
ABSTRACT 

Investigating Ecological Tolerances of Submerged Aquatic Vegetation in Two Spring-fed 

Central Texas Rivers for the Purpose of Informing Ecological Restoration 

Sarah Robison, M.S. 

Mentor: Robert D. Doyle, Ph.D. 

Efforts to restore native aquatic vegetation in two ecologically unique spring-fed 

streams in Central Texas have elucidated the need to characterize conditions under which 

these restored communities might persist under future scenarios of reduced spring-flow.  

First, we tested the extent to which submerged aquatic vegetation (SAV) can utilize 

bicarbonate (HCO3
-
).  Prolonged low-flow conditions induce shifts in the dissolved

inorganic carbon (DIC) available for photosynthetic processes, and our results indicate 

that some species are incapable of fixing HCO3
- 
while others readily or can be induced to

do so.  Second, we carried out an in situ distributed planting of the preferred native, 

Ludwigia repens, across various environmental conditions to determine those in which it 

succeeded.  While results varied across locations, there appear to be ideal ranges in flow, 

depth, sediment type, and riparian canopy cover.  Our findings have implications for 

plant choice in restoration projects and suggest a likely shift in SAV community 

composition under some projected flow conditions. 
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CHAPTER ONE 

Introduction and Background 

The Ecology of a Central Texas Spring-fed, Freshwater Ecosystem 

Perennial karstic spring-fed streams are rare freshwater ecosystems that support 

diverse communities of living organisms.  These streams are generally separated into 

eucrenal (spring source) and hypocrenal (spring brook) zones, which are delineated by a 

mean annual temperature oscillation of more than 2-5°C (von Fumetti et al, 2007).  In the 

eucrenal zone, the near-constant conditions in water quality parameters such as 

temperature, local flow velocity, pH, and turbidity provide a relatively stable habitat for 

aquatic organisms, including submerged aquatic vegetation (SAV), like macrophytes and 

bryophytes, as well as many endemic or endangered species (Cantonati et al, 2012; Pesic 

et al, 2016).  The Comal and Upper San Marcos Rivers in Central Texas are two such 

streams derived from perennial artesian spring flow from the Edwards Aquifer.  Although 

the eucrenal/hypocrenal delineation has not been officially determined for these two 

streams, the hydrologic stability from tremendous natural daily discharge creates eucrenal 

conditions that provide critical habitat to several endangered species (Bowles & Arsuffi, 

1993; Cox et al, 2009; Figs 1.1 and 1.2).  Their unique ecologies are threatened by 

anthropogenic and climatic factors which cause habitat degradation and the depletion 

their aquiferial sources - the effects of which are not well understood; conservation and 

ecological restoration of these spring-fed headwater systems is imperative to the 

preservation of both local and downstream biodiversity (Meyer et al, 2007).   
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Figure 1.1. The hydrogeological structure of the Edwards Aquifer (a) that supports the various 

springs of the Comal (b) and San Marcos (c) rivers (created by Gregg Eckhardt at The Edwards 

Aquifer Website).   

c b 

a 
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Figure 1.2. Daily discharge from the Comal (a) and San Marcos (b) springs from 1928 (a) and 

1994 (b) to Fall of 2016. (created by Gregg Eckhardt at The Edwards Aquifer Website).   

b 

a 
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 Human activity has increasingly affected the habitat within these streams which are 

highly urbanized and popular destinations for a wide range of recreational activities – 

including fishing, swimming, tubing, paddling and snorkeling/scuba diving (Brune, 1981; 

Saunders et al, 2001).  Catchment urbanization and recreation deteriorate water quality 

through a variety of interrelated factors – causing environmental degradation via erosion, 

pollution and litter accumulation – and also lead to the introduction of non-native species 

(Kollaus et al, 2015; Owens et al, 2001).  The effects of these stressors are likely 

intensified by decreased spring flow when the water table drops due to groundwater 

extraction (drawdown) and drought (Bowles and Arsuffi, 1993; Jackson et al, 2001).  

Furthermore, future climate-change scenarios indicate that water-stress will be 

exacerbated by below-average recharge to the aquifer, even if human extraction is 

minimized (Loáiciga et al, 2000).    

 

Restoring Aquatic Habitat in the Comal and San Marcos Rivers 

 

 Over the last decade, efforts have been made to decrease extraction, improve 

conditions and mitigate the negative effects from urbanization and recreational use as a 

part of the Edwards Aquifer Recovery Implementation Program and Habitat 

Conservation Plan (EARIP HCP, 2012).  The major goals of the EARIP include 

establishing and preserving an ecologically acceptable flow regime, restricting 

recreational use, and restoring the native aquatic plant communities that provide critical 

habitat for endangered species, including the Fountain Darter (Etheostoma fonticola).  

Assemblages of native and non-native species comprise the SAV communities in both 

streams, but previous studies have demonstrated that native submerged aquatic 

macrophytes and bryophytes are generally the preferred habitat for E. fonticola 
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(Alexander and Phillips, 2012; BIO-WEST 2011 & 2013; Nichols 2015).  Restoring 

native SAV communities requires the removal of non-native vegetation, and the localized 

disturbance caused by removing and replacing non-native macrophytes with native 

species is presumed to be minor relative to the expected improved ecological outcome. It 

is also generally assumed that native species will persist with minimal management once 

re-established.  Due to uncertainty regarding future spring discharge and flow scenarios, 

however, scientific investigation is required in order to make the best use of resources 

and to inform restoration approaches (Dickens & Suding, 2013; Giardina et al, 2007; 

Palmer et al, 1997; White & Walker, 1997).  Therefore, the objective of this research is to 

address questions regarding the potential for reestablished, native aquatic plant 

communities to persist, with minimal intervention, when confronted with the challenges 

posed by low-flow conditions and competition from non-native species. 

 As previously stated, the Upper San Marcos and Comal Rivers experience little 

variation in local flow velocities, temperature, turbidity, and pH when flows are normal 

(Brune, 1981; Saunders et al, 2001).  According to historical USGS data, the median flow 

rates for the upper San Marcos and Comal Rivers are around 170 and 300 cubic feet per 

second (cfs), respectively.  Mean temperature and pH are around 23°C and 7.5 for both 

systems (Fahlquist & Slattery, 1997; SMRDR, 2011). The EARIP has defined four 

critical low-flow thresholds beginning at flows of <96 cfs for the Upper San Marcos 

River and <225 cfs for the Comal.  Each stage comes with enhanced restrictions on 

permitted withdrawal from the aquifer, but how exactly these delimited flow regimes 

impact the ecosystem is not well understood.  The ecosystems within these streams have 

persisted through periods of reduced spring flow, including a six year drought-of-record 
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from 1951-1956 for which biological data is scarce (EARIP, 2012).   However, it can be 

predicted that prolonged periods of decreased spring output will result in lentic conditions 

and induce drastic changes in water quality (Crowe & Sharpe, 1997).  Alternative stable 

regimes develop under scenarios of diminished spring flow which are potentially 

detrimental to aquatic vegetation - stagnation is followed by an increase in turbidity, 

temperature and pH (Scheffer & van Nes, 2007).  Stagnant, turbid conditions inhibit SAV 

photosynthesis through light limitation and are also associated with an increase in 

temperature, which affects enzymatic processes, and pH, which equilibrates the inorganic 

carbon available for fixation (Falkowski & Raven, 2007; Jackson et al, 2001).  The 

potential for low-flow conditions to arise and linger for an indefinite period of time has 

prompted investigation into how communities of native and non-native vegetation might 

respond to proposed low-flow conditions.   

 

Thesis Objectives and Organization 

 This thesis is divided into three chapters with the initial chapter discussing 

background information on the study area and the subsequent chapters covering the 

studies we carried out.  Chapter two covers the research addressing uncertainty regarding 

the photosynthetic potential of native and nonnative species subjected to changes in 

inorganic carbon sources under low-flow conditions.  Chapter three examines the attempt 

to clarify the ranges of important environmental parameters tolerated by Ludwigia 

repens, which is the preferred native macrophyte used in restoration practices.  
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CHAPTER TWO 

 

Bicarbonate Utilization Potential of Native and Nonnative Species 

 

 

Introduction 

 

 Photosynthetic carbon assimilation is more challenging for primary producers in 

aquatic environments because the gas diffusion rates are about 10
4
 times slower for 

tissues in water than for the air surrounding their terrestrial counterparts.  Moreover, CO2 

in aqueous solution undergoes nucleophilic substitution with surrounding water 

molecules which further limits carbon availability. Dissolved inorganic carbon (DIC) in 

water is comprised of dissolved CO2 (H2CO3), bicarbonate (HCO3
-
) and carbonate (CO3

2-

) ions in chemical equilibria regulated primarily by pH (Fig 2.1); therefore, changes in pH 

govern the DIC species available for use by submerged aquatic vegetation (SAV) – 

including macrophytes and 

bryophytes (Stumm & 

Morgan, 1980; Falkowski 

& Raven, 2007).  As 

stagnation drives the 

temperature and pH 

upwards, concentrations of 

dissolved CO2 are 

inversely affected - 

causing the majority DIC 

Figure 2.1. Speciation of dissolved inorganic carbon 

(DIC) in freshwater as a relative percent of CO2, HCO3
-
 

and CO3
2-

 (from Pedersen et al, 2013). 
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species to shift to HCO3
-
, which some species are able to utilize to varying degrees, and 

eventually CO3
2-

, which no species have demonstrated the ability to use (Allen & Spence, 

1981; Maberly & Spence, 1983; Sand-Jensen, 1983; Prins & Elzenga, 1989; Madsen & 

Sand-Jensen, 1991; Maberly, 2014).  Maberly and Madsen (2002) reviewed the literature 

to conclude that approximately 55% of freshwater SAV species have some ability to 

utilize HCO3
-
, and many of the genera they discuss are found in the upper San Marcos 

and Comal Rivers.  Power and Doyle (2004) demonstrated that Texas wild rice (Zizania 

texana), endemic to the upper San Marcos River, is a CO2-obligate and unable to utilize 

HCO3
-
, but no other SAV from the San Marcos or Comal has been assessed. The extent 

to which SAV can utilize bicarbonate may increase the likelihood that the species will 

persist under low-flow conditions.  If so, native species that demonstrate this ability 

should be given priority for restoration plantings in locations that are likely to experience 

severely diminished flow.   

 

Methods and Materials 

 The bicarbonate utilization potential for native and non-native SAV from the Comal 

and Upper San Marcos Rivers was tested using a pH drift method modified from previous 

studies (Allen & Spence, 1981; Maberly & Spence, 1983; Power & Doyle, 2004).  This is 

a closed-system assay designed to infer DIC uptake during photosynthesis from the 

change in the ratio of total dissolved inorganic carbon (CT) and alkalinity (ALK) based 

on the pH endpoint when photosynthesis stops due to lack of available DIC.  That is, the 

maximum pH endpoint should be determined by the initial CT, the culture solution’s 

ALK, or buffering capacity, and the plant’s ability to use HCO3
-
.  The proportion of DIC 

species in solution at the pH endpoint is the compensation point for that form of DIC.  
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Photosynthesis is halted for CO2-obligate plants at a pH threshold ≤9.2, where no free 

CO2 is left in solution, but plants able to exploit HCO3
-
 will continue to photosynthesize,

pushing pH well above this point.  As DIC is removed from solution, CT decreases, but 

the resultant OH
-
 ions increase pH and the keep the alkalinity constant.  The consumption

of free CO2 has a much more muted effect on CT than that of HCO3
-
 and is generally

available for photosynthesis at a pH ≤ 9.  The CT:ALK ratio associated with the final pH 

defines the degree to which the plant can consume HCO3
-
 with a ratio closer to 1.0 being

characteristic of a CO2-obligate (Maberly & Spence, 1983; Allen & Spence, 1981) while 

values are well below 1.0 for strong bicarbonate users. 

These tests were conducted on fresh plant material collected directly from the river as 

well as on plants grown in air-amended aquaria to induce CO2-stress.  Many species were 

evaluated including native bryophytes (a mixture of Amblystegium and Riccia spp), 

Ludwigia repens, Cabomba caroliniana, Sagittaria platyphyla and Vallisneria spp (yet to 

be identified). The non-native widely distributed in both rivers, Hygrophila polysperma, 

was also tested.  Portions of freshly collected apical plant material or whole ramets, in the 

case of monocot species like S. platyphylla and Vallisnaria spp, were brought back to the 

lab for processing within 24 hours.  For the bicarbonate-use-induction assays, plants were 

planted in containers of sediment within aquaria filled with water collected from the 

Comal River.  Acclimation occurred over a 3-week period in an aquarium into which 

either room air or air amended with CO2 was diffused (Fig 2.2).   
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 Prior to the experiment, any visible epiphytic material present was gently removed by 

hand.  Experiments were conducted using a synthetic general purpose culture solution 

developed and commonly used for laboratory analyses of aquatic plants (Smart & Barko, 

1985).  The composition per Liter of the solution was: 91.7mg CaCl2-dihydrate, 69.0 mg 

MgSO4-heptahydrate, 58.4mg NaHCO3, and 15.4mg KHCO3.  Using this artificial 

solution rather than filtered stream water provided a way of controlling the initial pH (8.0 

air equilibrium) and alkalinity (0.85 mEq/L) which can be verified using standard 

titration methods.  An N2/CO2 gas mixture (near atmospheric concentration CO2, 

380ppm) was diffused into the solution to displace the dissolved O2 (DO) – while not 

affecting pH or CO2 – in order to avoid supersaturation from photosynthetic oxygen  

Figure 2.2. Experimental Setup: pH Drift Assay (top), fresh plants collected from river 

(bottom left), and CO2 acclimation aquaria (bottom right) . 
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production which could result in photorespiration.   The initial DO concentration was 

decreased to around 20% of air saturation.    

To conduct the assay, 300mL glass biological oxygen demand (BOD) bottles were 

filled with the oxygen-reduced culture solution and loaded with portions of clean 

(epiphyte-cleared) apical plant shoot material.  Ground-glass stoppers were put in place 

to create air-tight conditions in which the plants carry out photosynthesis when placed 

under high-output fluorescent lights (PAR measure ~500μmol/m
2
s).  To match the

average river temperature conditions, a continuously circulating refrigerated water bath 

was set to 22°C.  Replicates were made for each species tested, and controls consisted of 

BOD bottles filled with either DI water or culture solution.  Bottles were given 

approximately 30 minutes to acclimation prior to the initial DO and pH readings, then 

individual BOD bottles were removed from the experimental treatment in regular 

intervals just long enough to take DO and pH measurements.  Experimental trial lengths 

ranged from 24-72 hours, depending on photosynthetic activity.  Upon trial termination, 

individual plant tissues were removed from their respective experimental treatment, dried 

and weighed to the nearest 0.01mg to obtain biomass-specific rates of carbon fixation.   

Net photosynthesis rates were computed for each species as a ratio of DO evolution to 

dry biomass (mg O2/mg plant per hour).  The pH for each replicate was averaged over the 

measured time interval using the formula: −log10 (
(10−𝑝𝐻1+10−𝑝𝐻2)

2
) interval and 

compared with the photosynthetic rates.  The CT was computed using a series of 

equilibrium equations found in Stumm and Morgan (1981), and the CT:ALK ratio was 

computed for the maximum pH endpoint.  Statistical comparisons were made for 
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differences between freshly collected and cultured, “CO2-stressed” species with one-way 

analysis of variance (ANOVA) and post-hoc multiple comparison procedures (MCPs).  

 

Results 

 Visualizing net photosynthesis vs. pH for a known HCO3
-
 user (Vallisneria spp) and a 

species that is not known to be one (C. caroliniana), we can see an obvious difference in 

their ability to carry out photosynthesis up to and above a pH of 9.2 (Fig 2.3).  For C. 

caroliniana, net photosynthesis falls to zero at an observed pH of 8.93 while Vallisneria 

spp trial was terminated at a maximum pH of 10.53 while the net photosynthesis was still 

slightly positive.  

 The resultant CT:Alk ratios at their respective maximum pH-endpoints revealed 

apparent differences in the abilities of the six key species tested to utilize HCO3
-
.  Results  

Figure 2.3. Results illustrating the net photosynthetic O2-production vs. pH for a non-

bicarbonate user (C. caroliniana) and a bicarbonate user (Vallisneria spp). 
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for freshly collected plants and those cultured under the control, non-CO2-stressed 

conditions, were compared using ANOVA with no significant differences (Table 2.1).   

 

   

Species 

Source of 

Var 
Df SS MS F p-value 

Bryophyte 
Between 1 0.000 0.000 

0.001 0.975 
Within 23 0.066 0.003 

C. caroliniana 
Between 1 0.001 0.001 

1.878 0.180 
Within 32 0.019 0.001 

H. polysperma 
Between 1 0.001 0.008 

0.551 0.463 
Within 34 0.495 0.015 

L. repens 
Between 1 0.001 0.001 

0.210 0.650 
Within 34 0.124 0.004 

S. platyphylla 
Between 1 0.000 0.000 

0.033 0.858 
Within 20 0.096 0.005 

Vallisneria spp 
Between 1 0.048 0.048 

1.043 0.316 
Within 28 1.297 0.046 

 

 

Therefore, they were combined, and results are reported as the mean CT:Alk ratio for 

non-CO2-stressed (or “non-stressed”) and CO2-stressed  categories.  Three species 

(Bryophyte spp, C. caroliniana and S. platyphylla) failed to exhibit the ability to use 

HCO3
-
 .  Ludwigia repens and H. polysperma do not use HCO3

-
 under current conditions 

within the river but demonstrate the ability to do so when cultured in CO2-stressed 

conditions.  Vallisneria spp uses HCO3
-
 under both current river conditions and when 

acclimated to CO2-stress.  Figures 2.4 and 2.5 summarize the CT:Alk ratios for each 

species.   

 Three groups functioned as CO2-obligate species: Bryophytes, C. caroliniana and S. 

platyphylla.   We tested twenty-one freshly collected Bryophyte samples and twelve 

aquarium cultures – eight of which were CO2-stressed.  The mean CT:Alk ratio for non-

Table 2.1. Comparison (one-way ANOVA) of freshly collected plants 

vs. those cultured under CO2-amended (non-stressed) conditions. 
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stressed plants was 0.94 ± 0.01, and that of CO2-stressed cultures was 0.89 ± 0.02, 

indicating that the Bryophyte species are not capable of using HCO3
-
.  For C. 

caroliniana, we tested 35 fresh samples of C. caroliniana. Four samples were collected 

from a turbid backwater area near Thompson’s Island (San Marcos, River), and one 

produced an outlier ratio, possibly due to epiphytic contamination or unknown 

experimental error, and was excluded from analysis.  An additional twelve samples were 

cultured – eight in laboratory aquaria and four in 28C temperature-controlled 

mesocosms in the San Marcos National Fish Hatchery and Fish Technology Aquatic 

Resources Center (NFHFT-ARC) greenhouse – resulting in a total of eight CO2-stressed 

samples.  Mean CT:Alk ratio for non-stressed plants was  0.96± 0.005 and 0.93± 0.01 for 

CO2-stressed samples – indicating that C. caroliniana does not use HCO3
-
.  The third 

species which appears to be a CO2-obligagte , S. platyphylla, had a mean CT:Alk of 

0.92± 0.01 for twenty-two non-stressed plants and 0.89± 0.06 for three CO2-stressed 

plants.   

 The non-native H. polysperma displayed a similar pattern to native L. repens.  Both 

exhibited the ability to activate a bicarbonate pathway when acclimated to CO2-stressed 

conditions, and neither appears to use this pathway under normal conditions.  We 

collected and tested thirty-four fresh samples of H. polysperma and cultured twelve – 

eight of which were in CO2-stressed conditions.  The mean CT:Alk ratio for non-stressed 

H. polysperma was 0.91± 0.02, and 0.69± 0.06 for CO2-stressed plants.  Thirty-two 

freshly collected L. repens samples were tested along with twenty-two cultured samples – 

ten of which were from the NFHFT-ARC greenhouse and ponds.  The mean CT:Alk for 

non-stressed samples was 0.94± 0.01 while the  CO2-stressed samples had a mean of 
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0.58± 0.05.  These results indicate that H. polysperma and L. repens do not use HCO3
-

under normal conditions but can be induced to do so if cultured in a CO2-limited 

environment. 

Vallisneria spp demonstrated an active HCO3
- 
pathway under both non-stressed and

CO2-stressed conditions.  We tested twenty-eight freshly collected plants along with 

fourteen cultured in either lab aquaria (6) or temperature-controlled mesocosms at the 

NFHFT-ARC (8).  The mean CT:Alk ratio for non-stressed plants was 0.54± 0.04 and 

0.48± 0.08 for those acclimated to CO2-limited conditions.   

We performed one-way ANOVAs and Duncan’s New Multiple Range Test (=0.05) 

to compare the means for the CO2-stressed and non-stressed groups (Fig 2.6).  Tests 

found no difference among the mean CT:Alk ratios of the three CO2-obligate species as 

well as the non-stressed H. polysperma and L. repens categories.  CO2-stressed H. 

polysperma and L. repens are significantly different from one another, and the Vallisneria 

spp are significantly different from all others with the exception of CO2-stressed L. 

repens (Table 2.2).   
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Figure 2.4. CT:Alkalinity ratios for CO2-stressed (red triangles) and non-stressed 

(blue circles) samples of the three non-HCO3
-
 users, Bryophyte spp, C. 

caroliniana, and  S. platyphylla.  
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Figure 2.5. CT:Alkalinity ratios for for CO2-stressed (red triangles) and non-

stressed (blue circles) samples of three species that demonstrated the ability to 

utilize HCO3
-
: non-native, H. polysperma  and natives, L. repens and 

Vallisneria spp.   
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Species CO2-Stress N CT:Alk mean SE 
Duncan MRT 

(=0.05) 

Bryophyte 
N 25 0.9423 0.0105 a 

Y 4 0.8936 0.0208 a 

C. caroliniana 
N 35 0.9621 0.0045 a 

Y 8 0.9319 0.0109 a 

H. polysperma 
N 38 0.9114 0.0191 a 

Y 4 0.6859 0.0605 b 

L. repens 
N 36 0.9350 0.0099 a 

Y 12 0.5758 0.0496 c 

S. platyphylla 
N 22 0.9165 0.0144 a 

Y 2 0.8903 0.0578 a 

Vallisneria spp 
N 30 0.5352 0.0393 c 

Y 10 0.4753 0.0834 c 

 

Figure 2.6. Mean CT:Alk ratio for each of six Comal species (± SE).  Blue indicates 

non-CO2-stressed plants while red indicates plants that were cultured under CO2-

stressed conditions.  Letters (a, b and c) indicate groupings based on significant 

differences (one-way ANOVA) according to Duncan’s MRT (=0.05).  

a a a a 
a 

a a 

a 

b 

c 

c 
c 

Table 2.2. Post-hoc means comparison of CT:Alk for twelve groupings 

of species and CO2-stress category via Duncan’s MRT (=0.05).     
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Discussion 

 This study established the potential for six species of interest from the Comal River to 

utilize HCO3
-
.  Three native species, Bryophyte spp, C. caroliniana and S. platyphylla, 

did not exhibit the ability to utilize HCO3
-
 at all, one, Vallisneria spp,  appeared to use 

both CO2 and  HCO3
-
 readily, and another, L. repens, was able to be induced to use 

HCO3
-
 when acclimated to CO2-limited conditions.  The non-native H. polysperma, is 

also able to be induced to utilize HCO3
-
 when acclimated.  These results have 

implications for SAV community dynamics under future low-flow scenarios in which 

DIC may shift from CO2 - to HCO3
-
 -dominant and also for SAV restoration projects.   

 Previous studies have indicated that E. fonticola show differential habitat preference 

with Bryophytes being first, followed by patches of benthic algal mats, L. repens, C. 

caroliniana, H. polysperma, Vallisneria spp, and S. platyphylla (EARIP HCP, 2012; Fig. 

2.7).  This means that a significant portion of their habitat will be affected and possibly 

lost under CO2-deficient conditions associated with low-flow.  Sagittaria platyphylla, is 

capable of producing emergent leaves that can obtain atmospheric CO2.  Ludwigia repens 

and H. polysperma are also able to produce emergent leaves.  Vallisneria spp uses HCO3
-
 

under both normal and CO2-limited conditions but might be affected by other negative 

factors associated with low flow as it likely has specific flow requirements and is only 

seen growing in moderate-to-fast flowing environments within the Comal and San 

Marcos Rivers (Stewart & Ackerman, 2009).   
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 The mechanisms for HCO3
-
 utilization in most SAV species are not well understood, 

and it shouldn’t be assumed that each species uses the same carbon concentrating 

mechanisms (CCM).  Previous studies have found changes – both adaptive and 

acclimative – in plant anatomy, morphology and biochemical pathways in response to 

submergence.  These include elongated leaves with reduced cell wall and cuticle 

thickness, orientation of chloroplasts toward the epidermis, changes to stomatal density, 

shape and activity,  reductions in Rubisco, rates of electron transport and carboxylation 

capacity (Keeley & Rundel, 2003; Mommer et al, 2005; Raven et al, 2008).  Proposed 

SAV CCMs include proteins within the plasmalemma that use ATP for active transport 

of HCO3
-
 across the membrane, energized fluxes of H

+
 to the cell wall to convert  HCO3

-
 

to CO2, C4 metabolism, and Crassulacean acid metabolism (CAM) - which has been 

observed in other  Vallisneria spp (Madsen & Sand-Jensen, 1991).  

Figure 2.7. Mean density of Fountain Daters (E. fonticola) associated with SAV type 

from ten years of biomonitoring dip-net survey data (BIO-WEST, 2011).  

Open    C. thalictroides   S. platyphylla   Vallisneris    H. polysperma  C. caroliniana     L. repens         Benthic        Bryophytes 
          spp                 Algal mats  
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In addition to affecting the DIC chemistry, severely reduced flow rates are associated 

with stagnation, warming and turbidity.  Also, flow velocity itself is an important 

physical factor in how submersed plants procure the DIC necessary to carry out 

photosynthesis.  The aqueous diffusive boundary layer is where the diffusion of carbon 

(either CO2 or HCO3
-
) occurs, and the rate of diffusion is directly affected by the

movement or stirring of this layer (Smith & Walker, 1980).  Furthermore, deteriorating 

conditions could make the systems susceptible to invasion by exotic species.  

Determining which species are capable of utilizing bicarbonate is just one piece of the 

puzzle.  Ecological systems are made up of complex interactions and additional research 

into other critical variables associated with a prolonged reduction in spring flow is 

needed to make more informed predictions about the future of these SAV communities.   
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CHAPTER THREE 

 

Distributed Planting 

 

 

In-situ Investigation of Favorable Environmental Conditions 

 

The diverse communities of submerged aquatic vascular plants that make up a 

majority of the primary-producer infrastructure within the Upper San Marcos and Comal 

Rivers follow the observation by Sculthopre (1967) and others that most taxa are widely 

distributed across broad geographical ranges and are found wherever local conditions 

match ecological tolerances (Baattrup-Pedersen et al, 2006).  The submerged aquatic 

habitat is a unique environment wherein many factors – including depth and light 

availability, flow velocity, substrate, neighboring species and water quality – determine 

distribution and community composition.  Light availability can vary based on riparian 

shading, suspended particulates (turbidity) and attenuation with depth, and some SAV 

species have more rigid light requirements than others (Sand-Jensen & Madsen, 1991).  

Flow velocity is another important factor in determining where and which species are 

able to colonize and persist over time.  Stable current velocities ranging from 0.2 – 0.3 

m/s correlate with peak SAV densities, but these communities are vulnerable to potential 

scouring from flooding events or sustained flows  1.0m/s (Chambers et al, 1991; Riis & 

Biggs, 2003).  Streambed sediments range along a particle size continuum from bedrock 

and large cobble to gravel, sand and soft silt, and their configuration positively correlated 

with flow velocity – larger sediments occur at higher sustained velocities.  Additionally, 

the presence of rooted SAV tends to create drag which reduces current velocity and 
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increases sedimentation – completely altering the environment in which they first became 

established (Madsen et al, 2001).  Interspecific competition from neighboring species is 

another mechanism by which SAV communities are structured; some species may 

exclude others in certain contexts while coexisting elsewhere (Chambers & Prepas, 1990; 

McCreary, 1991).  Finally, optimal SAV physiology depends on a range of water quality 

parameters including temperature and pH.  Temperature affects enzymatic activity while 

pH determines the DIC available for photosynthesis, as discussed above, and they have 

interactive effects on photosynthesis and growth (Olesen & Madsen, 2000).    

 The EPA defines a normal pH range of 6.5 – 9 for inland freshwater, between which 

bicarbonate is the predominate form of DIC, severely limiting the carbon available for 

photosynthetic processes for species that cannot utilize bicarbonate.  In addition to this, 

SAV must contend with light attenuation and riparian shading, potential scour from acute 

changes in velocity due to flooding events, root stress in anaerobic sediments, and 

significant inhibitions to sexual reproduction.  These selection pressures are associated 

with the distribution and limited taxonomic differentiation among SAV species, which 

largely consist of perennial, eury-tolerant taxa that propagate primarily through clonal 

reproduction and have high phenotypic plasticity (Santamaria, 2002; Barrett et al, 1993; 

Lacoul & Freedman, 2006; Wells & Pigliucci, 2000).   

 Community assemblages are associated with biotic and abiotic factors.  Localized 

(within-stream) variation in the environmental factors listed above is central to SAV 

community structure, but biological factors such as interspecific competition and 

herbivory may also play a role (Chambers & Prepas, 1990; McCreary, 1991).  Lotic 

parameters shown to be correlated to ecological indices for species richness and diversity 
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include riverbed topography, riparian conditions and shading, silt sediments, and the 

presence of invasive species (Baatrup-Pedersen et al, 2006; Szoszkiewica et al, 2014; 

Kuhar et al, 2007; Jones et al, 2012; Chambers & Prepas, 1990; Capers et al, 2007).  

Ecological interactions and phenotypic plasticity make it difficult to draw conclusions 

about the tolerance ranges for particular taxa, but it is an important question to address 

within the context of choosing species for restoration.   

 

 

 

 Ludwigia repens is a native species found within the Comal and San Marcos Rivers 

that has been associated with higher E. fonticola densities than others in drop-net studies 

(BIO-WEST, 2011), suggesting it provides highly desirable habitat for this fish species.  

This data, along with its ease of propagation and favorable aesthetics (it is a pretty plant 

that typically does not grow to the surface and interfere with recreational usage – see Fig 

Figure 3.1. Ludwigia repens (red leaves) alongside other native species (S. platyphylla 

and Potamogeton illinoensis) from a restoration site in the Comal River. 
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3.1), has made L. repens a prime candidate for widespread use in restoration planting 

projects.  Limited prior observations suggest that L. repens grows in a somewhat 

restricted range of flowing environments and might be susceptible to competitive 

exclusion by invasive species (Lytle, 2003; Darst et al, 2002; Doyle et al, 2003).  To 

determine the optimal places in which to plant this species, studies are needed that assess 

the survival and growth of L. repens across the range of ecological conditions for flow 

velocity, depth, sediment type, light climate, and neighboring SAV species present in the 

upper San Marcos and Comal Rivers.   

Methods and Materials 

Establishing Plant Cultures and Data Collection 

To address the need to characterize the ecological parameters necessary for the 

growth and survival of L. repens, we carried out a distributed planting in the Comal and 

upper San Marcos Rivers with follow-up surveys of the success of transplants at least 

twice after a period of 3 and 6-8 weeks.  Approximately 428 plants were potted and pre-

cultured using Mobile Underwater Plant Propagation Trays (MUPPTs, Fig 3.2) in Landa 

Lake (Comal River).  There is an open, gravel-bottom area approximately 1-1.25 meters 

deep that is the designated nursery area for establishing plants for use in restoration 

projects.  Each quart-sized nursery pot was filled with sediment collected from a de-

vegetated area within the lake and planted with ten 20cm L. repens apical stem cuttings.  

Plants were allowed to establish roots over a period of 3-4 weeks before being 

transplanted for the experiment.   
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 Healthy plants of similar size were selected and transported to the experimental 

locations which were selected according to the environmental conditions we aimed to 

approximate – depth, flow velocity, sediment type, and riparian canopy.  At selected 

locations, plants were removed from nursery pots and planted directly into the river 

sediment with individual ID tags attached to sod staples (Fig 3.3). GPS coordinates were 

recorded with sub-meter accuracy using a Trimble Geo XH, depth was measured to the 

nearest cm, mid-column flow was measured (m/s) with a Marsh-McBirney Flo-Mate 

2000 Model, and qualitative estimates were made regarding sediment type (gravel, sand, 

silt, soft silt), percent canopy cover and neighboring SAV within a meter of the planting 

site.  For logistical reasons, the distributed plantings were carried out at different times 

for the Comal and San Marcos Rivers.   

 

 

 

 

Figure 3.2. Mobile Underwater Plant Propagation Trays (MUPPTs) used to establish L. 

repens for transplantation (left) and healthy, established pots of L. repens ready to be 

transplanted. .   
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Comal Distributed Planting 

The Comal plantings were carried out from July 28-31, 2014, and the River was 

divided into six sections: Upper Spring Run (USR), Landa Lake (LL), Old Channel 

above and below Elizabeth Street (OCAE and OCBE, respectively), and the New 

Channel above and below the Tube Chute (NCAT and NCBT, respectively; Fig 3.4).  A 

total of 210 plants were transplanted.  Seven planting locations were selected within each 

section with five replicates per site.  Survival of each plant was assessed around 3 weeks 

(Aug 20-21, 2014) and at 8 weeks (Sept 24, 2014).   

San Marcos Distributed Planting 

We received permission from Texas Parks and Wildlife (TPWD) to use Comal-

established L. repens plants in the San Marcos River – the rationale being that the Landa 

Lake nursery is more protected from recreational activities than any suitable locations 

Figure 3.3. New L. repens transplant with ID tag (left) and some of the awesome 

people that helped with transplant installation (right).   
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within the San Marcos River.  The San Marcos plantings were carried out September 9-

10, 2014 with a total of 218 plants being transplanted.  The river was divided into 11 

longitudinal segments (A-M) based on a priori segment designations made by TPWD 

(Fig 3.5).  Transplants were distributed among the sections according to Table 3.1. 

 

TPWD River Segment Number of Plots Total Number of Plants 

A 2 10 

B 8 40 

C 9 45 

D 3 15 

E 1 5 

F 4 20 

G 2 10 

H 4 20 

K 6 30 

L 2 10 

M 3 13 

  

 Plants were assessed at 3-4 weeks (October 1 and October 8, 2014) and again at 7 

weeks (October 28-29, 2014).  The initial assessment was for survival, and the 

subsequent assessment included a qualitative measure of growth.    

 

Data Analysis  

 

 Survival and growth were analyzed via chi-square tests of contingency tables.  

Assessments were made according to river segment (A-F), section (USR/Landa, Old 

Channel and New Channel), flow velocity (cm/sec), planting depth (cm), sediment type, 

percent canopy cover and neighboring species.  Continuous variables (flow, depth and 

percent canopy) were divided into approximately equal-sized groups and given a 

categorical range value.  Because these variables are distributed differently between the 

Table 3.1. Ludwigia repens transplant distribution in the San Marcos River.   
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two rivers, this method did generate range categories with differing upper and lower 

limits for each river.    

Figure 3.4. Map of the Comal River with six sections (A-F) indicated with circles 

and labels (OC and NC = Old Channel and New Channel, respectively).  

(A) 

(B) 

(C) (D) 

(F) 

(E)
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Figure 3.5. Map of the San Marcos River with TPWD Segment designations 

(A-M).  Circles indicate how the segments were grouped for Chi-square 

segment analysis.    
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Results 

Comal Distributed Planting 

Overall, plant survival in the Comal was relatively poor, measuring 58.4% at 3 weeks 

and dropping to 48.3% at the 8 week assessment.  Figures 3.6- 3.8 illustrate the 8-week 

survival for the categories of river section, flow velocity, depth, sediment type and 

neighboring species.  Survival was strongly correlated to river segment and section 

(p<0.001), with those planted in sections of the OC (segments C & D) doing the best 

(84.8% at 8 weeks) followed by locations in the NC (segments E & F; 41.4% at 8 weeks) 

and then Landa/USR (segments A & B; 18.6% at 8 weeks)(Fig 3.6).   

Figure 3.6. Survival of L. repens transplants at the 3- and 8-week points of assessment 

according to river section which was a significant factor according to 
2
 analysis.
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 Other factors showing significance related to survival were flow velocity (p<0.0001), 

sediment (p=0.002), and possibly neighboring species (p<0.0001; table 3.2).  Plants had a 

50% survival rate at flows 0.11m/sec (Fig 3.7).  Sand was the most successful 

sediment type followed by Soft Silt and Gravel with survival less than 50% in Soft Silt 

sediments, although sample sizes were unequal. Neighboring species most associated 

with a survival rate <50% were C. caroliniana (42%), Vallisneria spp (32%), and S. 

platyphylla (7%).  Riparian canopy cover and planting depth did not correlate with 

survival patterns (p=0.290 and 0.212, respectively).  

 

Figure 3.7. Survival of L. repens transplants at the 3- and 8-week points of assessment 

according to river segment which were combined to form sections (Fig 3.6a) as 

indicated.  Segments A and B make up the USR/Landa section (orange circle), 

segments C and D make up the Old Channel section (green circle), and segments E 

and F make up the New Channel Section (yellow circle).    
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Flow Analysis: 


2
= 63.4 

p<0.0001 

Sediment Type 

Analysis: 


2
= 14.3 

p=0.002 

Neighbor 

Analysis: 


2
= 42.1 

p<0.0001 

Figure 3.8. Survival at 3- and 8-weeks for L. repens according to flow velocity, 

sediment type and neighboring species in the Comal River.  Chi-square statistics for 

8-week frequency distributions are shown.
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Figure 3.9. Survival of L. repens according to riparian canopy cover (
2
=4.97, 

p=0.; top) and planting depth (
2
=5.84, p=0.212 ; bottom) in the Comal River.  

Neither factor correlated to survival outcomes.  



35 

3-week 8-week Contingency Table Statistics

Factor Level N survival survival Df 
2
-statistic p-value

Segment 

A 35 4 4 

5 72.5 <0.0001 

B 35 13 9 

C 35 35 35 

D 33 27 23 

E 35 22 12 

F 35 20 17 

USR/Landa 70 17 13 

Section Old Channel 68 62 58 2 63.4 <0.0001 

New Channel 70 42 29 

2cm/sec 44 11 9 

3-10cm/sec 40 20 14 

Flow 11-25cm/sec 40 28 24 4 26.7 <0.001 

26-61cm/sec 43 37 29 

62cm/sec 41 25 24 

Sediment 

Soft Silt 36 24 20 

3 14.3 0.002 
Silt 76 33 26 

Sand 10 9 9 

Gravel 86 55 45 

5% 57 26 21 

10-30% 47 29 25 

Canopy 40-50% 30 17 14 4 4.9 0.290 

60-75% 36 22 21 

80% 38 27 19 

50cm 31 21 19 

51-62cm 42 23 20 

Depth 63-74cm 40 22 16 4 5.8 0.212 

75-92cm 35 15 11 

93cm 33 21 18 

Neighbor 

Species 

Bryophyte 11 8 8 

6 42.1 <0.0001 

C. caroliniana 12 7 5 

H. polysperma 27 21 14 

L. repens 20 19 19 

S. platyphylla 28 2 2 

Vallisneria spp 22 10 7 

bare 54 29 25 

Table 3.2. Comal River distributed planting categories with numbers of 

plants per level (N), number of plants at 3- and 8-week survival assessment, 

and Contingency Table Analyses. 
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San Marcos Distributed Planting 

Survival results for the plants planted in the San Marcos River were dramatically 

different, with 97.7% survival after the first 3-4 weeks and 96.3% after 7 weeks.  With 

survival being so high, we decided to use a quantitative assessment of plant size 

producing three categorical values: smaller (apparently stressed and not likely to thrive), 

equivalent (to size at time of planting) or larger (with evidence of new growth).  

Comparisons were then made between size class and the 6 factors: river section, flow 

velocity, sediment type, canopy, depth and neighboring species. 

Again, location was strongly correlated to growth with plants planted at the upper 

segments of the river (A-D) having positive growth while those planted downstream 

(segments E-M) were mostly smaller (Fig 3.10-top,  p<0.0001). Growth pattern was 

negatively correlated with flow velocity and sediment size class (p<0.0001 for both), with 

most plants growing better in flows <0.2m/sec (Fig 3.10-bottom) and in finer sediments 

like Silt/Clay and Soft Silt (Fig 3.11-top).  Riparian canopy was grouped into 3 levels 

(30%, 40-60%, and 70%) and found to be significant to plant growth (p=0.0007) with

plants growing most at cover 30% (Fig 3.11-bottom).  Depth did not correlate with 

growth patterns (p=0.134), and while neighboring species did (p<0.0001), sample sizes 

were unequal (Fig 3.12).   
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Figure 3.10. Comparative plant size at 7 weeks for L. repens according to San 

Marcos River segment (
2
=120.9,  p<0.0001, top)  and flow velocity (

2
=70.0,

p<0.0001, bottom).   



38 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11. Comparative plant size at 7 weeks for L. repens according to Sediment 

type (
2
=34.5,  p<0.0001, top)  and %Riparian Canopy Cover (

2
=19.4,  p=0.0007, 

bottom) in the San Marcos River.   
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Figure 3.12. Comparative plant size at 7 weeks for L. repens according to Planting 

Depth (
2
= 9.8,  p=0.134, top)  and Neighboring species (

2
=34.1,  p<0.0001,

bottom) in the San Marcos River.   
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   Survival 7-week Size Comparison 

Factor Level N 3-4-week 7-week smaller equivalent larger 

Segment 

A-B 50 49 48 5 20 23 

C-D 60 58 57 10 10 37 

E-H 55 54 53 28 20 5 

K-M 53 53 53 50 3 0 

Flow 

(cm/s) 

<10 54 52 51 13 6 32 

10-20 60 59 57 11 21 25 

21-35 50 49 49 30 14 5 

>35 54 54 54 39 12 3 

Sediment 

Gravel/Cobble 90 89 88 51 22 15 

Sand 46 0 1 20 16 9 

Silt/Clay 55 52 51 16 12 23 

Soft Silt 27 0 0 6 3 18 

Depth (cm) 

40 59 58 58 24 17 17 

41-59 58 55 53 32 9 12 

60-70 54 54 54 19 13 22 

>70 47 47 46 18 14 14 

 

30% 71 69 66 15 21 30 

Canopy 40-60% 74 73 73 40 18 15 

 

70% 73 72 72 38 14 20 

Neighbor 

spp 

H. verticillata 20 20 20 13 5 2 

H. polysperma 48 48 47 17 11 20 

P. illinoensis 25 24 24 4 13 7 

bare 55 54 53 38 6 9 

        

 

 

  

 

 

Table 3.3. San Marcos River distributed planting categories with numbers of 

plants per level (N), number of plants at 3-4 and 7-week survival assessments, 

and 7-week size comparison to initial transplants. 
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7-week Size Comparison
Contingency Table 

Statistics 

Factor Level N smaller equivalent larger Df 
2 p-value

Segment 

A-B 50 5 20 23 

6 120.9 <0.0001 
C-D 60 10 10 37 

E-H 55 28 20 5 

K-M 53 50 3 0 

Flow 

(cm/s) 

<10 54 13 6 32 

6 70.0 <0.0001 
10-20 60 11 21 25 

21-35 50 30 14 5 

>35 54 39 12 3 

Sediment 

Gravel/Cobble 90 51 22 15 

6 34.5 <0.0001 
Sand 46 20 16 9 

Silt/Clay 55 16 12 23 

Soft Silt 27 6 3 18 

Depth (cm) 

40 59 24 17 17 

6 9.8 0.1342 
41-59 58 32 9 12 

60-70 54 19 13 22 

>70 47 18 14 14 

30% 71 15 21 30 

Canopy 40-60% 74 40 18 15 4 19.4 0.0006 

70% 73 38 14 20 

Neighbor 

spp 

H. verticillata 20 13 5 2 

6 34.1 <0.0001 
H. polysperma 48 17 11 20 

P. illinoensis 25 4 13 7 

bare 55 38 6 9 

Table 3.4. Contingency table analyses on L. repens size class for distributed 

planting variables in the San Marcos River. 
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Discussion 

 Planting location was most strongly correlated with L. repens survival in the Comal 

and growth in the San Marcos River (SMR).  However, the reason location mattered was 

not likely the same for each river.   The summer of 2014 saw exceptional drought 

conditions, affecting flow conditions in portions of the Comal more dramatically than the 

SMR, with flows dropping well below 100 cfs (Figs 3.13 & 3.15).   

 

 

 

Figure 3.13. Portions of the river in Upper Spring Run (USR) under normal flow 

conditions (left) and severe drought (August 2014, right).  USR experienced 

deteriorating water quality during the late summer of 2014 which likely explains the 

poor survival rates of L. repens.  
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Springflow in the Upper Spring Run (USR, 11.4% survival) had ceased, and water 

was noted as being stagnant, turbid and warmer than normal.  Recreation from private 

properties that line the river section likely also contributed to the deteriorating conditions.  

Similar conditions were noted in the New Channel (41.4% survival), which is used 

heavily for recreation.  The HCP prioritizes flow to the Old Channel which is also 

protected from recreation – probably why plants in that section fared the best (85.3% 

survival).  Reasons for poor survival in Landa Lake (25.7%) are less clear because it is 

also protected from recreational activity.  One possibility is increased turbidity and 

disturbance from new wall construction along a portion of the western bank; however, 

planting locations were not proximal to that area.  Another is due to shading from floating 

mats of vegetation that collect around areas where submerged vegetation meets the 

surface as water levels declined.  A third possible explanation is amplified herbivory – 

both from herbivores forced out of the USR and dry spring runs into Landa Lake and 

from crayfish which have been found to be more abundant in Landa Lake than other 

locations within the Comal (Fig 3.14, data provided by BIO-WEST) 

Figure 3.14. Mean 

crayfish SE per m
2

based on 17 years of 

biomonitoring drop-

net data for four 

reaches in the Comal 

River (Upper Spring 

Run, Landa Lake, 

New Channel and Old 

Channel).  Raw data 

provided by BIO-

WEST, inc.  
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 The San Marcos River water quality deteriorates from upstream to down, as the 

springs are all located at the headwaters.  Plant growth was positive in the upstream 

portions (Segments A-D) and poorest in Segment M which is downstream of the water 

treatment plant.  Greater survival, overall, in the SMR could’ve been due to better 

sustained flow (Fig 3.15) and the fact that the plants were transplanted after Labor Day 

which marks a dramatic increase in recreational traffic.    

Flow velocity, sediment type and riparian canopy cover were also found to be 

significantly correlated to survival and/or growth.  However, the patterns were not the 

same in both rivers.  In the Comal River, flows  11cm/sec  were associated with a >50% 

survival rate while positive growth in the SMR was associated with slower flows 

(<20cm/sec).  Riparian canopy percent-cover of 30% was associated with the best 

growth in the SMR but was not found to be a significant factor in the survival of plants 

planted in the Comal River.  Neighboring species analyses required the elimination of 

heterogeneous neighbors and those with low sample numbers and, therefore, were limited 

to a few single species with a large enough sample size.  In the Comal, neighbors 

associated with a <50% survival rate were: C. caroliniana (42%), Vallisneria spp (32%), 

and S. platyphylla (7%) while being planted near fellow L. repens was correlated to a 

95% survival rate.   The San Marcos River contains more heterogeneous stands of aquatic 

vegetation, so there were only three singular species with a large-enough sample size to 

compare.  More positive growth was associated with H. polysperma, which is a non-

native similar in appearance to L. repens, but is a bit counterintuitive because previous 

studies have shown H. polysperma to engage in competitive exclusion with L. repens.  
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(Doyle et al, 2003).  Another competitive non-native, H. verticillata, was associated with 

deteriorating growth rates, as expected.  

The factors assessed are, at least, somewhat interrelated.  River section is associated 

with water quality parameters.  Flow velocity affects the distribution of sediment grain 

size and is affected by plants that create drag.  Depth is also related to flow velocity, with 

higher flows occurring in the thalweg.  Riparian canopy cover affects which plants will 

grow in a particular area, and those species could be potentially hostile neighbors.  As 

with any experimental (as opposed to observational) ecological study, the variables that 

determine the survival and success of transplanted L. repens are numerous, and the 

degree to which they interact is unknown.  Other factors that could be assessed are actual 

light climate (as opposed to a subjective measure of riparian canopy cover), herbivory by 

vertebrates and invertebrates, allelopathy and other competitive strategies in neighboring 

plant and algal species, water and sediment nutrient conditions, and potential diseases.    
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Figure 3.15. Discharge (cfs) from June to November of 2014 for the Comal (top) 

and San Marcos (bottom) Rivers.  At the end of August, during the Comal project, 

flows dropped to around 60cfs in the Comal (Source: USGS National Water 

Information System). 
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