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Hygrophila polysperma is a plant native to Asia that has been introduced into the 

Comal River, TX and is thriving while Ludwigia repens, a species native to the river 

appears to be declining. Both plants have similar morphologies and occupy similar 

habitats in the river. Two plant competition experiments were conducted to examine the 

competitive interactions between the two species. First, an experimental design was 

developed in which established Ludwigia plants were 'invaded' by sprigs of Hygrophila to 

determine if established Ludwigia populations would be negatively impacted by invasion. 

The second experiment focused on establishment and growth of sprigs of each species 

under three competition scenarios. 

Results show that the continued growth of well-established Ludwigia plants was 

significantly depressed by the invasion of Hygrophila in comparison with those that had 

not been invaded. Furthermore, the growth of Hygrophila sprigs was uninhibited by the 

presence of Ludwigia, but the presence of Hygrophila negatively impacted the growth of 

Ludwigia sprigs. There was no difference in the growth of Hygrophila sprigs whether 

planted alone, with Ludwigia sprigs or even if planted into stands of established Ludwigia. 
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INTRODUCTION 

The Comal River, in New Braunfels, Texas, is a 5 km long river that flows from 

the Edwards aquifer. Mean daily discharge for the Comal River was 340 cubic feet per 

second in 1998 (U.S. Geological Survey in Texas, 1999). The clear water and shallow 

nature of the river provides an optimum condition for a diverse plant community, which, 

turn provide habitat for many species, including the endangered fountain darter 

(Etheostoma fonticola) (Linham et al, 1993). In addition to providing cover and habitat 

for feeding and reproduction of fish (Engel, 1985), aquatic plants often improve water 

quality by stabilizing the sediment and improving water clarity (Carpenter and Lodge, 

1986). 

Along with many native plants that can be managed for a variety of aquatic 

there are a few aggressive, exotic plants that are difficult to control. Fortunately, 

competitive native plants are capable of successfully competing with weedy exotics. 

Previous experiments have been conducted on the establishment of native aquatic plants to 

delay the spread of exotics. Native species which appear to be effective competitors 

include Vallisneria americana (Vallisneria)(Smart et al. 1994; Smart, 1992; Smart, 1993) 

and Potamogeton americanus (American pondweed )(McCreary et. al., 1991), both of 

which inhibit the growth of Hydrilla verticillata (Hydrilla). Nelumbo lutea (American 

lotus) also appears to inhibit the growth of Myriophyllum spicatum (Eurasian water 

milfoil)(Doyle and Smart, 1995). 

Hygrophila polysperma (Hygrophila), of the family Acanthaceae, has been 

growing wild in Florida since its introduction into Florida's canals around 1950. 

uses, 

some 



2 

Hygrophila creates problems in South Florida, especially when it grows emergent 

(Vandiver 1980). Many problems are caused by a dense surface mat of plants, such as a 

diminished exchange of gasses and water, and loss of biodiversity (Smart, 1992). 

However, in the Comal River, Hygrophila rarely grows emergent since there is an 

adequate supply of C02 in the water. Instead, it usually grows submersed, so many 

problems associated with this weedy exotic in South Florida are not exhibited in the 

Comal River. In flowing systems, Hygrophila is capable of producing a 3 to 5-fold 

increase in biomass over a period of six weeks when turnover rates are 1 to 5 times per 

hour (van Dijk et. aL 1986). In the same study, Hydrilla produced only a 2-fold increase in 

biomass. 

As a very successful nuisance plant in parts of the United States, Hygrophila's 

growth characteristics are well known. It exhibits three growth forms; submerged, 

partially submerged, or emergent (Botts et al. 1990). In addition, it prefers acidic 

conditions with pH vales of 5 to 7. It's leaves are adapted to draw C02 directly from 

water or the atmosphere (Bowes, 1987). Although not densely branched, Hygrophila is 

capable of growing at water depths greater than two meters, and then forming a dense 

canopy of emergent leaves at the water's surface. Hygrophila produces many adventitious 

roots at the nodes (Bowes, 1982), which provide the plant with a successful vegetative 

reproductive strategy through fragmentation. With low light saturation and compensation 

points, it is capable of positive net photosynthesis at low light levels while many other 

aquatic plants are showing a net loss through respiratory processes (Spencer and Bowes, 

1984). Another well-adapted growth characteristic is a lack of seasonality in biomass, 



which allows it to grow perennially (van Dijk et. aL 1986). 

Ludwigia repens, (Ludwigia) of the family Onagraceae, is a plant that is 

morphologically similar to Hygrophila in many respects. As a native plant, which rarely 

causes a management problem, little is known about the growth characteristics of this 

plant. However, from personal observation, Ludwigia, like Hygrophila, produces 

adventitious roots from nodes, and likely reproduces effectively via fragmentation. Also, 

like most species of this genus, it is capable of growing submerged, partially submerged or 

emergent. In the Comal, both species usually grow in the submersed form. 

Ludwigia is similar to Hygrophila in leaf morphology and coloration, which can 

range from pale to dark green to red or brown in both species. The underside of the leaf 

of Hygrophila is generally a metallic, shiny pale green, while the underside of Ludwigia's 

leaves is usually red. Unfortunately, this color difference is not a diagnostic characteristic 

to distinguish the species, since new Ludwigia leaves often have the same color on the 

underside as Hygrophila leaves. Leaf morphology, upon close examination, can also help 

in the identification of these two plants; Hygrophila has longer lanceate leaves in contrast 

to Ludwigia's more teardrop shaped leaves. 

Competition occurs when two plants attempt to use the same resources at the 

same time (Grime, 1979). The Comal River affords many resources conducive to aquatic 

plant growth, such as a low pH, C02 saturation, and clear water allowing ample light 

penetration. The species that is better adapted to capture these resources and exclude the 

other species will presumably be the better competitor in this situation. 

This project focuses on interspecific competition of Hygrophila and Ludwigia, two 
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plant species of importance to the Comal River. Currently, twenty percent of the river's 

total area is occupied by Hygrophila, more than any other plant species occurring in the 

river. In contrast, Ludwigia is found in less than one percent of the river (Doyle, 

unpublished data). The goal of this study was to quantity competitive interactions 

between Hygrophila and Ludwigia to determine if Ludwigia is susceptible to invasion by 

Hygrophila. 

S t u d y °bJ e c t i v e s- The objectives of this study were to determine the reliability of the 

following statements: 

Total mass, below ground to above ground ratio, and total number of stems is not 

different between un-invaded established Ludwigia and invaded established Ludwigia. 

When colonizing an empty habitat, total mass, below ground to above ground ratio, 

maximum stem length, total number of stems, total number of branches and the number of 

branches per stem are not different between sprigs of Hygrophila and Ludwigia. 

Among three competition scenarios with increasing competitive stress (no competition, 

competition with sprigs of the other species, and competition with established plants of the 

other species), total mass, below ground to above ground ratio, maximum stem length, 

total number of stems, total number of branches and the number of branches per stem are 

not different between sprigs of each species 
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When sprigs of the two species are directly competing for resources, total mass, below 

ground to above ground ratio, maximum stem length, total number of stems, total number 

of branches and the number of branches per stem are not different between Hygrophila 

and Ludwigia. 

MATERIALS AND METHODS 

Experimental Design. To address these hypotheses, an experimental design was 

constructed that consisted of two separate experiments (Table 1). The first experiment 

explored how established (T0) Ludwigia could compete with an invasion of Hygrophila 

sprigs. The second experiment focused on sprigs (T.) of each species growing under three 

competition scenarios. 

In the first experiment, T0 Ludwigia plants consisted of two 15 cm sprigs that were 

planted in mid December, 1997, and were well-established by March, 1998 (Figure 1). Tj 

plants consisted of two 15 cm sprigs that were planted on March 12, 1998 at the 

beginning of the experimental period. Harvest occurred on June 4, twelve weeks after the 

beginning of the experimental period. 

Initial Plant Cultures. T0 plant cultures were grown under greenhouse conditions at the 

Lewisville Aquatic Ecosystem Research Facility (LAERF) Lewisville, TX. For initial 

culture of T0 plants, over 200 pots containing fine-textured, heat-sterilized sediment from 

the LAERF ponds were sprigged with two 15 cm apical tips each. These sprigs had been 

collected from the Comal River. To ensure that the plants would rapidly establish on these 



characteristically nitrogen limited sediments (Smart, 1995), ammonium sulfite was added 

to the sediment. The sediment prepared by adding the following proportions to a mortar 

mixer: 1.6 g ammonium sulfite, 5 gal water, and 10 gal chy, heat sterilized pond 

sediment. This mixture was homogenized and used to fill 0.95 L pots to about 80% 

capacity. A thick layer of sand was layered on the surface of the pond sediment to prevent 

^suspension of the fine-textured sediment and to deter algal growth in the greenhouse 

tanks. Half of the pots were planted with only Hygrophila, and the other half contained 

only Ludwigia. The species were cultured in separate tanks for three months to allow the 

sprigs to become well-established plants. Conditions for the growth phase attempted to 

mimic the chemical characteristics of the Comal River by amending the water with CO, 

bubbling through a diffuser providing about a 10X increase over ambient levels of CO, 

(Smart and Barko, 1984). C02 addition was adequate to maintain pH levels of -7.2. 

Alkalinity was adjusted to 225 ppm by modifying a formula for culture solution containing 

91.7 mg L"' CaCl2-2H20,69.0 mg V' MgS04-7H20 58.4 mg L ' NaHC03, and 15.4 mg L ' 

KHC03 (Smart and Barko, 1986) to keep the same proportions of each chemical while 

giving rise to a greater alkalinity. Due to short day length, a characteristic of winter at this 

latitude, light was augmented with portable halogen lamps that were set on a 13:11 light 

to dark ratio. There was no attempt to mimic the water exchange rate afforded by the 

Comal River. 

Experimental Setup. After three months, plants were transported to experimental 

raceways at the Southwest Texas State University (SWTSU) campus in San Marcos 

6 



Texas. Water chemistry in the raceways flowing from the Edwards aquifer into the San 

Marcos River closely resembles that of the Comal River. The San Marcos River has a 

water chemistry comparable to the Comal, except slightly higher conductance and 

alkalinity (Doyle, unpublished data), and several characteristics that make it ideal for 

aquatic plant growth (Table 2). These characteristics include water flowing from a 

limestone aquifer, which is high in C02, and a constant pH of approximately 7.0. In 

addition, a constant temperature and high flow also make the river a good place to culture 

plants (Groeger et. al. 1997). 

The experiments were set up in 30 gallon, white plastic, open-head drums (45 cm 

diameter, 70 cm tall) arranged within a raceway on the campus of SWTSU (Figure 2). 

The raceway at SWTSU is 2 m wide and 40 m long, and oriented in a north/south 

direction. The walls are 96 cm tall at the north end of the experiment and 113 cm tall at 

the south end. A dam was erected in the middle of the raceway to attempt to maintain a 

more constant water depth, since the uncorrected gradient was 17 cm from the first tank 

(30 gallon drum) to the last tank. Each tank housed 6 pots, and represented a single 

experimental unit (Figure 2). There were six treatments and each was replicated five 

times. The thirty experimental units were arranged into five blocks; three blocks were 

upstream of the dam and two were downstream. Water was circulated through the tanks 

by means of airlifts fashioned from PVC pipe that produced flows around 1.8 L min> 

(Figure 3). Water turnover in the tanks occurred approximately once every hour. Black 

shadecloth providing a 40% light reduction was stretched across the raceway to prevent 

the plants from going through the stress of being exposed to direct sunlight after being in 
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culture for three months, ami to minimize algal growth. Since the plants were collected 

from a location with a substantial canopy, a 40% reduction of direct sunlight would not 

impact their continued growth 

When the T0 plants were moved to San Marcos, the 72 most vigorous Ludwigia 

plants, and the 42 most vigorous Hygrophila plants were selected for the experiment. 

From these, twelve plants of each species were randomly harvested to document the initial 

conditions. Data gathered from these T0 plants were above ground mass, below ground 

mass, and total number of rooted stems. At the beginning of the experimental period, 

Hygrophila sprigs were collected from the nearby San Marcos River, and Ludwigia was 

collected from both the San Marcos River and an adjacent raceway. Sprigs were paired 

and fifteen pairs of each species were randomly selected at the time of the planting to 

document the size of the T, sprigs at the beginning of the experimental period. 

Remaining sprigs were randomly paired and planted into the appropriate pots. Half of the 

T° L u d w i § i a ( L u d To) remained un-invaded, while the other half were invaded by planting 

two Hygrophila sprigs (Lud T0 and Hyg T,) to comprise the first experiment: Ludwigia's 

response to invasion by Hygrophila. For the second experiment, analysis of sprigs in 

different competition scenarios, the setup consisted of five treatments. One treatment, 

Hygrophila invading Ludwigia (Hyg T, and Lud T0) was constructed previously when 

Hygrophila was sprigged into Ludwigia pots. Similarly, established Hygrophila was 

planted with two sprigs of Ludwigia (Lud Tj and Hyg T0). Another treatment consisted of 

two sprigs of each plant planted in the same pot (Lud T( and Hyg T,). The other two 

treatments were two sprigs of Ludwigia growing alone in a pot (Lud T,), and two sprigs 



of Hygrophila growing alone in a pot (Hyg T,). 

The expenments were monitored every two weeks. At that time, filamentous 

algae was removed and the airlifts were checked to make certain that the tanks were 

supplied with flowing water. Water temperature in the raceway was measured monthly, 

and flow in the tanks was measured during the first and second monitoring events. 

Photosynthetically active radiation (PAR) was measured once with a LiCor Li 193SA 

spherical light sensor, and conductivity, dissolved oxygen, water temperature and pH 

within the tanks were measured using a Hydrolab datasonde. Water samples were drawn 

from the tanks during the first monitoring period and were put on ice and analyzed for 

alkalinity within 48 hours of collection (as CaC03; SM#2320-B). 

After twelve weeks, the plants had formed substantial canopies within the tanks. 

The experiment was then terminated and all of the plants were harvested. Data gathered 

from the harvest ofT, plants included above ground dry mass, below ground dry mass, 

number of stems, numbers of branches in each stem, and stem lengths. There was some 

minor breakage of stems which occurred during the harvest process. These stems could 

not be reliably assigned to any of the harvested pots. The stem length and branches per 

stem were recorded for these broken stems. For tank analyses, the dry mass of the broken 

stems was added to the tank totals. Total mass was obtained by adding the weight of the 

above ground mass to the weight of below ground mass. Due to giant rams-horn snail 

cMarissa cornuarietis) herbivory, one Ludwigia T1 colonizing tank (Lud T,) was removed 

from aH analysis. One sprig competition tank (Lud T, and Hyg T,) was also removed 

from all analyses because of inaccurate harvest methods that were improved upon in 
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subsequent tank harvests. 

Statistical Analysis. At the beginning of the experiment, there was a concern that there 

might be an upstream/downstream effect along the raceway. This effect could be due to 

differences in shading, temperature, flow, or water depth. To address this concern, the 

experimental design was set up in a randomized block design (Figure 2). However, since 

there was never a statistically significant blocking effect, the blocking variable was not 

used, and all statistical analyses were performed as a completely randomized design. All 

statistical comparisons were two tailed. Due to small and unequal sample sizes (N^5), 

coupled with variability inherent in natural systems, alpha levels were set at 0.10 for all 

tank total analysis. 

All data were tested for normality, using the Shapiro-Wilk normality test. If the 

distribution was non-normal, a logarithmic transformation was applied to normalize the 

non-normal variables. Data that were normal or were normalized by logarithmic 

transformation were analyzed by a t-test if there were two groups, and an ANOVA with a 

Student-Neuman-Keuls (SNK) multiple range test if there were significant differences 

among three groups. If data could not be normalized, or if the data set contained null 

values, then a Mann-Whitney U (normal approximation, with continuity correction) 

nonparametric test was used to compare two groups, and a Kruskal-Wallis Chi-Square 

approximation with ties correction was used to compare three groups. A significant 

Kruskal-Wallis was followed by an ANOVA on ranked data with an SNK multiple range 

test to determine groupings. This procedure controls the possibility of a type I statistical 



11 

error (Zar, 1996). All statistical analyses were performed by PC-SAS (Statistical Analysis 

System). 

In the first experiment, established Ludwigia (Lud T0) and established Ludwigia 

being invaded by Hygrophila (Lud T0 and Hyg T,) were compared with a t-test on a tank 

basis and with an ANOVA on a per pot basis to include data acquired at the beginning of 

the experimental period. 

The continued growth of established Ludwigia was analyzed in two ways. First, 

the growth of Ludwigia growing alone (Lud T0) and Ludwigia invaded by Hygrophila 

(Lud T0 and Hyg T,) were compared using a t-test on a tank total basis. Variables 

compared were total tank mass, below ground to above ground ratio, and total number of 

stems per tank. In addition, an ANOVA was used to compare the T0 Ludwigia, the T0 

Ludwigia and T, Hygrophila, and the measurements obtained from these populations at 

the beginning of the experimental period (initials). This analysis was done on a per pot 

basis. To validate the use of pot data, tank means were compared to determine if there 

were significant tank effects within treatments. An ANOVA was used to determine 

whether or not there were differences between the tanks, and within the treatment, and 

was followed by an SNK multiple comparison test. 

The second experiment evaluated the growth of sprigs of each species under three 

competition scenarios (see Table 1). This experiment consisted of 1) a colonizing scenario 

in which Ludwigia (Lud Tt) and Hygrophila (Hyg Tj) grew alone in separate tanks, 

colonizing an empty habitat; 2) a competing scenario, (Lud T, and Hyg T,) where 

Hygrophila sprigs and sprigs of Ludwigia were growing in the same pot at the same time, 
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competing for the same resources; and 3) an invading scenario in which Ludwigia sprigs 

were invading established Hygrophila (Lud T, and Hyg T0) and Hygrophila sprigs were 

invading an established pot of Ludwigia (Hyg Tj and Lud T0). 

A one-way ANOVA was used to analyze total mass (g dry weight), below ground 

to above ground ratio, total number of stems, and the total number of branches produced 

by sprigs of Hygrophila and Ludwigia under the three competition scenarios. Significant 

ANOVAs were followed by an SNK multiple range test. The total number of branches 

and the number of branches per stem were log transformed to achieve normality. Since 

the total number of stems could not be normalized using transformations, a Kruskal-Wallis 

Chi Square approximation was employed to determine significance, and was followed by 

an ANOVA and an SNK on ranked data. 

Hygrophila (Hyg Tj) and Ludwigia (Lud T,) in the colonizing scenario, growing 

without competition from each other, were also compared. Variables which were normal 

or could be normalized were compared using a t-test and included: Total mass, below 

ground to above ground ratio, maximum length, total number of stems, and the number of 

branches per stem. Total number of branches was neither normally distributed, nor could 

it be transformed, and was analyzed with a Mann-Whitney U nonparametric test. 

Comparisons of the sprigs of the two plant species growing in the same pot (Lud 

T, and Hyg T.) were performed by a t-test, using total mass, the ratio of below ground to 

abo ve ground mass, maximum length, total number of branches, total number of stems, 

and the number of branches per stem. A log transformation was applied to total number 

of branches to normalize the distribution. 
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river, 

were 

RESULTS 

Experimental Conditions. At the beginning of the experimental period, baseline 

conditions within the tanks were established. Environmental parameters, such as water 

chemistry and PAR were recorded (Table 2). Water flow within the tanks was 

substantially reduced from natural conditions in the river. As a result, pH was likely 

influenced by plant metabolism, and was slightly higher in the tanks than in the 

Biomass, stem and branching metrics of the T0 Ludwigia and T0 Hygrophila 

gathered at the beginning of the experimental growth period (Table 3). Data from this 

harvest showed the established Ludwigia and Hygrophila to be very similar with regards to 

mass and number of rooted stems, but differed slightly in maximum length, and greatly 

with regards to total number of branches. Tj sprig data was also gathered at the time to 

document the mass of the sprigs at the beginning of the experimental period. The mass of 

the initial sprigs of both species were very similar. 

Experiment 1. This experiment, compared the continued growth of Ludwigia invaded by 

Hygrophila with that of uninvaded Ludwigia. One T0 Ludwigia tank invaded by 

Hygrophila (Lud T0 and Hyg T,; Tank 21) was statistically different from the other tanks 

of the same treatment. Of the six pots in the tank, three were null values, and the other 

were uncharacteristically low when compared with the other tank datum (Figure 4). The 

data set for this tank was significantly different from the others (Kruskal-Wallis, P=0.001), 

and was subsequently removed from the analysis. Once the tank was removed from the 



analysis, the P value yielded by the Kruskal-Wallis analysis was 0.099. The other 

treatment (T0 Ludwigia) showed no tank effect, with the Kruskal-Wallis Chi Square of the 

T0 Ludwigia tank being P=0.458. Without a tank effect, and excluding the one outlying 

tank, the individual pot data were distributed independently. Therefore, analyses were 

performed on a per pot basis and incorporated the values of the initial masses, ratios and 

number of stems at the beginning of the experiment. 

The continued growth of Ludwigia was impacted by the invasion of Hygrophila 

sprigs (Figure 5). Established pots of Ludwigia (Lud T0), established pots of Ludwigia 

that had been invaded with Hygrophila (Lud T0 and Hyg Tx), and the Ludwigia plants 

harvested at the beginning of the experiment (initials) were compared using an ANOVA. 

Total mass per pot, the below ground to above ground ratios, and the total number of 

stems per pot were compared; below ground to above ground ratio and total stems 

required a log transformation. All ANOVAs were significant and were followed by an 

SNK multiple range test, using ranks for the total number of stems. Total dry mass of 

Ludwigia invaded by Hygrophila (Lud T0 and Hyg T,) was reduced when compared to the 

Ludwigia monoculture (Lud T0). Over the twelve week experimental period, the T0 

monocultures increased in total mass by over 5X while those invaded by Hygrophila 

increased by only 2.5X relative to the initials (ANOVA P<0.001; Figure 5A). Below 

ground to above ground ratio was significantly different (ANOVA, P<0.001), and also fell 

into three distinct groups (Figure 5B). Total number of stems were different (Kruskal-

Wallis, P=0.030) as well, but only separated out into two groups, with the initials number 

of stems being different from the other two treatments (Figure 5C). 
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The trends observed in the per pot data shown above were identical on a total tank 

basis. Total tank mass of Ludwigia growing without competition (Lud T0) was higher 

than the Ludwigia invaded by Hygrophila (Lud T0 and Hyg T,; P=0.052; Table 4). Below 

ground to above ground ratio was significantly different (t-test, P=0.028). Total number 

of stems per tank, however, was not significantly different between the two treatments (t-

test, P=0.297). 

Experiment 2. The potential for growth of Hygrophila and Ludwigia sprigs was very 

similar, as shown by the results of the two plants growing separately in the colonizing 

scenario (Hyg T„ Lud T,; Table 5). Total tank mass, total number of stems and total 

number of branches per tank of both plants were virtually identical (t-test, P=0.450, 

P-0.622, Mann-Whitney U, |Z|=0.621). However, means of below ground to above 

ground ratio and maximum length were significantly different (t-test, P=0.069, P=0.084) 

at alpha levels of 0.10, with Hygrophila producing somewhat longer stems and investing 

proportionately less mass into above ground tissues. 

Total mass per tank of three treatments of Ludwigia sprigs showed significantly 

different results (ANOVA, P<0.001), while the total mass of the Hygrophila treatments 

were not significantly different (ANOVA, P=0.358; Figure 6). In this figure, the first 

series, labeled colonizing, depicts the total dry weight of each species growing without 

competition from the other species. The second series, competing, shows the results of 

the two species growing within the same pot beginning at the same time, while the third 

series, invading, shows the mass each species attained when invading established tanks of 
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the other species. When grown without competition, both Hygrophila, Ludwigia's total 

mass was about 20 grams per tank. When Hygrophila and Ludwigia are both attempting 

to simultaneously colonize a previously open niche, Ludwigia's mass was halved (total 

mass = 9.1 g), while Hygrophila's mass was not statistically different from the Hygrophila 

grown alone. Finally, Ludwigia attempting to invade Hygrophila had only 1.4 grams of 

total mass, which was only twice the mass of the original 15 cm propagule. In sharp 

contrast, Hygrophila produced the same total mass when invading as it did when 

colonizing an empty habitat. 

Below ground to above ground ratios between the two species show that the two 

species responded differently to the three competition scenarios (Figure 7). When 

colonizing or competing, Hygrophila's and Ludwigia's below ground to above ground 

ratio were not statistically different. When invading, Hygrophila's below ground to above 

ground ratio decreases (ANOVA, P=0.001), while Ludwigia was fonneling less resources 

into above ground mass (ANOVA, P<0.001). When Hygrophila invades established 

Ludwigia, its resources were primarily allocated to aboveground mass (although it has 

already been shown that total mass remained constant). An SNK multiple range test 

shows that below ground to above ground ratio data for Hygrophila fell cleanly into two 

groups, and Ludwigia did the same. For both species, the invading scenario was 

statistically different from the other two scenarios. 

The presence of the other species significantly impacted the maximum length 

obtained by Hygrophila and Ludwigia (Figure 8). Hygrophila growing with Ludwigia in 

either the competition or invading scenarios attained a greater maximum length relative to 
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tanks where it was colonizing (ANOVA, P=0.003). In a monoculture, Hygrophila did not 

grow as long as it did in the presence of Ludwigia. An ANOVA revealed that the three 

Ludwigia treatments were different (P=0.047), with the sprigs attempting to invade 

established Hygrophila pots (invading) being significantly shorter than those competing 

with Hygrophila sprigs (competing), but not different than those growing alone 

(colonizing). 

Competition results in sprigs of both species producing fewer rooted stems (Figure 

9). When grown in monoculture, both species produced approximately 35-40 stems per 

tank, an increase of about 200% relative to the twelve sprigs originally planted. The total 

number of stems per tank produced by Ludwigia decreased significantly as competitive 

stress increased (Kruskal-Wallis, P=0.003). Note that the tank mean for Ludwigia 

attempting to invade Hygrophila was only 7.4 stems, indicating that about 40% of the 

twelve sprigs initially planted Med to survive. Hygrophila also responded to the presence 

of Ludwigia by producing fewer stems (Kruskal-Wallis, P=0.013), although there was no 

difference between competing and invading. 

Mean number of branches per stem produced by Hygrophila was variable, and 

significantly different (ANOVA, P=0.055). The SNK groupings showed that Hygrophila 

produced more branches per stem when invading than when colonizing, but the competing 

scenario was assigned to both groups, due to it's high variability (Figure 10). Ludwigia 

had significantly fewer branches per stem in the invading scenario than in the competing 

and colonizing scenarios (ANOVA, P=0.003). 

The total number of branches produced by Hygrophila remained the same for all 
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three scenarios, while Ludwigia produced progressively fewer branches as competitive 

stress increased (Figure 11). When growing alone, the total number of branches produced 

by each species were similar (-280 branches per tank). There is no statistical difference in 

the number of branches per tank produced by Hygrophila in the three scenarios (ANOVA, 

P 0.143). Ludwigia, in contrast, produced fewer branches when planted with Hygrophila 

(ANOVA, P<0.001), and an SNK multiple range test breaks the three scenarios into three 

distinct groups. 

Analysis of the treatment in which plants of each species were planted in the same 

pot at the same time ( Lud T„ Hyg T,; Table 6) showed that Hygrophila obtained a 

greater total mass per tank (t-test, P=0.017), and obtained a longer maximum length (t-

test, P=0.020), Below ground to above ground ratio (t-test, P=0.106), the total number 

of stems (t-test, P-0.187), and the total number of branches (t-test, P=0.481), were not 

significantly different between the two species. 

To address the study objectives, total mass and below ground ratio were 

significantly different between established Ludwigia and established Ludwigia being 

invaded by Hygrophila, but the total number of stems were not different (Table 7). When 

colonizing an empty habitat, total mass, total number of stems, total number of branches 

and the number of branches per stem are not different between sprigs of Hygrophila and 

Ludwigia; however, below ground to above ground ratio, and maximum stem length are 

(Table 7). Among three competition scenarios with increased competitive stress, total 

mass, total number of stems, and total number of branches are not different between sprigs 

of Hygrophila; however, below ground to above ground ratio, maximum stem length, and 
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the number of branches per stem are different (Table 7). Among three competition 

scenarios with increased competitive stress, total mass, below ground to above ground 

ratio, maximum stem length, total number of stems, total number of branches and the 

number of branches per stem are different between sprigs of Ludwigia (Table 7). When 

sprigs of the two species are competing for resources, total mass, and maximum stem 

length are different between Hygrophila and Ludwigia; however, below ground to above 

ground ratio, total number of stems, total number of branches and the number of branches 

per stem are not different (Table 7). 

DISCUSSION 

Ludwigia's response to invasion. Frequently, established plants are able to withstand 

invasion from other species because they are able to tie up (preempt) limiting resources 

and thus compete successfully (Smart et. al, 1994; McCreary, 1991). In this experiment, 

Ludwigia was incapable of warding off such an invasion by Hygrophila. Established pots 

of Ludwigia that had been invaded by sprigs of Hygrophila attained only 67% of the total 

biomass as pots of Ludwigia without Hygrophila (Table 4). The below ground to above 

ground ratio of invaded plants was about twice as high as that of un-invaded plants, due 

largely to a reduction in above ground mass (Table 4). Previous studies were performed 

using species with very different growth and/or reproductive strategies (Doyle and Smart, 

1995; McCreary et. al., 1991; Moen and Cohen, 1989; Smart et. al., 1994). Though 

differences in morphology (i.e. extensive roots to tie up sediment resources, and floating 

leaves to rise above a subsurface canopy), may convey a competitive advantage to 
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Vallisneria, Lotus, and American pondweed, morphologies of Ludwigia and Hygrophila 

were quite similar. This suggests that the means by which Hygrophila out-competes 

Ludwigia may have been physiological rather than morphological. 

When Hydrilla and Vallisneria are allowed to grow together without a period of 

preemption, 95% of the biomass of the entire community is Hydrilla, and only 5% is 

Vallisneria after nine weeks. If Vallisneria is allowed a preemption period of one month, 

the percent biomass of the community shifts to favor more Vallisneria (75%), at the 

expense of Hydrilla (25%). Longer preemption periods (7 months) allow Vallisneria to 

develop more roots, and boost it's total biomass percentage to around 90% (Smart, 

1994). These results suggest that established populations of Vallisneria are capable of 

resisting invasion by Hydrilla, giving river and reservoir managers a means to prevent 

Hydrilla from becoming the dominant species in an ecosystem into which it is introduced. 

In the present experiment, Hygrophila and Ludwigia were also planted together 

(Hyg T, and Lud T,) allowing no time for one plant to become established. The outcome 

of this experiment was Ludwigia acquired 35% of the total biomass, while Hygrophila's 

gain was 65%. When Ludwigia was allowed a three month preemption period prior to 

invasion (Lud T0 and Hyg T,), the percent of total tank biomass that it accrued since the 

beginning of the experimental period was 57%. In this case, Hygrophila accounted for 

43% of the total mass since the beginning of the experimental period. The total mass of 

established Ludwigia at the beginning of the experiment was 2.2 grams per pot, and 

Hygrophila was 2.6 grams per pot. Essentially, an established population of Ludwigia 

would not be a helpful management tool to keep populations of Hygrophila from reaching 
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problem levels. 

Responses of the three competition scenarios. When sprigs of each species were planted 

separately, without competitive stress from each other, they exhibited remarkably similar 

growth, with both species accumulating about 20 g dry mass after twelve weeks (Table 5). 

However, under competing or invading scenarios, Hygrophila was able to successfully 

compete with Ludwigia, while Ludwigia appeared incapable of successfully competing 

with Hygrophila. Total mass of Hygrophila sprigs after the twelve week experimental 

period was the same whether it was planted in pots of established Ludwigia, planted with 

sprigs of Ludwigia, or planted alone (Figure 6). In contrast, Ludwigia was strongly, 

negatively impacted by Hygrophila (Figure 6). Although the total mass of Hygrophila 

remained the same for the three competition scenarios, the below ground to above ground 

ratio was different. Hygrophila sprigs responded to being planted in established Ludwigia 

by allocating more resources into above ground mass (Figure 7). Once Hygrophila 

reached the surface, it began to form a dense canopy, which likely accounted for the 

reduction in growth observed in the established Ludwigia plants. In addition, Ludwigia 

exhibited a different biomass allocation response; reduced total mass, most of which was 

lost from above ground mass (Figure 6; Figure 7). 

Total number of branches produced by Hygrophila remained the same for all 

competition scenarios, but Ludwigia produced fewer branches (Figure 11) and stems 

(Figure 9) as competitive stress was increased. Ludwigia's reaction was to focus its above 

ground growth and resources into its' existing shoots. Once the plant reached the surface, 
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it could begin to produce more branches. 

In response to competition from Ludwigia, Hygrophila produced longer (Figure 

8), but fewer (Figure 9) stems, similar to Hydrilla's monospecific response to light 

limitation (Smart et. al„ 1994). Again, Hygrophila's imtial response appears to be to get 

to the surface quickly and form a canopy. This strategy might serve to shade out other 

competing plants. Therefore, resources are initially allocated into Hygrophila's above 

ground mass. Ludwigia produced longer stems when competing with Hygrophila sprigs 

than it did when it was trying to invade established pots of Hygrophila. 

Hygrophila exhibited a greater capacity to successfully invade established pots of 

Ludwigia. When two 15 cm sprigs of Hygrophila were allowed to invade established 

Ludwigia, the sprigs responded by producing a smaller below ground to above ground 

ratio (Figure 7), although total mass was the same (Figure 6) for Hygrophila in all three 

scenarios. Total number of branches also remain constant (Figure 11), but the total 

number of stems decrease (Figure 9). Although Hygrophila has fewer stems, they are 

longer than they would be without competitive stress from Ludwigia (Figure 8). Ludwigia 

attempting to invade Hygrophila in the same manner failed. Several sprigs invading robust 

pots of Hygrophila died, and others grew little if any. 

In the treatment when sprigs of the two plants were competing for the same 

resources, Hygrophila produced a greater total mass, and longer stems (Table 6). In 

conjunction with the fact that Hygrophila has a low light saturation and compensation 

point (Spencer and Bowes, 1984), these advantages could favor this plant over Ludwigia 

to establish itself in areas where there are frequent disturbances. A flood that occurred in 
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October, 1998, scoured the river and vegetation was removed. In « y p.aces, the river 

bed itself was highly disturbed, resulting in a river that is much deeper in places where 

scouring had occurred and shallower in places where the substrate was deposited 

(personal observation). Although there are several plant species that can root from 

cuttings already present in the river, such as Limnophila sessiliflora (Bowes, 1982) and 

Cabomba carolimam (Hoyer, et. al„ 1996), Hygrophila is opportunistic, and it will likely 

fill up many of the empty habitats. Certainly in deeper parts of the river and/or river 

segments that may have arboreal canopies, Hygrophila could become established since it 

can tolerate low light conditions. 

Summary and conclusions. A primary goal of natural resource management strategy is to 

maintain biodiversity, which is an indicator of a healthy ecosystem. As a recent intruder, 

first correctly identified in the Comal River system in 1994 (Lemke, personal 

communication), Hygrophila has rapidly covered twenty percent of the entire river. 

Ludwigia is susceptible to invasion by Hygrophila, and Ludwigia is incapable of invading 

Hygrophila. 

Hygrophila is resistant to most herbicides, and often replaces Hydrilla where 

herbicides have been used to control it (van Dijk et al, 1986). Previous studies show that 

some native plants are capable of out-competing weedy exotics, due to differences in 

growth strategies (Doyle and Smart, 1995; McCreary et. al., 1991; 1989; Smart et. al., 

1994). These highly competitive native plants could possibly compete with Hygrophila, 

but these results show that Ludwigia cannot. Hygrophila often grows beneath canopies of 
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other plants (personal observation, and is therefore unlikely to be inhibited by competition 

from floating leaved plants, such as American pondweed and American Lotus. 

With the flooding event occurring in the M of 1998, about two thirds of the 

river's vegetation had been removed (personal observation). In many places, the channel 

is deeper, and in other places, deposition has occurred. Many species of plants have an 

opportunity to colonize a disturbed habitat, but it appears that Hygrophila may have an 

unfair advantage, being able to grow under a variety of light conditions and unrestrained 

by at least one native species (Ludwigia). 

Recommendations for future studies would be to evaluate physiological 

mechanisms to determine how Hygrophila is able to compete so effectively. Vallisneria 

successfully ties up sediment resources to keep Hydrilla from becoming established, and it 

might serve the same function to limit growth of Hygrophila. Since little is known about 

the growth characteristics of Ludwigia, it would be useful to know what it's light 

saturation and compensation points are, which might give insight on the reasons that it 

cannot compete well with Hygrophila. A comparison of the two species' nutrient uptake 

and carbohydrate storage strategies could also shed some light on the reasons for 

Hygrophila's competitive advantage. 



Table 1. An overview of the experimental treatments. The first 

established Ludwigia, while the last five focus on sprig data. 
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two treatments focus on 

Lud Tn Well-established at the time of the experiment; these 

continued to grow with no competitive pressure. 

Lud T0 and Hyg Tj * Well-established Ludwigia invaded by sprigs of 

Hygrophila at the beginning of the experimental period. 
Experiment 2: 

Lud Tj 

HygTj 

Colonizing: Ludwigia sprigs colonizing an open 

habitat 

Colonizing: Hygrophila sprigs colonizing an open 

habitat 

Lud Tj and Hyg T, Competing: Ludwigia and two Hygrophila sprigs 

attempting to colonize the same habitat 

Lud Tj and Hyg T0 Invading: Ludwigia sprigs invading established 

Hygrophila 

Hyg Tj and Lud T0 * Invading: Hygrophila sprigs invading established 



Table 2. Environmental conditions within the culture tanks housed 

SWTSU, and the Comal River. 
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in the raceway at 

Culture Tanks Comal River 
Flow 1.8 L min"1 

340 CFS 
Turnover time 1 hr"1 

Temperature 24°C 24°C 

PH 7.5 7.2 
Conductivity 550 uS cm"1 

530 uS cm 
Alkalinity 257mg L"1 as CaC03 226mg L"] as CaC03 

PAR ~1100 uE m2 s"1 daily maximum 



Table 3. Pots of T0 established plants at the beginning of the experiment. Mean ± SE, 

n 12. T, sprig pairs at the beginning of the experiment, mean ± SE, n=l 5 pairs. 

T0 Plants 
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Parameter 

Total mass (g) 

BG to AG Ratio 

Maximum length (cm) 

Total number of branches 

Total number of stems 

Branches / Stem 

T] Sprigs (one pair) 

Parameter 

Total mass (g) 

Hygrophila 

2.6 ± 0.23 

0.19 ±0.035 

75.6 ± 2.26 

24.8 ± 2.58 

7.0 ± 0.78 

3.9 ±0.53 

Hygrophila 

0.45 ± 0.044 

Ludwigia 

2.2 ± 0.34 

0.25 ± 0.027 

66.4 ±3.71 

40.8 ± 5.96 

7.2 ± 0.87 

6.1 ± 1.06 

Ludwigia 

0.46 ± 0.024 
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Table 4. T„ Ludwigia's response to invasion by Hygrophila sprigs. Results are tank totals 

acquired from an independent t-test; (DF = 7.0, alpha = 0.05) 

Parameter 

Total Mass (g) 

BG to AG ratio 

Number of stems 

Mean ± SE 

T0Lud 

60.5 ± 6.22 

0.07 ±0.010 

64.4 ± 5.68 

Mean ± SE 

T0 Lud and T, Hyg 

40.4 ± 5.56 

0.13 ±0.021 

77.5 ± 11.0 

P value 

0.052 

0.028 

0.297 



Table 5. Responses of Ludwigia and Hygrophila sprigs colonizing without competition 

after twelve weeks of growth. Results are tank totals; t-test (DF = 7.0, n=5 for 

Hygrophila, n=4 for Ludwigia). 
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Total mass (g) 

BG to AG Ratio 

Maximum length (cm) 

Total number of branches 

Total number of stems 

Branches / Stem 
P = \Z\ of a Mann-Whitney U. 

TiHyg 

Mean ± SE 

20.0 ± 0.74 

0.15 ±0.004 

56.5 ±3.19 

38.8 ±4.41 

262.0 ± 26.77 

7.0 ± 0.89 

Tj Lud 

Mean ± SE 

19.7 ±2.45 

0.17 ±0.009 

47.2 ± 3.30 

35.8 ±3.12 

290.3 ±51.97 

9.1 ±1.91 

P value 

0.450 

0.069 

0.084 

0.621 * 

0.622 

0.331 
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Table 6. Responses of Ludwigia and Hygrophila sprigs attempting to colonize the 

habitat (T, Lud, and T, Hyg). Results acquired from an independent t-test. Values 

tank totals; (DF = 6.0, alpha = 0.05, n=4) 

same 

are 

rameter Mean ± SE Mean ± SE P value 

Hygrophila Ludwigia 

Total mass (gm) 17.1 ± 1.24 9.1 ±2.70 0.017 
BG to AG ratio 0.17 ±0.033 0.33± 0.775 0.106 

Maximum length (cm) 76.5 ± 7.50 52.0 ±2.12 0.020 

Number of branches 115.3 ±9.88 128.3 ± 14.23 0.481 

Number of stems 19.8 ± 3.66 14.0 ±1.22 0.187 

Branches / Stem 6.6 ± 1.47 9.5 ±1.56 0.221 
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Table 7. Summary of comparisons made. Results are P values for t-tests in experiment 1, 

and for comparisons of Hygrophila to Ludwigia in experiment 2 (colonizing an empty 

habitat and colonizing the same habitat). Experiment 2 also contains ANOVA responses 

of each species to the three competition scenarios 

Experiment 1: Established Ludwigia's response to invasion 

Total mass (gm) Invaded Ludwigia's mass is less when invaded by Hygrophila 

BG to AG ratio Less mass is distributed in above ground tissues when invaded 

Total # stems No significant difference 

Experiment 2: Growth of spring under three scenarios: Hygrophila and Ludwigia 

Total mass (g) No significant difference 

BG to AG Ratio Hygrophila allocates more mass above ground than Ludwigia 

Max. length (cm) Hygrophila attains a greater maximum length than Ludwigia 

Total # branches No significant difference 

Total # stems No significant difference 

Branches / Stem No significant difference 
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Experiment 2: Growth of Hygrophila under three scenarios: ANOVA responses under 

the three competition scenarios 

Total mass (g) No significant difference 

BG to AG Ratio More mass is in above ground tissues as stress is increased 

Max. length (cm) Hygrophila grows longer as stress is increased 

Total # branches No significant difference 

Total # stems No significant difference 

Branches / Stem Hygrophila produces more branches/stem as stress is increased 

Experiment 2: Growth of Ludwigia under three scenarios: ANOVA responses under 

the three competition scenarios 

Total mass (g) Ludwigia produces less mass as stress is increased 

BG to AG Ratio Less mass is in above ground mass as stress is increased 

Max. length (cm) Ludwigia grows longer when competing than when invading 

Total # branches Ludwigia produces fewer branches as stress is increased 

Total # stems Ludwigia produces fewer stems as stress is increased 

Branches / Stem Ludwigia produces fewer branches/stem as stress is increased 
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Experiment 2: Growth of sprigs under three scenarios: Hygrophila and Ludwigia 

colonizing the same habitat 

Total mass (gm) Total mass of Hygrophila is greater than Ludwigia 

BG to AG ratio No significant difference 

Max. length (cm) Hygrophila attains a greater maYimnrp length 

Total # branches No significant difference 

Total # stems No significant difference 

Branches / Stem No significant difference 
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Figure 1. Time line depicting the culture period and the experimental period of the si 

treatments comprising the two experiments. 
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Figure 2. Diagram of the raceway in San Marcos, and a tank showing the airlift 

mechanism providing the system with a constant flow along with the arrangement of pots 

within the tank. 
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Figure 3. A tank and the airlift mechanism that provided constant flow for the 

Arrows indicate direction of water flow. 
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experiment. 
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Figure 4. Variability of the T0 Ludwigia Data. The top graph shows the individual pot 

data in the five T0 monoculture tanks: 1,10, 19,23, and 34. The bottom graph shows the 

individual pot data in the five T0 Ludwigia tanks invaded by Hygrophila: 5, 13, 21, 22, and 

35. The Chi Square value for an ANOVA on Ludwigia being invaded by Hygrophila 

becomes insignificant when tank 21 is dropped from the analysis. 
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to Figure 5. Mean plus one standard error of T0 Ludwigia mass per pot (A), below ground 

above ground ratio (B), and stems (C) at the beginning of the experimental period (initial) 

and at the end of the growth period when grown alone(monoculture) and when invaded by 

Hygrophila sprigs. Letters are parametric SNK groupings following significant ANOVAs 

(A'B)or nonparametric grouping performed on ranked data (C) after gaining significance 

using a Kruskal-Wallis nonparametric test. 
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Figure 6. Mean total mass plus one standard error of sprigs of each species for the three 

competition scenarios. Upper case letters are SNK groupings for Hygrophila, while lower 

case letters are SNK groupings for Ludwigia. Gray represents the portion of total mass 

that is below ground mass. (n=4 for 'Competition' Ludwigia and Hygrophila, and 

Ludwigia 'Monoculture'; n=5 for 'Invading' scenario and Hygrophila 'Monoculture'). 
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Figure 7. Mean plus one standard error of below ground to above ground ratio of sprigs 

of each species for the three competition scenarios. Upper case letters are SNK groupings 

for Hygrophila, while lower case letters are SNK groupings for Ludwigia. (n=4 for 

Competition' Ludwigia and Hygrophila, and Ludwigia 'Monoculture'; n=5 for 'Invading' 

scenario and Hygrophila 'Monoculture'). 
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Figure 8. Mean plus one standard error of maximum length of sprigs of each species for 

the three competition scenarios. Upper case letters are SNK groupings for Hygrophila, 

while lower case letters are SNK groupings for Ludwigia. (n=4 for 'Competition' 

Ludwigia and Hygrophila and Ludwigia 'Monoculture'; n=5 for 'Invading' scenario and 

Hygrophila 'Monoculture'). 
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Figure 9. Mean plus one standard error of total number of stems per tank produced by 

sprigs of each species for the three competition scenarios. Upper case letters are SNK 

groupings for Hygrophila, while lower case letters are SNK groupings for Ludwigia. (n=4 

for 'Competition' Ludwigia and Hygrophila and Ludwigia 'Monoculture'; n=5 for 

'Invading' scenario and Hygrophila 'Monoculture'). 
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Figure 10. Mean plus one standard error of number of branches per stem produced by 

sprigs of each species for the three competition scenarios. Upper case letters are SNK 

groupings for Hygrophila, while tower case letters are SNK groupings for Ludwigia. (n=4 

for 'Competition' Ludwigia and Hygrophila and Ludwigia 'Monoculture'; n=5 for 

'Invading' scenario and Hygrophila 'Monoculture'). 
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Figure 11. Mean plus one standard error of total number of branches per tank produced 

by sprigs of each species for the three competition scenarios. Upper case letters are SNK 

groupings for Hygrophila, while lower case letters are SNK groupings for Ludwigia. (n=4 

for 'Competition' Ludwigia and Hygrophila and Ludwigia 'Monoculture'; n=5 for 

'Invading' scenario and Hygrophila 'Monoculture'). 
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