatments.  The cross sectional area of the cortex area was significantly lower in 

the dry treatment compared to the flooded and saturated treatments while the intermediate 

treatment did not differ significantly from the dry treatment of the flooded and saturated 

treatments.  

 

Figure 23. Cross sectional area of the stele and cortex  in hand sections of the lateral roots of 
C. halicacabum grown under four levels of water availability [F = Flooded n = 34, S = 
Saturated n = 36, I = Intermediate n = 35, D = Dry n = 33]. Different letters indicate significant 
differences among treatment means (p < 0.05). Means are presented + standard error. 
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All treatments produced aerenchyma tissue (Figure 24).  The relative amount of 

aerenchyma was significantly greater in the flooded treatment compared to the intermediate 

treatment.  

 
Figure 24. Cross sectional area of aerenchyma tissue in hand sections of the lateral roots of C. 
halicacabum grown under four levels of water availability [F  =  Flooded n  =  34, S = Saturated 
n = 36, I = Intermediate n = 35, D = Dry n = 33]. Different letters indicate significant 
differences among treatment means (p <  0.05). Means are presented + standard error. 
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DISCUSSION 

Cardiospermum halicacabum plants that were subjected to flooding adapted and 

survived the inundated and the flooded conditions with no mortality.  Yet morphological 

measures, anatomical responses, and patterns of biomass allocation all indicate that C. 

halicacabum’s performance is influenced by hydrology.  Effects of flooded soils on plant height 

were detectable within fifteen days of treatment initiation.  

Due to the growth habits of C. halicacabum and the limited greenhouse space it was not 

possible to continue the experiment until plants had produced seeds.  Consequently fitness was 

not measured directly.  Fitness, however, was estimated by quantifying the effects of water 

availability on other variables.  The number of flowers produced, plant height and above 

ground dry weight are established correlates of fitness (Shipley and Dion 1992, Stevens and 

Peterson 2007, Kercher and Zedler 2004).  Furthermore, since tendril production signals the 

committal of a shoot meristem to switch from vegetative growth to flower production (Nair and 

Joseph 1960, Dave and Sah 1970), the number of tendrils produced is an additional measure of 

potential reproductive effort.  All fitness estimates indicated a reduced fitness in the flooded 

and saturated treatments compared to intermediate and dry treatments.  In the 

aforementioned measures of plant performance, intermediate treatment means were only 

significantly greater than dry treatment means in floral count.  Since floral count is a more 

direct indicator of fitness than plant height, shoot weight and tendril count, these results 

indicate that of the water levels utilized in this study, the intermediate level of water availability 

represents the optimal level of soil saturation for C. halicacabum growth.   
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Plant roots function in anchorage, storage, and the acquisition of water and nutrients 

(Esau 2006).  The allocation of resources to roots and shoots varies among species and is 

dependent on water and nutrient availability (Olff et al. 1990).  Plants growing under conditions 

of nutrient or water deficiency will often allocate more resources to root production than 

plants growing in water and nutrient rich conditions (Cronk and Fennessy 2001, Kozlowski 

1984).  The increased investment in the root system allows the plant to explore a greater 

volume of the soil.  The shift in resource allocation is reflected in shoot to dry weight ratios.  

Plants exposed to flooded or saturated soils often display a reduced root system compared to 

plants in drained conditions and an increased shoot to root ratio (Cronk and Fennessy 2001, 

Kozlowski 1984).  Although widely cited as an adaptation to flooded conditions, it is not clear 

that these shifts in patterns of resource allocations are adaptations or constraints placed upon 

root growth.  C. halicacabum exhibited an increased shoot to root ratio, reduced root biomass 

and length, and shallow roots in the flooded treatments.  These results are consistent with 

studies of flood response in other plant species (Blom 1990, Cronk and Fennessy 2001, Kercher 

and Zedler 2004), Kozlowski 1984).  The shift in biomass accumulation from the roots to shoots 

in flood intolerant species can be dramatic with shoot to root ratios as high as 16 in flood 

intolerant species (Kercher and Zedler 2004).  In contrast shoot to root ratios in flooded C. 

halicacabum plants were just above 6.  In the dry treatments shoot to root ratios were about 

2.5.  Although there were no detectable differences in root biomass or shoot to root ratios in 

the dry and intermediate treatment, the greater root length in the dry treatment suggests a 

greater investment in foraging in the dry treatment that is consistent with water deficit.  The 

reduced root system in the flooded and saturated treatments accompanied by reduced fitness 
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in these treatments suggests that the root growth is constrained in the flooded and saturated 

soils and that the reduction is not an adaption to these conditions.   

All flooded C. halicacabum plants produced adventitious roots.   The presence of 

adventitious roots is widely cited as an adaption to flooded soils and is characteristic of many 

wetland plants (Blom 1990, Stevens and Pederson 2007, Cronk and Fennesy 2002, Vartapetian 

and Jackson 1996).  Adventitious roots provide an alternative pathway to below ground roots 

for acquiring resources in flooded plants (Stevens and Pederson 2007) and can assume the role 

of the primary root system under flooded conditions.  They may also play a role in the 

acquisition of oxygen in flooded environments (Jackson and Colmer 2005).  The significance of 

adventitious roots, along with a functional below ground root system is in question.  Stevens 

and Peterson (2007) removed the adventitious roots from Lytrhurm salicaria and did not 

observe a significant reduction in plant performance.  In contrast, others have found a marked 

reduction in performance when adventitious roots are removed from flooded Solanum 

lycopersicum and Helianthus sp. (Jackson 1955).  Additional manipulative studies are needed to 

determine the fate of C. halicacabum plants subjected to adventitious root removal and further 

elucidate the role of adventitious roots in flood tolerance.   

The diameter at the base of the stem was greatest in the flooded and saturated plants. 

The increased diameter was localized and restricted to submerged or wet areas of the stem. 

While stem diameter was significantly greater in the flooded plants on submerged parts of the 

stem, there was no difference in stem diameter among treatments at a location 7 cm up the 

stem, a height that exceeded the level of water in the mesocoms. A similar increase in stem 

diameter as a result of flooding was noted in Lythrum salicaria (Stevens et al. 2002). The 
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increased diameter was shown to be the result of the development of an aerenchymatous 

phellem that provided a pathway for oxygen to be transported to submerged parts of the plant 

in regions that have undergone secondary growth (Stevens et al. 1997). The increase in the 

relative area of the bark in flooded C. halicacabum plants is consistent with the development of 

an aerenchymatous phellem, although, if present, it did not have the distinctive structure noted 

in other flood tolerant wetland species (Stevens et al. 1997, Lempe et al. 2008).  

Aerenchyma was found in stems and lateral roots, but not in the woody roots. The presence of 

aerenchyma is common in wetland plants and the induction of aerenchyma production is a well 

documented response to flooding in wetland and upland plant species (Blom et al.1990, Zedler 

and Kercher 2004). Aerenchyma was found in the pith of the stems, but the amount of 

aerenchyma was not related to water availability. It is questionable, therefore, if this represents 

an adaptation to flooding or is a simply a natural occurrence in the pith resulting from the 

death of the pith parenchyma cells after the onset of secondary growth. Aerenchyma was 

expected in the lateral roots of flooded and saturated plants with an absence or significant 

reduction in the amount of aerenchyma in plants grown under intermediate and dry conditions. 

While there was significantly less aerenchyma produced in the intermediate treatments 

compared to the flooded treatment, there was a substantial amount of aerenchyma produced 

in plants in the dry treatment. No trace of aerenchyma was found in the woody roots. Since the 

cortex is sloughed during secondary growth for oxygen to be transported to submerged roots in 

primary growth, it must pass through intercellular spaces in areas in which secondary growth 

has occurred (Stevens et al. 2007). The significance of an aerenchymatous pith, aerenchyma in 

roots of plants in the dry treatment, and the potential for oxygen transport through the woody 
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roots is unclear, this information is needed for a comprehensive understanding of the 

mechanisms of flood and drought tolerance in C. halicacabum.  

According to Johnson et al. (1979) C. halicacabum was prolific during wetter springs but 

less ubiquitous in the drier conditions.  Unpublished field observations have noted similar 

infestations of this weed.  Given the data, it is reasonable to hypothesize that C. halicacabum 

exhibits a tolerance to flooding that may give it a competitive advantage following floods in 

comparison to native vegetation.  In times of less hydrological influence, it may have less of an 

advantage.  This may be as a result of evolutionary timing.  This plant is prolific in India and 

perhaps evolutionarily predispositioned to endure the wet monsoon season through its plastic 

response to flooding and then survive drought through its long lived seed.  There is a paucity of 

competition studies, particularly in riparian communities and they are not only important but a 

“neglected area of ecological research” (Tickner et al. 2001).   

This study indicates that C. halicacabum is capable of surviving prolonged flood and 

drought stress.  While flooding and drawdown are common practices in weed control, this data 

suggests that these approaches would not be an effective method for treating areas infested 

with C. halicacabum.  The morphological and anatomical responses induced by flooding and 

drought confirm Baker’s (1974) qualification that weedy species are plastic in response to 

environmental stress.  While this study gives insight into C. halicacabum’s ability to withstand 

extreme hydrological conditions, which should result in a greater understanding of how to 

eradicate this weed from targeted areas, further research is required to fully understand the 

mechanisms of flood tolerance in this species.  
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APPENDIX A 

DISTRIBUTION OF C. halicacabum IN UNITED STATES FROM THE USDA PLANTS DATABASE
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APPENDIX B  

DISTRIBUTION OF C. halicacabum IN TEXAS FROM THE USDA PLANTS DATABASE
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APPENDIX C 

DISTRIBUTIONAL RANGE
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FROM THE GRIN WEBSITE:  http://www.ars-grin.gov/cgi-bin/npgs/html/taxon.pl?9014#dist 

AFRICA  
Northeast Tropical Africa: Eritrea; Ethiopia; Somalia 
East Tropical Africa: Kenya; Tanzania; Uganda 
West-Central Tropical Africa: Equatorial Guinea - Bioko 
West Tropical Africa: Ghana; Guinea; Guinea-
Bissau; Liberia; Mali; Nigeria; Senegal; Sierra Leone; Togo 
South Tropical Africa: Angola; Malawi; Mozambique; Zambia; Zimbabwe 
Southern Africa: Botswana; Namibia; South Africa - Eastern Cape, KwaZulu-Natal, 
Limpopo, Mpumalanga; Swaziland 
Western Indian Ocean: Seychelles 

ASIA-TEMPERATE  
Arabian Peninsula: Oman; Yemen 
China: China 

ASIA-TROPICAL  
Indian Subcontinent: India; Nepal; Pakistan; Sri Lanka 
Indo-China: Indochina; Myanmar; Thailand 
Malesia: Indonesia; Malaysia; Papua New Guinea; Philippines 

NORTHERN AMERICA  
Mexico 

PACIFIC  
Southwestern Pacific: Fiji 

SOUTHERN AMERICA  
Mesoamerica: Guatemala; Honduras; Panama 
Caribbean: Antigua and 
Barbuda; Bahamas; Barbados; Cuba; Dominica; Grenada; Guadeloupe; Jamaica; Martiniq
ue; Montserrat; Netherlands Antilles; Puerto Rico; St. Kitts and Nevis - St. Kitts; St. 
Lucia; St. Vincent and Grenadines; Virgin Islands (U.S.) 
Northern South America: French Guiana; Guyana; Suriname; Venezuela 
Brazil: Brazil 
Western South America: Bolivia; Ecuador; Peru 
Southern South America: Argentina; Chile; Paraguay; Uruguay 
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APPENDIX D 

ANOVA TABLES



 
 

Table D.1 Summary of repeated measures assessing the effects of water availability on 
plant height a two-way analysis of variance (ANOVA) time and plant height on the growth 
of C. halicacabum over a six week period. 
Response 
Variable 

Treatment  Day  Day x Treatment 

 F PValue  F PValue  F PValue 
Shoot height 26.43      <  .0001  652.25      <  .0001  11.64      <  .0001 
Significant effects (p <  0.05) in bold 

Table D.2 Summary of resource allocation, shoot and root morphology assessing the 
effects of water availability one-way analysis of variance (ANOVA) time and plant height 
on the growth of C. halicacabum over a six week period. 
Response Variable           Treatment 

 F PValue  

Final tendril count 106.38      <  .0001  

Inflorescence Dry Mass 220.78      <  .0001  

Dry Leaf Mass 89.75       <  .0001  

Leaf Count log(y) 103.59      <  .0001  

Flower Count sqrt(y) 100.49      <  .0001  

Dry Shoot to Root Ratio 12.85      <  .0001  

Dry Above ground Mass 86.09      <  .0001  

Dry Root Mass log(y) 74.85      <  .0001  

Dry Total Plant Mass 108.53      <  .0001  

Woody Root Cortex 
relative to area 1/y 

28.06      <  .0001  

Woody Root Xylem 
relative to area y2 

28.79      <  .0001  

Significant effects (p <  0.05) in bold 
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Table D.3 Summary of repeated measures assessing the effects of water availability on 
the stem in a two-way analysis of variance (ANOVA) treatment and location  on the 
growth of C. halicacabum over a six week period. 
Response 
Variable 

Treatment  Location  Treatment x Location 

 F PValue  F PValue  F PValue 

Relative area 
of lysigenous 
aerenchyma 
to pith area 

1.51     0.2158  48.57      <  .0001  2.38         0.0326 

Relative area 
of pith to 
total stem 
area 

5.82     0.0019  146.58      <  .0001  2.40     0.0421 

Relative area 
of secondary 
xylem to 
total stem 
area 

111.32      <  
.0001 

 43.53      <  .0001  2.55     0.0234 

Relative are 
of bark to 
total stem 
area (1/y) 

57.73      <  
.0001 

 77.38      <  .0001  1.97     0.0750 

Stem area 
relative to 
plant height 

8.35     0.0002  53.37      <  .0001  2.43     0.0404 

Significant effects (p <  0.05) in bold 
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Table D.4 Summary of lateral root anatomy assessing the effects of water availability one-
way analysis of variance (ANOVA) using the random option in SAS on the growth of C. 
halicacabum over a six week period. 
Response Variable           Treatment 

 F PValue  

Lateral Root Area 9.57     0.0002  

Lateral Root Cortex 
(Ranked) 

9.64     0.0002  

Lateral Root Stele log(y) 8.75     0.0004  

Significant effects (p <  0.05) in bold 
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