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Abstract.  

Podostemum ceratophyllum (Podostemaceae), “Hornleaf riverweed,” is a native aquatic 

flowering plant that occurs only attached to rocks in fast flowing water. The species occurs in 

much of eastern United States and Canada. Over the last several decades the species has notably 

declined in numbers, largely as a result of human induced factors. The ecological importance of 

P. ceratophyllum in rivers is well documented. This research is the first attempt to transplant the 

species into a river where it was not known to occur, with the goal of helping to mitigate the loss 

of populations. The plant was taken from two “donor” rivers where the species grows naturally, 

and moved into the Norwalk River (Wilton, CT), as well as between the two donor rivers. 

Relative growth rate was significantly impacted by the location the plants were moved to, but not 

by the source (donor river) plants were moved from. Transplanted P. ceratophyllum grew in each 

of the three rivers, although growth rate was significantly lower in the Norwalk River. Within the 

Norwalk River, plants from neither source had a significantly different growth rate, suggesting 

that the location plants grow in is more important than the river they are moved from. Results 

from one field season show that the methodology used to transplant P. ceratophyllum was 

successful, as the plants survived and grew during the 4-5 month period. Future studies will 

investigate causes of lesser growth in the Norwalk River, and improve upon the methodology 

used.  
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I. Introduction 

 

 

A. Background. 

 

 i. Human Impacts. It is well established that humans have negatively impacted the 

environment. These impacts are considered so significant that the current geological era is 

referred to as the “Anthropocene,” to reflect how drastically humans have altered climate and the 

environment (Robin and Steffen 2007). Burning of fossil fuels and industrial agriculture have 

had particularly negative consequences. Human actions have led to pollution of freshwater rivers 

and oceans, deforestation, soil erosion, poor air quality, undrinkable water, ocean acidification 

and climate change. Some of the most devastating impacts can be seen in loss of biodiversity 

through the extinction of mammal and bird species, and decline of fish in rivers (Lotze and 

Milewski 2004). Humans have affected the occurrence of species within most levels of the food 

web, and have directly or indirectly affected most others (Lotze and Milewski 2004). 

ii. Industrialization. In the 1800-1900s, economic growth in the United States accelerated 

much more quickly than ever before. This significant expansion and increased efficiency of the 

economy is now referred to as the industrial revolution (Rees 2016). Industrialization refers to 

the use of machines and labor in factory settings to increase production of goods (Rees 2016). In 

the late 1800’s and early 1900’s industrialization increased faster than anytime previously in 

U.S. history (Rees 2016). This led to urbanization, or the shifting of populations from rural to 

urban areas (Rees 2016). The result was more individuals in one concentrated location, and more 

goods manufactured at a faster rate. One of the most prominent developments of this time was 

the development of power generation by dams (Rees 2016; Altinbilek 2002). Damming of rivers 

allowed for the production of electricity.  
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iii. Dams and Impacted Rivers. Historically, dams have provided a great economic benefit 

through the production of electricity. However, the environmental impacts that have resulted 

from damming of rivers is significant (Beck et al. 2012). In this context, economic growth is said 

to be directly related to environmental degradation (Beck et al. 2012). River management 

through damming of rivers is known to negatively impact rivers (Kingsford 2001). Dams alter 

wetland ecology, reduce flooding to these areas, and lead to death or impacted functionality of 

aquatic species (Kingsford 2001). Impacts to populations of water birds, invertebrate species, 

and native fish populations are visible in affected rivers (Kingsford 2001).  Dams impact water 

flow, water chemistry, sedimentation, and primary productivity (McCartney 2009). Species of 

fish, birds, mammals, mollusks, and numerous other organisms are directly impacted 

(McCartney 2009). A variety of management practices have been developed to mitigate some of 

these impacts, but none restore the river, or the species that inhabit it, to its native ecology 

(McCartney 2009).  

iv. Removal of Dams. In recent years, removal of dams has become a well discussed topic. 

Removing dams along impacted rivers has been cited as a method of river restoration (Bednarek 

2001). Construction of dams has occurred less frequently over time, but dam removal is still 

quite controversial (Bednarek 2001). Opponents of dam removal cite increased sediment load (in 

the short-term) as a primary concern (Bednarek 20001). However, removal of dams is known to 

provide a number of ecological benefits (Bednarek 2001). Dam removal allows for increased 

water flow, improved water quality, increased fish passage, better sediment movement through 

the river, and return and increased biodiversity of native species (Bednarek 2001). In some 

locations, dam removal has led to die off of invasive species (which often thrive in slow moving 

reservoir environments) and the return of native species (Bednarek 2001).  
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B. Ecological and Social Context For This Study.  

 

i. The Norwalk River: A Location of Opportunity. The Norwalk River is about 37 km 

(23 miles) long. The headwaters of the two major branches occur in Lewisboro, NY (west 

branch) and Ridgefield, CT (east branch). The river flows through a watershed of about 40,000 

acres (16,187 hectares; Figure 4, Norwalk River Watershed Association) and empties into Long 

Island Sound in Norwalk, CT. The watershed spans seven townships in both Connecticut and 

New York and is known for recreational fishing (Norwalk River Watershed Association).  

The Norwalk River has been polluted by runoff from both commercial and residential 

origins (Nonpoint Source Success Story, US EPA), and has been impacted by damming (Figure 

5). Sources of pollution include municipal wastewater and storm water, failing septic systems, 

runoff, and pet or domestic animal waste.  When the river failed to meet requirements for 

recreational uses in 1998, it was added to the state’s Clean Water Act under the list of impaired 

waters (Nonpoint Source Success Story, US EPA). Since then, steps have been taken to 

minimize pollution to the river and to improve water quality. 

Based on data collected by the Connecticut Department of Energy and Environmental 

Protection (CT DEEP) in 1997, 110 registered dams were present within the Norwalk River 

watershed (Norwalk River Watershed Action Plan). In the Wilton area specifically, 51 dams are 

known to have been constructed on the Norwalk River and its tributaries (Norwalk River 

Watershed Action Plan). There are two flood control dams present within the watershed, one in 

Ridgefield, the other in Wilton (Norwalk River Watershed Action Plan). However, since 1997, 

the time this data was gathered, some dams have been removed or breached. The “Flock Process 

Dam” in Norwalk, CT has been removed, and the “Cannondale Dam” in Wilton has a six-foot-

wide breach to allow migratory fish to pass (Opening Up Rivers, One Dam at a Time). The 
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“Merwin Meadows Dam” in Wilton is also set for removal, which would leave just one dam 

remaining in the entire span of the Norwalk River—the “Factory Dam” in Georgetown, CT 

(Opening Up Rivers, One Dam at a Time). 

ii. Trout Unlimited Set The Stage. The framework for this study was established by 

Trout Unlimited (The Mianus Chapter). Trout Unlimited© is a non-profit organization that 

works to “conserve, protect and restore North America’s cold-water fisheries and their 

watersheds” (Trout Unlimited). The Mianus Chapter of Trout Unlimited is involved in an 

ongoing restoration project within a section of the Norwalk River in Wilton, CT (Wilton Bulletin 

2019, Good Morning Wilton 2019). The work of Trout Unlimited involved installing single-wing 

and saw-tooth rock deflectors to change the direction of water flow, placing boulders and woody 

debris on the bank and in the stream itself, creating artificial overhanging banks, conifer tree 

revetments, and streambank soil bioengineering to provide refuge for cold-water fish. The work 

of the Mianus Chapter of Trout Unlimited in this area focused on restoring riparian habitat, 

managing invasive plants, providing passage for fish, and enhancing water quality (Section 319 

Nonpoint Source Program Success Story...). This project also included fish population 

monitoring, as well as efforts to educate students, faculty, and parents in nearby schools and 

communities about habitat and stream restoration.  

 

iii. Aquatic Plant Communities.  

a. Restoration Utilizing Native Aquatic Plants.  Improving rivers and surrounding 

environments is an area of increasing interest and concern (Palmer et al. 2005; McCartney 2009; 

Bednarek 2001). Those that manage river improvement projects are moving away from 

engineering solutions and instead utilizing restoration activities (Palmer et al. 2005). However, 

while interest is growing in these ecology-based solutions, there is little agreement on what 
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determines if efforts to restore a river are in fact “successful” (Palmer et al. 2005). Palmer et al. 

(2005) propose five criteria to measure success in ecological river restoration: 1) the restoration 

project should be based on what a healthy river would look like (in terms of ecological variables; 

community composition, ecological function) at the existing site; 2) the ecological condition of 

the river must improve in a measurable way; 3) the project must lead to a river system that is 

resilient and more self-sustaining, so that minimal follow up work is required; 4) no permanent 

damage should be inflicted on the ecosystem during the project time period; 5) assessments must 

be made before and after the completion of the restoration work, and the data should be made 

publicly available.  

Success is defined in different ways by different stakeholders involved in any type of 

restoration work. Palmer et al. (2005) propose the overlap of three types of success within river 

restoration projects: stakeholder success, ecological success, and learning success. Stakeholders 

are often hoping to gain educational or recreational benefits, or perhaps are invested in the 

restoration work for aesthetics or some type of beneficial economic outcome. Ecological success 

refers to the ecosystem itself, and the five measures of success outlined above. Improvement of 

the ecosystem and ecological services without long term damage to the area equates to ecological 

success (Palmer et al. 2005). Learning success refers more to scientific contribution; for instance, 

what could be learned from a project? What could be improved? What scientific information 

could be contributed to this topic from the work conducted? Learning success also encompasses 

management practices, and advancing understanding of how specific management practices can 

help or hurt restoration work (Palmer et al. 2005).  It is possible to have one type of success 

without any other, two out of three, or all three at once. In an ideal situation, all three types of 

success would occur, in distinct and measurable ways. However, Palmer et al. (2005) point out 
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that restoration work should not be labeled as “ecological restoration” if it does not meet the five 

outlined criteria stated above. A project that does not improve the ecology of a river (increased 

biodiversity, measurable improvements in physiochemical and biological components of the 

river); , or cannot be measured, is not an ecological success and should not be categorized as 

such. A restoration-oriented project may lead to learning success or stakeholder success, or 

important information on how to improve an ecosystem through restoration work, but it is 

important to keep these very different outcomes distinct (Palmer et al. 2005). Measures of 

success in any restoration project vary depending on the intended outcomes and long-term goals 

of those involved, and depending on the specific area of focus (Palmer et al. 2005). And, of 

course, the most important consideration for any restoration project is to make clear and realistic 

goals (Palmer et al. 2005).  

b. Transplantation of Aquatic Plants. Previous work has shown that transplanting 

macrophytes into compromised streams or rivers can assist in rehabilitation (Riis et al. 2009). 

Macrophytes are aquatic plants, growing in or near water, and can grow emergent (sections of 

the plant extending above the surface of the water), submerged, or floating. Riis et al. (2009) 

showed success in transplanting species of macrophytes into streams, with survival rates ranging 

between 88-100% (Riis et al. 2009). The following spring, survival of the plant beds was 100% 

for four out of the six macrophyte species transplanted (Riis et al. 2009). Their work 

demonstrates that transplanting species of macrophytes can be done successfully, although 

clearly different species vary in their ability to be transplanted.  

The information Riis et al. (2009) gathered from their work has important implications 

for any species of macrophyte. Recurring factors tend to be exposed as playing a significant role 

in macrophyte survival, especially during transplantation. Those factors are temperature, water 
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depth/velocity, and sediment conditions. Riis et al. (2009) further discuss water velocity as it 

relates to the survival of the species they transplanted, and note that the species of focus in their 

work required lower water velocity for successful propagation and transplantation (Riis et al. 

2009).  

Encouraging or reintroducing native plant growth can positively impact river ecosystems 

(Funk et al. 2008). Communities that are more diverse in native species are less susceptible to 

invasion by non-native species (Funk et al. 2008). The more diverse an ecological community is, 

the less availability that exists for a non-native species to fill a vacant role.  

The occurrence of an “empty niche” is typically the result of removal or die off of native 

plant species (Smart et al. 1998). Such an ecological opening allows for non-native, invasive or 

other weedy or undesirable species to move in (Smart et al. 1998). Infestation of less desirable or 

harmful species can be much more difficult to manage after the fact, as opposed to taking 

preventative steps to minimize risk of invasion. Smart et al. (1998) outline methods for 

establishing native aquatic plants. Three specific situations are highlighted where native aquatic 

plant establishment would be particularly helpful to combat invasive or harmful species. The first 

are areas where there is an absence or low amount of vegetation to begin with. Second, areas 

with low diversity of species. Lastly, areas already overtaken with exotic plant species (Smart et 

al. 1998). In the third example, effective management strategies to remove these plants must first 

be implemented. However, in the other two situations, the focus should be on preventing the 

colonization of unwanted species (Smart et al. 1998).  

Transplantation of aquatic plant species is beneficial in a variety of ways. Occurrence and 

abundance of submerged macrophytes have a direct relationship with water quality in lakes and 

streams (Gao et al. 2020). Gao et al. (2020) showed that transplanting macrophyte communities 
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for restoration purposes was successful in improving the transparency of water in lakes. 

Transplanting can be a sustainable and cost-effective method of rehabilitation for impacted rivers 

or bodies of water (Riis et al. 2009). It typically requires less labor and therefore less money 

compared to physical modification of the water body. Transplanting species of macrophytes into 

a stream can be a productive and sustainable tool to combat degraded streams, and improve river 

ecology (Riis et al. 2009).  

Qualities of a stream impact the viability of growth of transplants. A primary 

recommendation made by Riis et al. (2009) was to select “suitable” streams. They define streams 

as suitable when they can support the growth of macrophytes, and the presence of macrophytes 

in these streams would benefit the area ecologically. The three primary physical conditions that 

are required for macrophytes to grow sustainably are shallow water, water velocity within an 

acceptable range for the species, and suitable unshaded conditions (Riis et al. 2009). However, 

specific ranges of these variables differ based on the species that is transplanted.  

 

 

C. The Species of Interest.  

i. Podostemum ceratophyllum.  Podostemum ceratophyllum Michx. (Hornleaf 

Riverweed) is an aquatic flowering plant in Podostemaceae. These plants grow attached tightly 

to rocks in river rapids in freshwater rivers in much of eastern United States and Canada (Wood 

and Freeman 2017).  This is the only species of Podostemaceae in the continental U.S., with 

other species existing in Central and South America (Philbrick and Novelo 2004). The native 

range of P. ceratophyllum spans the eastern United States and Canada with disjunct populations 

in the Dominican Republic and Honduras (Figure 1). Representative locations where the species 

occurs in Connecticut are shown in Figure 2 (Global Biodiversity Information Facility [GBIF]). 
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During the last century there has been notable decline of P. ceratophyllum populations 

across its native range (Wood and Freeman 2017). Factors that have contributed to this decline 

(or extirpation) include severity and duration of low flow periods in rivers (related to damming 

and climate change), changes in water velocity, herbivory, sedimentation, limited light and 

nutrient availability, and substrate stability (Wood and Freeman 2017). Most of these factors are 

a result of human activities and related to the use of rivers for commerce and power generation, 

especially in Connecticut.  

  Podostemum ceratophyllum grows in river-rapids. The roots attach to stable substrates 

(Philbrick and Novelo 2004), usually rocks. The species can be variable in appearance between 

populations, but plants growing in one location tend to look similar (Figure 3 A-C). Populations 

of P. ceratophyllum north of the glacial boundary are often genetically identical, while those 

south of the boundary exhibit considerable genetic variation (Fehrmann et al. 2012). Genetic data 

indicates that southern populations are older and more established, while northern populations 

are more recent; northern populations colonized from southern populations (Fehrmann et al. 

2012). North of the glacial boundary, plants within a particular location are genetically identical 

(Fehrmann et al. 2012).  

Podostemum ceratophyllum is perennial and reproduces through seed as well as clonally 

via extensive root growth (Philbrick 1984; Philbrick et al. 2015). Clonal growth refers to the 

increase in size of an individual. As the individual increases in size it can grow from rock to 

rock. New growth begins in early spring, with the highest growth rate taking place in mid-

summer. Roots are linear and highly branched; stems arise from the roots. Because of the dense 

growth of highly branched and often overlapping roots it is exceedingly difficult—if not 

impossible—to distinguish one plant from another on a given rock. Moreover, root growth 
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between rocks complicates recognition of individual plants even further. The paucity of genetic 

variation at a location, combined with extensive clonal growth, supports the hypothesis that all 

plants at a given location in a river represent the same genetic individual. Given the impossibility 

of identifying one “plant” from another (and that all plants in a particular location are genetically 

identical), growth on one rock will be referred to as one plant. 

When plants are exposed by lowering water levels towards the end of the growing 

season, in mid to late summer, the plant flowers and sets seed (Philbrick and Novelo 2004). The 

seeds are tiny (ea. 0.5 mm long). Seeds become sticky when wetted (myxospermy) and upon 

drying they stick to whatever surface they are on. Some authors have proposed that myxospermy 

aids in seed dispersal (Yang et al. 2012), others (e.g., Grubert 1975) report the opposite; 

myxospermy is associated with seeds not being dispersed. Although anecdotal accounts of 

potential agents of seed dispersal occur in the literature (e.g. water, birds) none have been tested 

empirically (cf., Philbrick and Novelo 2004). Root fragmentations also have the potential to be 

dispersed and reattach to rocks in new locations (Philbrick et al. 2015). Sections of the plant that 

become exposed to the air for extended periods of time senesce, while those that stay wet persist. 

The following spring, when water levels are higher, the live parts of plants renew growth and 

recolonize the available habitat that had become open by the senescence of plants during the 

previous season. What this means is that the plants recolonize the same habitat year after year.  

 Podostemum ceratophyllum plays an important role in river ecology. Wood and Freeman 

(2017) refer to it as a ‘foundation species’ based on the variety and importance of ecological 

services it provides. A foundation species is one on which many species in the community rely, 

directly or indirectly. Podostemum ceratophyllum creates habitat for a variety of organisms, 

including trout and other freshwater fish. Argentina et al. (2010a) found that in experimental 
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manipulations of plant cover, there was higher occurrence of insect eating fish in treatments with 

high (over 80%) versus reduced (7%) plant cover. In addition to the physical habitat it provides, 

the plant also contributes additional ecosystem services by shunting resources into the food 

chain, sequestering dissolved elements (N, P, Ca) from the water column, and contributing 

significant amounts of detritus (Wood and Freeman 2017).  

 It is known that water velocity is important to P. ceratophyllum survival. Podostemum 

ceratophyllum transplanted into low velocity habitat showed significant loss in stem length as a 

result of herbivory (Wood et al. 2019). In a 2017 study, Podostemum ceratophyllum transplanted 

into high velocity areas showed little or minimal gain in stem length (Wood et al. 2019). This 

provides further evidence for the importance of fast-flowing water habitat for the species, not 

just for species survival, but also for prevention of herbivory (Wood et al. 2019). High water 

velocity reduces herbivory of the plant (Wood et al. 2019).  

ii. Restoration: Species-Specific Considerations for Podostemum ceratophyllum. 

Water depth, water velocity, and light intensity are all important factors applicable to P. 

ceratophyllum. However, the required ranges for successful P. ceratophyllum establishment and 

growth are likely significantly different than for other species of aquatic plants, including the 

species investigated in the work of Riis et al. (2009). Podostemum ceratophyllum requires swift 

water velocity for successful growth, at least seasonally (Philbrick and Novelo 2004; Wood et al. 

2019). There are still unknowns surrounding some of the ecological requirements of P. 

ceratophyllum. It is important to note that Riis et al. (2009) focused on species of rooted aquatic 

macrophyte. While the information from their study has significant implications for 

transplantation of many aquatic plant species, P. ceratophyllum does not grow rooted in soil; it 
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grows attached to rocks. We are unaware of any attempts to transplant P. ceratophyllum, 

although such transplanting could mitigate loss of the species in many locations.  

Podostemum ceratophyllum is unlike other aquatic macrophytes in several key respects, 

as summarized in Argentina et al. (2010b). First, these plants require high velocity current, at 

least seasonally. Second, light intensity strongly influences growth of P. ceratophyllum. 

Argentina et al. (2010b) found that canopy cover negatively affected P. ceratophyllum growth; 

high light intensity is important for P. ceratophyllum. Shading along riverbanks impacts 

community composition of macrophytes within a stream: Podostemum ceratophyllum dominates 

only in high light environments (Canfield and Wood 2019). Water turbidity was an additional 

factor. Increased turbidity leads to decrease in P. ceratophyllum cover. Turbidity is thought to 

impact P. ceratophyllum by decreasing the amount of light able to pass through the water and 

reach the plant. Overall, the most important variables to predict cover of P. ceratophyllum were 

light intensity and sedimentation (Argentina et al. 2010b). 

Connelly et al. (1999) indicate that while P. ceratophyllum may be able to tolerate some 

sedimentation, it is likely unable to survive in areas with high sediment loads, i.e. the species is 

“intolerant of sedimentation” (Connelly et al. 1999). However, more recent research has 

amended this description to “vulnerable” to sedimentation, with excessive sedimentation a cited 

reason for P. ceratophyllum die off (Wood and Freeman 2017). Podostemum ceratophyllum can 

tolerate sedimentation, but the amount of sediment and for what length of time is unknown. 

Podostemum ceratophyllum growth has the ability to stabilize river beds, because of how the 

roots grow from rock to rock, and are often attached to many smaller rocks at one time (Connelly 

et al. 1999). This can actually decrease sedimentation within rivers by stabilizing the substrate 

(Connelly et al. 1999).  
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In the published literature, Podostemum ceratophyllum has been associated with clean 

streams and good water quality (Meijer 1976). However, in recent years, P. ceratophyllum has 

been found in streams of varying water quality, disproving that P. ceratophyllum grows in clean 

streams exclusively.  Podostemum ceratophyllum typically occurs in well-lit sections of rivers 

with fast moving water, and grows across substrate in all directions (Hammond 1937; Graham 

and Wood 1975). Reliably swift water flow seems to be most important for species survival, 

even more so than water quality (Munch 1993). The plant is known to attach to small rocks, 

pebbles, or other small pieces of substrate through root growth (Hammond 1937). Canfield and 

Wood (2019) found that percent cover and stem length of P. ceratophyllum populations were 

positively associated with size of substrate, and negatively associated with canopy cover.  

Flowering of the plant and dispersal of seeds requires a drop in water level (Hammond 

1937). Dams and other water management structures impact water levels in rivers, which may 

affect the ability of the plant to reproduce through this method. Seeds or seedlings of the species 

are often difficult to find, and may not occur at all in some years, typically a result of water 

levels remaining high so that plants remain submerged (Hammond 1937). The species is known 

to die back and recolonize surfaces throughout a growing season (summer months), once or 

multiple times (Hammond 1937). Podostemum ceratophyllum occurs in specific areas within 

stream habitat (fast-flowing river rapids), so it does not typically compete with other aquatic 

plant species (Hammond 1937). Few other aquatic species occur in this environment (Hammond 

1937). Asexual reproduction (clonal growth) of the species is more commonly observed than 

sexual reproduction within locations where P. ceratophyllum occurs (Munch 1993). In 

populations of P. ceratophyllum impacted by severe drought, re-colonization of areas through 

vegetative growth was the most prominent method of recovery (Pahl 2009).  
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Jager-Zurn and Grubert (2000) provide evidence for the existence of a biofilm between 

plants within Podostemaceae, and the substrate to which they attach (Jager-Zurn and Grubert 

2000). These biofilms are created by cyanobacteria and act as the “glue” holding plants such as 

P. ceratophyllum onto the rock or other substrate they grow on (Jager-Zurn and Grubert 2000). 

“Haptera” are holdfasts extending down from the root which \ anchor the plant to the substrate 

(Rutishauser et al. 2003). Haptera have “adhesive hairs” which allow for more secure 

attachment, especially within the biofilm of the surface (Jager-Zurn and Grubert 2000). The 

“slimy” cyanobacteria within the biofilm of the substrate sticks to the adhesive hairs of the 

haptera (Jager-Zurn and Grubert 2000). Plants within the Podostemaceae family benefit from and 

depend on cyanobacteria and the associated “stickiness,” although the bacteria do not seem to 

notably benefit from this interaction (Jager-Zurn and Grubert 2000). Much is still unknown about 

this interaction. Jager-Zurn and Grubert (2000) point out that they were unable to successfully 

grow Podostemaceae on rocks that did not occur within their original habitat. This could indicate 

that specific organisms or specific cyanobacteria must be present within the biofilm of a 

substrate in order for podostemaceae to attach (Jager-Zurn and Grubert 2000). This could have 

significant implications for attempts to transplant the species, moving plants from one location to 

another (with substrates likely having notable differences in biofilm composition). Jager-Zurn 

and Grubert (2000) state that the “slimy” components of cyanobacteria (“extracellular polymeric 

substances”) are essential to the process by which Podostemaceae fastens itself to a surface, and 

are responsible for actual adhesion (Jager-Zurn and Grubert 2000).  

It is known that root fragments of P. ceratophyllum reattach to surfaces, and continue to 

grow, as seen in the work of Philbrick et al. (2015). Philbrick et al. (2015) demonstrate that the 

plants can be moved, and continue to grow. However, their work was done in different areas of 
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the same river, while research presented here moved P. ceratophyllum between rivers. The 

present study expanded on the work of Philbrick et al. (2015) to develop a methodology to 

transplant P. ceratophyllum between rivers, especially into the Norwalk River where it did not 

occur. 

 

 

II. Thesis Statement and Goals.  

A. Thesis Statement. Establishment of the native aquatic plant Hornleaf Riverweed 

(Podostemum ceratophyllum) in the Norwalk River in Wilton, CT will enhance ecological 

restoration and community environmental awareness. 

B. Goals. The goals of this research were to first, establish a sustained population of P. 

ceratophyllum in the Norwalk River, and second, to develop a methodology for how to 

successfully transplant this species to a river where it does not occur. These goals were achieved 

through three experiments. 

 

 

III.  Materials and Methods 

A. The Three Experiments.  

i. Experiment One: ‘Root Fragments’. The purpose of this experiment was to assess 

attachment of roots onto a granite surface at each of the three rivers. Philbrick et al. (2015) found 

that root fragments of P. ceratophyllum reattached to rocks within a time frame of approximately 

45 days. Successful establishment of P. ceratophyllum in the Norwalk River requires root 

attachment to rocks. Three hypotheses were proposed (Table 1). Hypotheses for experiment one 

were based on previous knowledge of P. ceratophyllum root attachment (Philbrick et al. 2015) 
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Hypotheses in the present study (experiment one) expanded on Philbrick et al. (2015) to measure 

root attachment in fragments moved between locations (rivers).  

Roots were collected from donor rivers and cut into approximately 5cm lengths, 

following the procedure outlined in Philbrick et al. (2015). Granite rock type was used, as granite 

rocks are commonly those on which the plant attaches. Roughly equal sized granite rocks (14 cm 

wide, 11 cm deep, 40 cm long) were used to create a surface for the root fragments to attach to. 

Two holes were drilled into each rock and a bolt was secured in each and held in place using 

hydraulic cement. Plexiglass fit over the bolts held the root fragments in place (Figure 8). Six 

bolts in total were secured into the surface of each granite slab. 

Forty-five root fragments were collected from each of the donor rivers. Five root 

fragments were placed upon the granite rocks in between each set of bolts, and held in place with 

a rectangular piece of plexiglass. The plexiglass had drilled holes on each end (through which 

bolts projected). The plexiglass was held in place with nuts (Figure 8). Each granite assembly 

had a total of fifteen root fragments. Of the forty-five root fragments collected from each donor 

river, fifteen were placed on a granite assembly back into the donor river, fifteen were placed on 

a granite assembly and put into the opposite donor river, and fifteen fragments were placed on a 

granite assembly into the Norwalk River (the experimental site). Root fragments were observed 

on a weekly basis. Measurements were taken at the conclusion of the field season (August-

October 2020). Experimental rocks with attached bolts were removed from each river after the 

experiment was concluded. 

Two dependent variables were assessed: number of attached root fragments, and length 

of each root fragment. Number of attached roots were compared between the three locations 

(Norwalk River, Eightmile River, Little River). The total number of attached roots on each 
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granite replicate were determined at the conclusion of the experiment. Number of attached roots 

were compared to the total number of roots originally placed on each granite assembly. Number 

of roots attached between each location and by source were compared.  

Intent was to statistically compare rate of root attachment between the three locations. 

Number of attached roots would be compared between each river (location). Mean root 

attachment would be compared via Analysis of Variance (ANOVA) to determine significant 

differences in root attachment between locations and by plant source (Little River or Eightmile 

River). P values greater than 0.05 would indicate no significant relationship between root 

attachment and location or plant source, while a p-value smaller than 0.05 would indicate 

significance.  

ii. Experiment Two: ‘Cages.’ The purpose of this experiment was to assess the 

attachment of roots onto rocks native to the river the experiment was placed into. Three related 

hypotheses were proposed (Table 1). Hypotheses for experiment two were based on observations 

of P. ceratophyllum rock to rock root growth in rivers where the species occurs.  

It was expected that the cage would prevent movement of the rocks and reduce herbivory 

by fish or other macroconsumers. A similar cage setup had been used in past studies where P. 

ceratophyllum was the species of focus (cf., Wood et al. 2019). Rocks were observed after six 

weeks or more frequently (depending on observed growth rate) to determine the extent to which 

roots had grown onto clean rocks. 

Plant growth was measured from a rock with established plant growth onto native rocks 

without plant growth (hereafter referred to as ‘clean’ rocks). Rocks of movable size (n=15 per 

donor river) with P. ceratophyllum attached were identified at each of the two donor rivers. 

These rocks were removed from the donor river, fitted next to rocks on which the plants do not 
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occur, and placed into a nylon cage made from Boen© Green Construction Snow/Safety Barrier 

Fence at the experimental location in the Norwalk River (n=15).  Replicate cages using growth 

from each donor river were placed into the other donor river (n=15), as well as back into the 

river of origin of the plant growth (n=15; Figure 9). Cages were observed on a weekly or bi-

weekly basis to gauge growth.  

Measurements were taken at the end of the field season (August-October 2020) for all 

cage replicates in each river. Growth was measured by counting the number and length of roots 

attached to each of the clean rocks. At the end of the project these rocks were removed from the 

cages, labeled, and left in place at each of the three rivers.  The mesh cages were removed from 

the rivers. Growth of the plant (number of roots attached, root length, stem length, etc.) between 

rocks within the cage was measured before cage removal. Data collected was used to assess 

occurrence of plant growth between rocks in the experimental river, and in comparison to the 

two donor rivers.  

Growth from a rock with established P. ceratophyllum growth onto two ‘clean’ rocks (no 

growth) in each replicate cage was measured. Attached roots (growing directly from the center 

rock to the two surrounding rocks) were counted and individually measured. Intent was to 

measure and statistically analyze rate of root growth (from a rock with P. ceratophyllum directly 

onto surrounding rocks). Mean Relative Growth Rate (RGR) would be calculated for each root 

growing onto each surrounding rock in each replicate cage. Mean RGR per cage would then be 

compared via Analysis of Variance (ANOVA) to determine significant differences in growth 

between locations and by plant source (Little River or Eightmile River). P values greater than 

0.05 would indicate no significant relationship between mean RGR and location or plant source, 

while a p-value smaller than 0.05 would indicate significance. 
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 iii. Experiment Three: ‘Scrapes.’ The purpose of this experiment was to compare the 

growth rate of the plant in the three rivers (the two donor rivers and the experimental site). Little 

is known about the rate of growth of P. ceratophyllum. It was predicted that for a population to 

become established in the Norwalk River, growth rates would need to be similar to that in rivers 

in which the species already occurs. Two final hypotheses were proposed (Table 1). Hypotheses 

for experiment three were based on the clonal growth of the species. Intent was to take advantage 

of this clonal growth to measure rate of regrowth of P. ceratophyllum. 

A rock with P. ceratophyllum growth was removed from a donor river. Established P. 

ceratophyllum growth was scraped from approximately half of the rock. The original “scrape 

line” was marked using a hammer and masonry chisel, i.e., a small indented line was chiseled 

into the rock to be used as an indication of where the plant had been scraped off from. The rock 

was marked and numbered on the underside using spray paint and Sharpie©. Scrape 

methodology was applied to fifteen rocks from each donor river, and were then moved to each of 

the two other rivers. An additional 15 scraped rocks were placed back into the river of origin. 

Procedure outlined above was repeated for each of the three sites (Figure 9). Rocks were left in 

each transplanted location at the conclusion of the experiment. Measurements were taken at the 

end of the field season (August-October 2020). Growth was measured by counting the number 

and length of attached roots. Data collected was used to assess occurrence of root attachment at 

the experimental site, and in comparison to the two donor rivers.  

Figure 9 depicts the number of each of the three experiments, (Experiment I: root 

fragments, Experiment II: cages, Experiment III: scrapes) where they originated, and the location 

they were put back into the water (Little River, Eightmile River, or Norwalk River). Fifteen 

replicates of each experiment were moved to each of the other two rivers, and 15 replicates of 
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each experiment were placed back into the original river of origin (indicated in Figure 9 by 

arrows).  

Data collected measured plant growth across the marked line on each replicate scraped 

rock. Number and length of roots on each scraped rock were measured. These data were used to 

calculate Relative Growth Rate (RGR) for each root on each scraped rock. Roots on each 

individual rock were then used to find mean RGR per rock. Mean RGR for each replicate were 

then compared via Analysis of Variance (ANOVA) using R software.  

 

B. The Three Rivers 

i. Experimental Site (The Norwalk River). Norwalk River, Wilton, CT (41.19030, -

73.42996; Figure 6a, c). An approximately 0.5 km (0.35 mile) section of the river, adjacent to 

“Schenck’s Island,” where the Mianus chapter of Trout Unlimited© has engaged in restoration 

work. This location was chosen because it became a perfect opportunity for introduction of the 

species (as the species it not known to occur in this location).  

ii.  Donor Populations (The Eightmile River, The Little River). Two donor 

populations were identified based on the convenience of access to the river, the abundance of 

growing P. ceratophyllum, and the rock size on which these plants were growing (plant growing 

on rocks small enough to move). The two donor populations identified were the Eight Mile River 

(41.39444, -72.35029; Lyme, CT; Figure 6a, d), and the Little River (41.42055, -73.10597; 

Oxford, CT; Figure 6a, b). The Eightmile River is tidal. From here on these donor populations 

shall be referred to as “donor rivers.”  Podostemum ceratophyllum was taken from each of these 

donor rivers and transferred to the Norwalk River via three experiments (detailed below).  
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C. Ecological Comparison of the Three Rivers. 

 Three rivers were used in the experimental design of this project (Figure 7a-c). Two 

‘donor rivers’ (The Little River, The Eightmile River) and the ‘experimental site’ (The Norwalk 

River). Ecological variables in each of the three rivers were compared. Light intensity and water 

velocity were measured at each site. Length of each river was compared. Selected water 

chemistry variables were tested for: Alkalinity, pH, Specific Conductance, Chloride, Nitrogen, 

Phosphorus, Ammonia, Nitrate as N, Nitrite as N, Total Kjeldahl Nitrogen.  

i. Light Intensity. Light intensity was measured at each of the three locations. A light 

meter was used to take readings at each of the three rivers (Norwalk River, Little River, 

Eightmile River). Readings were taken on at least three separate days (minimally) at each river. 

Readings were taken in foot candles and converted to lumens (lm/m2). Light intensity readings at 

each river were compared via Analysis of Variance (ANOVA) to produce p-values indicating 

significant differences.  

ii. Water Velocity. Water Velocity was measured at each of the three locations (Norwalk 

River, Little River, Eightmile River). Readings were taken at the site of the experiments in each 

river. Readings were taken on at least three separate days (minimally) at each river. A flow meter 

was used (Geopacks Basic Flowmeter, MFP51), to measure rotations per 15 second time 

intervals. Rotations per fifteen seconds were later multiplied by 4 to determine number of 

rotations per one minute (60 seconds). Flow rate (per 60 seconds) was converted to Water 

Velocity (m/s) using a conversion equation:  
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Water Velocity (V) m/s = 0.000854C + 0.05      

 (C) counts per minute 

(V) Water Velocity  

 

Water velocity measurements at each river were compared via Analysis of Variance 

(ANOVA) to produce p-values indicating significant differences.  

In addition to data gathered in the present study, historical data was also obtained from 

USEPA (Model My Watershed) to get a broader picture of water velocity over a greater period 

of time. Thirty years of data collection was summarized for each river, creating a model average. 

 iii. River Length. Length of each river (Norwalk River, Little River, Eightmile River) 

was confirmed using digital sources (USEPA National Climate Data; 

www.modelmywatershed.org).  

iv. Water Chemistry. Water chemistry data (through water sampling of the three rivers) 

were collected in the present study (Table 3a-c). Alkalinity, pH, Specific Conductance, Chloride, 

Nitrogen, Phosphorus, Ammonia, Nitrate as N, Nitrite as N, Total Kjeldahl Nitrogen were tested 

for. Water samples were taken from each of the three rivers once (in April 2021), and tested by 

HydroTechnologies (New Milford, CT). In addition to data gathered in the present study, 

historical water chemistry data were also obtained from USEPA (Model My Watershed; 

Appendix III). 

v. Sediment. Sediment data for each river (Little River, Norwalk River, Eightmile River) 

were obtained through USEPA (Modeled data from USEPA National Climate Data; 

www.modelmywatershed.org; Appendix III). Data showed historical trends of measured in each 

watershed.  
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IV. Results 

A. Ecological Comparison of the Three Rivers.  

i. Light Intensity. Mean light intensity was highest at the Eightmile River (7476.6 lm/m2 

; Table 2), lowest at the Little River (2941.67 lm/m2), and the Norwalk River fell in between 

(4490.64 lm/m2). Light intensity at the Eightmile River was significantly different from the other 

two rivers (Little River, Norwalk River; p < 0.01) when the three locations were compared. Light 

intensity was significantly higher at the Eightmile River (Table 2). 

ii. Water Velocity. Mean water velocity (Table 2) was highest in the Little River (0.4137 

m/s), lowest in the Eightmile River (0.2341 m/s) and the Norwalk River fell in between (0.3899 

m/s). The Eightmile River was significantly different from the other two rivers (Table 2; p < 

0.01). Water velocity was lower at the Eightmile River (Table 2).  

Mean flow rate (Modeled data from USEPA National Climate Data; 

www.modelmywatershed.org; Appendix III) is highest in the Norwalk River (1.95 m3/s), lowest 

in the Little River (0.52 m3/s), and the Eightmile River falls in between (1.64 m3/s). The Norwalk 

River has the highest mean flow rate based on cumulative data (Modeled data from USEPA 

National Climate Data; www.modelmywatershed.org; Appendix III). 

iii. River Length. The Norwalk River is the longest river (37.02 km; Table 2), the 

Eightmile River is the shortest (21.57 km), the Little River fell in between (31.45 km). 

iv. Water Chemistry. Alkalinity was highest in the Norwalk River (68 mg/L), lowest in 

the Eightmile River (12 mg/L), and the Little River fell in-between (14 mg/L; Table 3a-c). 

Chloride was highest in the Norwalk River (71 mg/L), lowest in the Eightmile River (11 mg/L), 

and the Little River fell in-between (43 mg/L). Phosphorus was highest in the Norwalk River 
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(0.067 mg/L), lowest in the Eightmile River (0.004 mg/L), and the Little River fell in between 

(0.030 mg/L). Total Nitrogen was highest in the Norwalk River (1.0 mg/L), lowest in the 

Eightmile River (0.4 mg/L), and the Little River fell in-between (0.9 mg/L). Conductivity was 

highest in the Norwalk River (311 uS/cm), lowest in the Eightmile River (59 uS/cm), and the 

Little River fell in-between (161 uS/cm). 

Total Nitrogen (Modeled data from USEPA National Climate Data; 

www.modelmywatershed.org; Appendix III) was highest in the Norwalk River (mean annual 

concentration of 3.21 mg/L), lowest in the Little River (mean annual concentration of 0.5 mg/L), 

and the Eightmile River fell in-between (mean annual concentration of 1.03 mg/L). Total 

Phosphorus (Modeled data from USEPA National Climate Data; www.modelmywatershed.org; 

Appendix III) was highest in the Norwalk River (mean annual concentration of 0.38 mg/L), 

lowest in the Little River (mean annual concentration of 0.06 mg/L), and the Eightmile River fell 

in-between (mean annual concentration of 0.04 mg/L). Based on USEPA data, the Norwalk 

River had the highest levels of Nitrogen and Phosphorus between the three sites. 

 v. Sediment. Sediment was highest in the Norwalk River (mean annual concentration of 

248.69 mg/L), lowest in the Eightmile River (mean annual concentration of 32.59 mg/L), and  

and the Little River fell in-between (mean annual concentration of 74.51 mg/L). 

B. Experiment One: ‘Root Fragments.’ Total root attachment (out of 30 roots 

transplanted) was highest in the Norwalk River (25 roots), lowest in the Eightmile River (18 

roots), and the Little River fell in between (23 roots). Of 15 roots transplanted from each donor 

river, 11 roots from the Eightmile River attached in the Eightmile River (Table 4); seven roots 

from the Little River attached in the Eightmile River. Twelve roots from the Eightmile River 

attached in the Norwalk River, 13 roots from the Little River attached in the Norwalk River. 
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Thirteen roots from the Eightmile River attached in the Little River, and 10 roots from the Little 

River attached in the Little River.   

Table 4 summarizes root attachment data in each river (location), and by plant source. 

Small sample size provided little basis for statistical analysis, but did provide insight into 

occurrence of root attachment in each of the three rivers, and between source of the plants, 

confirming what others have found. Statistical analysis was not conducted on data collected from 

Experiment One. 

Hypothesis 1 (Table 1) stated that detached root fragments re-attach to granite rocks. 

Hypothesis 1 was supported, root fragments re-attached in all three rivers. Hypothesis 2 (Table 

1) stated that the source of root fragments (donor river) will not matter. Hypothesis 2 was 

supported, roots from each each donor river attached (regardless of source). Hypothesis 3 (Table 

1) stated that the location (river) does not matter. Hypothesis 3 was supported, roots attached in 

each of the three locations.  

C. Experiment Two: ‘Cages.’ Growth between the rocks in cages was largely 

unsuccessful, therefore measurements of plant growth provided little insight. Rock to rock 

growth occurred (although minimally) in two of the three rivers (Little River and Eightmile 

River). Statistical analysis was not conducted on cage experiment data. 

In the Eightmile River, rock to rock root growth occurred in plants sourced from the 

Little River, but not from plants sourced from the Eightmile River (Appendix II). In the Norwalk 

River, rock to rock root growth did not occur in plants sourced from either river (Appendix II). 

In the Little River, rock to rock root growth occurred in plants from both sources, although mean 

RGR plants sourced from the Eightmile River was slightly higher (Appendix II).   
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Hypothesis 4 (Table 1) stated that roots grow from one rock to another. Hypothesis 4 was 

supported, rock growth was observed growing from one rock to another in two of the three 

locations (the two donor rivers). Hypothesis 5 (Table 1) stated that source does not matter. 

Limited data could not support or disprove this hypothesis. Hypothesis 6 (Table 1) stated that 

location (river) does not matter. Limited data indicate that location does matter. Rock to rock 

root growth was observed in only two of the three locations (the two donor rivers, Little River 

and Eightmile River).  

D. Experiment Three: ‘Scrapes.’ Mean RGR (cm per day; Table 5) were compared 

between each location (river). Summary statistics are presented in Table 5; additional data can be 

found in Appendix I. Mean RGR (combined data from the two source rivers) was highest in the 

Eightmile River (0.0185 cm per day), and lowest in the Norwalk River (0.0049 cm per day). 

Mean RGR in the Little River fell in between the other two locations (0.0146 cm per day).  

Mean RGR was significantly lower in the Norwalk River compared to each of the other 

two locations (Table 5). Mean RGR in the Little River was significantly different from growth 

rate in the Eightmile River  (p < 0.01). Mean RGR in the Norwalk River was significantly 

different from growth rate in the Eightmile River (p < 0.001). Mean RGR in the Norwalk River 

was also significantly different from growth rate in the Little River (p < 0.001).  

In all three rivers there was no significant difference in mean RGR between plants 

sourced from the Eightmile River versus those sourced from the Little River (p = > 0.05; Figure 

11). In each of the donor rivers (Eightmile River, Little River), plants from the opposite river had 

a higher average growth rate (Eightmile River - Eightmile growth: 0.016 cm per day, Eightmile 

River - Little River growth 0.021 cm per day; Figure 13; Figure 14), this was not significant.  
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Hypothesis 7 (Table 1) stated that the origin of the plants (source) does not influence 

plant growth. Hypothesis 7 was supported, source of the plants was not significant. Hypothesis 8 

(Table 1) stated that location (river) does not matter. Hypothesis 8 was not supported. Relative 

Growth Rate (RGR) was significantly affected by location (river) scraped rocks were placed into 

(p < 0.001, Table 5; Figure 12), but not by the source (river) the plants came from (p> 0.05).  

E. Transplantation Protocol. Protocol for transplantation of P. ceratophyllum from one 

river to another (goal two) is summarized in Table 6. Transplantation methodology consists of 

first identifying donor river(s) where P. ceratophyllum occurs, and the plant grows on rocks of 

movable size. Movable size is defined by approximately 22.7kg (50lb) or less in weight. Rocks 

larger than this will be extremely difficult to move across rivers to transport. Rocks too small in 

size however may move around in the current, which could affect plant growth in the recipient 

river. As a general rule, rocks with plant growth that do not shift about in the river where they 

occur (are taken from) should be a sufficient size not to move about in the recipient river.  

Next, compare ecology of the two rivers (donor and transplantation rivers). The rivers should 

be ecologically similar in terms of water velocity and light intensity. Water velocity and light 

intensity are the most important ecological variables for consideration, and can be easily 

measured using fairly inexpensive equipment (light meter, water flow meter). Podostemum 

ceratophyllum requires bright light and fast moving water. In the present study, mean light 

intensity across the three rivers was approximately 4,969 lm/m2, and mean water velocity across 

the three rivers was approximately 0.346 m/s (as an example of the range of these variables the 

plant typically occurs in). It should be determined if dams exist on the recipient river. Dams 

upstream will impact seasonal waterflow, and therefore plant growth. Transplantation location 
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should look similar to donor location(s), but locations that are brighter with faster moving water 

are superior to the alternative (more shaded, slower moving water).  

Water quality is a consideration, but not of the upmost concern. The species occurs in rivers 

with a wide range of water qualities, and therefore is assumed to have a broad ecological 

tolerance. In terms of plant growth, what matters most is the location where plants are moved to 

(recipient river), and not where plants are taken from (donor river). Therefore, recipient river 

should be considered the most carefully.  

The rocks on which P. ceratophyllum occurs should then be moved between rivers (from a 

donor river to the recipient river). Plants should remain out of the water for as little time as 

possible. The plants should not be kept out of the water for longer than two hours (as informed 

from the present study). Plants should be kept moist and cool during transport. This can be 

achieved using a towel, placed on top of the plants and kept wet with water from the donor river 

during transport. Monitoring of plants after transplantation is essential. Monitoring should 

continue for at least five years. Monitoring of plants will help to determine establishment of the 

species in the recipient river, and provide further insight into transplantation protocol, and 

ecological benefits to the receiving river.  

 Protocol for transplantation is based on clonal growth of Podostemum ceratophyllum. 

The plant does produce seeds, and some may wonder if seeds can be used instead to transplant 

the species. While it may be possible to utilize seeds, the present study did not explore 

transplantation using seeds. Seed collection and handling would be very tedious. Seeds are 

difficult to collect (seed dispersal is dependent on change in water level at the end of the growing 

season year to year) and very small in size. If seeds could be successfully collected, germination 

and transplantation of seedlings would also be difficult.  
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V. Discussion 

A. Overview. There were two overlapping goals of the present research: 1) establishment 

of P. ceratophyllum in the Norwalk River and 2) development of a protocol for transplantation of 

P. ceratophyllum. Goal one was also accomplished; plants of P. ceratophyllum are now growing 

in the Norwalk River. Location (river) plants were moved to mattered more than source (river 

plants came from). Goal two was also accomplished, through successful transplantation of the 

plant in the present study (as described above; E. Transplantation Protocol).  

B. Location Matters.  

i. Experiments One and Two. Experiment One (Root Fragments) focused on a central 

element of Podostemum ceratophyllum growth—root attachment to rocks. The present study 

confirmed the findings of Philbrick et al. (2015), roots of P. ceratophyllum can re-attach when 

moved to a different river. The Root Fragments did not provide a great deal of quantitative 

insight, but did show that root attachment was possible in all three rivers.  

The purpose of the second experiment (Experiment Two: Cages) was to measure growth 

of P. ceratophyllum roots from a rock with established plant growth to a ‘clean’ rock (no 

established plant growth). This experimental method was developed based on observations of 

how the plant grows in locations where it is established (unpublished data). It has been observed 

that roots of a plant growing on one rock, grow onto the surface of surrounding rocks. Growth of 

P. ceratophyllum between rocks was largely unsuccessful (see Appendix II for data). However, 

qualitatively it showed that this type of growth does occur, at least in some locations. The present 

study was unable to definitively say whether this type of growth is affected by location (river the 

experiment is placed into) or source (river the plant growth was removed from).  
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For each of the first two experiments, limited data confirm what would be expected given 

previous understanding from the published literature. Roots of the plant re-attach, and roots of P. 

ceratophyllum grow from one rock to another. No new insights into the factors that influence 

these two elements of the plant’s biology were identified.  

ii. Experiment Three. The third experiment (Experiment Three: ‘Scrapes) provided 

insight into the rate of regrowth of P. ceratophyllum, both in the river where it occurs naturally, 

as well as in the river into which it is transplanted. The third experiment took advantage of the 

clonal growth of the species, to obtain insight into growth rate of the plant when moved between 

locations (rivers). The lower rate of growth observed in the Norwalk River in experiment three 

indicates that something about the Norwalk River limited plant growth. Location of the plants 

impacted growth rate, source of the plants did not.  

a. Light Intensity. Light intensity/tree cover is known to impact growth rate of P. 

ceratophyllum (Argentina et al. 2010b ; Connelly et al. 1999; Wood and Freeman 2017). Light 

intensity was highest in the Eightmile River, and mean relative growth rate was highest in the 

Eightmile River. There is reason to believe that light intensity contributed to a higher rate of 

growth of P. ceratophyllum in the Eightmile River. Growth rate in the Little River fell in-

between the other two sites, while light intensity was lowest in the Little River. This suggests 

that light intensity was not the only variable that impacted relative growth rate.   

b. Water Velocity. Water velocity is known to impact growth rate of P. ceratophyllum 

(Argentina et al. 2010b ; Connelly et al. 1999; Wood and Freeman 2017). it is known that P. 

ceratophyllum requires swift water velocity for successful growth, at least seasonally (Philbrick 

and Novelo 2004; Wood and Freeman 2017). The specific rate or range of water velocity 

required for growth of P. ceratophyllum is uncertain. If water velocity was the most important 
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variable contributing to growth of P. ceratophyllum, it would be expected that highest relative 

growth rate would occur in the Norwalk River (the river with the mean fastest water velocity).  

Relative growth rate was lowest in the Norwalk River.  

 

C. Why a Lower Rate of Growth in the Norwalk River? 

In the present study, the Norwalk River was not explicitly chosen for transplantation of 

the species. The location presented itself as an ideal opportunity because of the work previously 

and currently underway by the Mianus Chapter of Trout Unlimited and the Town of Wilton (to 

restore the natural river ecology). The work of Trout Unlimited combined with the lack of 

occurrence of P. ceratophyllum in this location made the Norwalk River an applicable 

experimental site. 

Water chemistry data from water sampling in the present study showed that alkalinity, 

chloride, phosphorus, total nitrogen, and conductivity were highest in the Norwalk River. Based 

on USEPA data, the Norwalk River has the highest amount of total nitrogen, and highest amount 

of total phosphorus in comparison to the other two locations (USEPA National Climate Data; 

Appendix III). Little is known about the requirements of P. ceratophyllum in terms of water 

chemistry. The published literature does not include a tolerable range of these variables for the 

species. Canfield and Wood (2019) looked at the relationship between P. ceratophyllum (percent 

cover, stem length) and eleven physiochemical characteristics. Data from this study were 

inconclusive and further research is needed (Canfield and Wood 2019). Capers et al.(2009), 

considered both native and invasive aquatic plant species, and found that species richness of 

plants in both categories was significantly correlated with water clarity, productivity, alkalinity, 

and human activity. Capers et al. (2009) found no clear effects of nutrient levels on species 
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richness in lakes sampled. In bodies of water with low or moderate nutrient levels, plant 

communities were mostly impacted by sediment texture and water chemistry (Capers et al. 

2009).  

In a study of the correlation between alkalinity and distribution of Potamogeton (a 

different species of aquatic plant) across New England, Hellquist (1980) found that total 

alkalinity had the highest correlation with Potamogeton distribution among the factors tested for 

(Hellquist 1980). Water chemistry influences the distribution of aquatic species (Hellquist 1980). 

However, Potamogeton is a narrowly distributed species while P. ceratophyllum is not. The 

wider distribution of P. ceratophyllum reflects the species’ wide range of ecological tolerance to 

varying water chemistry. This suggests that water chemistry alone would not account for the 

lower rate of growth observed in the Norwalk River in the present study, since P. ceratophyllum 

occurs in rivers of varying water quality.  

Sedimentation is known to impact growth of P. ceratophyllum (Argentina et al. 2010b; 

Connelly et al. 1999; Wood and Freeman 2017). Podostemum ceratophyllum is tolerant of 

sediment up to a certain point (Connelly et al. 1999). The exact range of sedimentation that the 

species can tolerate is unknown. Sedimentation at the exact location of the scraped rocks with P. 

ceratophyllum growth in the Norwalk River was not quantified in the present study. Data 

obtained from USEPA (USEPA National Climate Data; Appendix III) represents historical data 

for the entire Norwalk River. It is possible that sedimentation played a role in the lower rate of 

growth observed in the Norwalk River. Future studies should explore and quantify sedimentation 

as it relates to P. ceratophyllum growth.  

In early summer 2020 of the present study, considerable growth of algae was observed in 

the Norwalk River. Algae growth was washed out of the river after a few weeks (after a large 
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rainstorm). After that point in time algae did not grow again to as notable a degree in the 

Norwalk River. Algae cover can reduce light intensity to plants. Decreased light intensity could 

have impacted rate of growth of P. ceratophyllum. Algae was not quantified in the present study; 

however, it may have impacted RGR in the Norwalk River. Water chemistry may also account 

for algal growth observed in the Norwalk River. Nitrogen and phosphorus, especially in excess, 

contribute to growth of algae in lakes and rivers (Menendez et al. 2002). The Norwalk River had 

high levels of nitrogen and phosphorus in comparison to the other two rivers in the present study.  

Replacement of macrophyte species with filamentous algae has been documented (Camp 

et al. 2013). Camp et al. (2013) found that occurrence of filamentous macroalgae lead to a less 

diverse count of fish and macroinvertebrate species in comparison to occurrence of rooted 

macrophytes. Rooted macrophytes are different than P. ceratophyllum (which instead grows on 

the surface of stable substrate). However, the findings of Camp et al. (2013) have important 

implications for the diversity of organisms that can be found in aquatic macrophyte species (such 

as P. ceratophyllum) compared to filamentous macroalgae.  

Transplantation of aquatic plants can cause biological stress (transplantation shock) to the 

plant (Knopik and Newman 2018; Reynolds et al. 2020). In the current project, plants were 

moved between rivers (and therefore different ecological settings). It is possible that some level 

of transplantation shock occurred, accounting for lower growth rate in the Norwalk River. Stress 

or transplantation shock was not measured. If transplantation stress did occur, it is reasonable to 

expect it would occur in the first year. However, shock seems unlikely as there is no evidence of 

such stress in plants transplanted between each of the donor rivers. It would be expected that 

transplantation shock would occur in all plants moved to a new location. 
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D. The Role of P. ceratophyllum in the Ecological Management of Rivers. Findings 

from the present study have broad applications to river restoration work in general. 

Transplantation of aquatic plant species has been shown to positively impact rivers and 

contribute to restoration efforts (Gao et al. 2020). The present study also provides insight 

specifically into transplantation of P. ceratophyllum as one element that could contribute to river 

restoration, and insight into the specific ecological requirements of the species. Podostemum 

ceratophyllum is ecologically important (Wood and Freeman 2019). It provides a variety of 

services to the ecosystem, including increase of habitat for macroinvertebrates (Hutchens 2004).  

A protocol established in the present study (Table 6) provides guidelines for transplanting P. 

ceratophyllum. Those that manage rivers or waterways (state or local government, non-profit or 

conservation organizations) may be interested in transplantation of P. ceratophyllum in rivers 

they maintain. Transplantation of this species could be highly beneficial to river ecology, and the 

variety of aquatic species that inhabit these areas. Podostemum ceratophyllum creates habitat for 

fish and macroinvertebrate species (Argentina et al. 2010a). The plant shunts resources into the 

food chain, sequesters dissolved elements (N, P, Ca) from the water column, and contributes 

significant amounts of detritus (Wood and Freeman 2017).  

Protocol for transplantation of the species is fairly straightforward and easy to replicate. 

Transplantation of P. ceratophyllum is inexpensive (little to no cost other than transportation 

between rivers and physical labor). No upkeep of the plants is needed. After transplantation, the 

goal is a self-sustaining population of the species. The only upkeep required is monitoring of the 

plants.  

E. Citizen Science. Monitoring is an excellent opportunity for community engagement in 

environmental science and measuring biodiversity. Citizen science refers to the involvement of 
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volunteers in science or monitoring projects (Pocock et al. 2018). Citizen science is an ever-

growing field, and has become an increasingly important method to meet local needs for 

environmental monitoring or data collection (Pocock et al. 2018). Transplantation of P. 

ceratophyllum provides an excellent opportunity for a citizen science component. Residents of 

the town or city in which the species is transplanted could be made aware of transplantation 

efforts, and asked to become involved. Residents could make observations of plants within the 

river, and report their findings on a digital platform. These observations would be invaluable to 

success of the plants in the river, and would help to obtain highly important information on plant 

growth and survival in recipient rivers. Involvement of monitoring volunteers would spread 

environmental awareness, as well as contribute to local river restoration efforts.    

This type of project may also be well-suited for student involvement, likely of middle or high 

school age. Students could be made aware of transplantation efforts and movement of the plant 

between rivers. With their teachers they could then plan to observe the plants in the river a 

number of times throughout the year. For example: students could travel to the river four times in 

the fall (before the weather becomes too cold for outdoor work) and four more times in the 

spring or early summer (before school lets out for summer break). This opportunity for 

involvement in scientific observation would provide valuable experience to students, and help to 

get them excited about science and the varying types of projects they can become involved in. 

Student involvement would help in collecting critical information on plant survival and growth 

in a particular location, as well as ecological benefits of the plants in the river, or ecological 

barriers to plant growth.  
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VI. Conclusions 

The present study shows that Podostemum ceratophyllum can be successfully 

transplanted from a river where it occurs to a river where it was previously absent. The lower 

rate of growth observed in the Norwalk River was significant. Lower growth rate in the Norwalk 

River could be attributed to algae growth at that location, ‘stress’ or ‘transplantation shock’ 

moving the plant to new environment, differences in ecological variables that were not accounted 

for in the present study, water chemistry in the Norwalk River, or any combination of these 

factors. Water chemistry may provide the most compelling theory for lower rate of growth 

observed in the Norwalk River. However, water data collected were very limited, and the 

relationship between P. ceratophyllum growth and tolerable ranges of water quality parameters is 

largely unexplored. 

Plants moved into the Norwalk River survived and grew, showing that the species can be 

successfully transplanted between rivers. Location (river the plants are moved to) matters more 

than source (river the plants came from). To replicate this methodology, it is important to know 

the location (river) plants will be moved to, as well as the river plants will be moved from. 

Rivers should be ecologically similar, and compared previous to transplantation in terms of water 

velocity and light intensity. Comparison of the rivers before transplantation is critical. 

Monitoring of plants after transplantation is equally important, in order to determine successful 

establishment of the species.   

Podostemum ceratophyllum can be moved between rivers and survive. Populations of P. 

ceratophyllum north of the glacial boundary are often genetically identical, while those south of 

the boundary exhibit considerable genetic variation (Fehrmann et al. 2012). Established genetic 

similarity in the location of this study (north of the glacial boundary) may have contributed to 
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successful transplantation of the plants. Genetic similarity could make plants more resilient to 

environmental change (when moved between rivers). Transplantation of the species between 

rivers south of the glacial boundary (which exhibit considerable genetic variation) may yield 

different results. Genetically different individuals, even if they are sourced from the same river, 

may react differently to transplantation in terms of growth rate or survival.  

Growth of P. ceratophyllum in the Norwalk River was inhibited by one or more 

variables, leading to a significantly lower relative growth rate in that location. Growth of P. 

ceratophyllum in the Little River was also inhibited (by one or more variables) leading to a 

significantly lower growth rate (in comparison to the Eightmile River). Conditions in the 

Eightmile River produced the highest rate of P. ceratophyllum growth in the context of the 

present study. Many different variables or combination of variables could have impacted the 

growth of plants. It is still unknown what specific range of water quality parameters is tolerable 

for P. ceratophyllum growth.  

In the future, research will focus primarily on monitoring plants that were placed into the 

Norwalk River. The primary goal of monitoring is to determine establishment of the species in 

this location. Establishment will be defined as: the plants placed into the river continue to 

survive, an increase in the number of individuals (an individual defined as plants growing on an 

individual rock), and the plant growing to new locations within the river. Research presented 

here is from one year (one field season of plant growth). Monitoring of plants will be essential to 

observe changes to growth and to determine establishment. The purpose of transplantation is to 

establish a sustainable population. The only way to know if populations are sustainable and 

continue to exist is through monitoring.   
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Restoration of rivers historically impaired by dams, pollution, or other human actions is 

important. Aquatic plant species play a significant role in river ecology, and their importance is 

well documented (Camp et al. 2013). Transplantation of aquatic plant species is a critical tool for 

river restoration. Moving aquatic plants into impaired rivers is known to benefit river ecosystems 

by improving water quality and water clarity (Gao et al. 2020).  

Data from the present study provide the only available research showing successful 

transplantation of P. ceratophyllum between rivers, and informs a protocol for transplantation of 

the species. The present study was a study of opportunity, but it reflected an important biological 

problem: populations of P. ceratophyllum do not occur as frequently as they once did. It is 

known that humans are negatively impacting populations of P. ceratophyllum. Decline in 

populations of this plant species is largely attributed to dams, and removal of dams is important 

to river restoration. Dams impact river ecology by trapping sediment, changing water flow, and 

preventing the movement of aquatic species through the river. Podostemum ceratophyllum is an 

ecologically important native species. The present study shows that transplantation of the species 

can be successful, and can help to mitigate the impacts of humans. Establishing populations of P. 

ceratophyllum in rivers where it does not occur is an essential step in restoring natural ecological 

processes to rivers that have been negatively impacted by human use.  
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VIII. Tables and Figures.  

 

Table 1. Proposed hypotheses for each experimental method of transplanting P. ceratophyllum 

(Experiment One: ‘Root Fragments’, hypotheses 1-3; Experiment Two: ‘Cages’, hypothesis 4-6; 

Experiment Three: ‘Scrapes’, hypothesis 7-8).  

 

Experimental Method Hypothesis Number  Hypothesis (Prediction)  

 

Experiment One: ‘Root 

Fragments’ 

Hypothesis 1 Detached root fragments re-attach to granite 

rocks. (Root fragments will re-attach in the 

Norwalk River). 

Hypothesis 2 The source of root fragments (donor river) will 

not matter. (Root fragments will re-attach 

regardless of the source of the plants).  

Hypothesis 3 The location (river) does not matter (Root 

fragments will re-attach regardless of which 

location (river) they are placed in).  

Experiment Two: ‘Cages’ Hypothesis 4 Roots grow from one rock to another.(Roots will 

grow between rocks in all rivers).  

Hypothesis 5 The source does not matter. (Rock to rock root 

growth will occur regardless of the original 

source of the plants).  

Hypothesis 6 Location (river) does not matter. (Rock to rock 

root growth will occur regardless of which river 

the plants are placed into).   

Experiment Three: ‘Scrapes’ Hypothesis 7 Origin of the plants (source) does not influence 

plant growth. (Plant growth will occur at the 

same rate regardless of the source (river) of the 

plants. 

Hypothesis 8 Location (river) does not matter. (Growth will be 

the same regardless of river).  
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Table 2. Comparison of the three rivers (Eightmile River, Little River, Norwalk River) in terms 

of ecological variables. Light intensity and water velocity are listed, including means, range, and 

standard deviation. Superscripts denote significant differences. Means that share a superscript are 

not significantly different. River location, river type (experimental or donor), and approximate 

river length are also shown.  

 

 

 

VARIABLE 

 

 

EIGHTMILE RIVER 

 

 

LITTLE RIVER 

 

 

NORWALK RIVER 

 

River Location 

 

 

Lyme, CT  

(41.39444, -72.35029) 

 

 

Oxford, CT  

(41.42055, -73.10597) 

 

Wilton, CT  

(41.19030, -73.42996) 

 

Experimental or 

Donor River 

 

 

Donor River 

 

Donor River 

 

Experimental Site 

 

Approximate Length 

of River (km) 

 

 

21.57 

 

31.45 

 

37.02 

 

 

Light Intensity 

(lm/m2 ; mean, 

range, standard 

deviation) 

 

 

7476.6a  

 

1356.26 – 10613.22 

 

2983.54 

 

2941.67b 

 

226.04 – 10031.97 

 

2724.023 

 

4490.64b 

 

290.63 – 12206.27 

 

4433.44 

 

 

 

Water Velocity (m/s 

; mean, range, 

standard deviation) 

 

 

 

 

 

0.2341a 

 

0.00 – 0.7367 

 

0.2381 

 

 

 

0.4137b 

 

0.13557 – 0.7330 

 

0.2165 

 

 

 

0.3899b 

 

0.1356 – 0.8220 

 

0.2621 
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Table 3. Comparison of the three rivers in terms of water chemistry: Alkalinity, Chloride, Ammonia as N, Kieldahl Nitrogen as N, 

Nitrate as N, Nitrite as N, Phosphorus, Total Nitrogen were tested for. Water samples were taken at each location on 3/28/21.   

 

 

 

 

 

 

 

 

 

 

 

 

 

     

 

PARAMETER 

 

 

SAMPLE RESULT 

(Norwalk River) 

 

SAMPLE RESULT 

(Eightmile River) 

 

SAMPLE RESULT 

(Little River) 

 

 

UNITS 

Minerals 

Alkalinity 

Chloride 

 

68 

71 

 

12 

11 

 

14 

43 

 

mg/L 

mg/L 

Nutrient 

Ammonia as N 

Kjeldahl Nitrogen as N 

Nitrate as N 

Nitrite as N 

Phosphorus-T as P 

Total Nitrogen as N 

 

ND 

0.5 

0.46 

ND 

0.067 

1.0 

 

ND 

0.3 

0.11 

ND 

0.004 

0.4 

 

ND 

0.4 

0.51 

ND 

0.030 

0.9 

 

mg/L 

mg/L 

mg/L 

mg/L 

mg/L 

mg/L 

Physical 

Conductivity 

 

311 

 

59 

 

161 

 

uS/cm 
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Table 4. Summary of results from Experiment One: Root Fragments, i.e., re-attachment of root 

fragments. The location (river) of the treatment, source (river) of the plants, and the number of 

attached roots out of 15 total are listed.  

 

 

 

Location of 

 

 

Source of Plants 

 

Number of Attached 

Roots by Source (n = 15) 

 

Number of Attached 

Roots by Location (n = 

30) 

 

Eightmile River 

 

Eightmile River 

 

11 

 

18 

 

Little River 

 

 

 

7 

 

Norwalk River 

 

Eightmile River 

 

12 

 

25 

 

Little River 

 

 

 

13 

 

Little River 

 

Eightmile River 

 

13 

 

23 

 

Little River 

 

 

10 
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Table 5. Summary of the results of Experiment Three: ‘Scrapes’. Location (river), Relative Growth Rate 

(RGR; cm per day) per river, plant source (river) and RGR based on plant source (river) are indicated. Mean, 

range, and standard deviation are displayed. Superscripts denote significant differences between mean RGR in 

each location, or between plants from each source (in each river). They do not compare between source in 

different locations. Means that share a superscript within each column (i.e. comparing location or source 

individually) are not significantly different.  

 

Location of 

Treatment 

RGR (cm per day) per location 

(mean, range, standard 

deviation; cm per day) 

Plant Source RGR (cm per day) per plant 

source (mean, range, standard 

deviation; cm per day) 

Eightmile River  

 

0.018511a 

 

0.0000 - 0.033904 

 

0.006476 

Eightmile River 0.016349a 

 

0.0000 - 0.023006 

 

0.005563 

Little River 0.020518a 

 

0.010134 - 0.033904 

 

0.006476 

Norwalk River  

 

0.004868b 

 

0.0000 - 0.021419 

 

0.005564 

Little River 0.00523494b 

 

0.00000 - 0.008787 

 

0.003312 

Eightmile River 0.004472321b 

 

0.00000 - 0.021419 

 

0.007407 

Little River  

 

0.014673c 

 

0.0000 - 0.037173 

 

0.009921 

Eightmile River 0.017494c 

 

0.00000 - 0.037173 

 

0.008690 

Little River 0.011650c 

 

0.00000 - 0.037173 

 

0.010567 
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Table 6. Summary of protocol for transplantation of P. ceratophyllum.   

 

TRANSPLANTATION PROTOCOL  

 

1 

 

Find donor river(s) where P. ceratophyllum occurs, and the plant grows on rocks of 

moveable size (less than approximately 27.6 kg or 50lb in weight).  

 

Location matters. As much information as possible should be collected 

comparing the donor and recipient rivers. Location the plants will be moved 

to (recipient river) matters more than source (river plants are moved from). 

 

The larger the rocks the better. Rocks that are too small in size may jostle in 

the current, affecting plant growth. Rocks large enough to remain stable in the 

river (but still small enough to pick up and move) are ideal.  

 

 

2 

 

Analyze donor river(s) and recipient river. Compare key ecological variables: light 

intensity and water velocity. Rivers should be ecologically similar.  

 

Water velocity and light intensity should be the top concern. The brighter and 

faster moving the water in the recipient river the better.  

 

Other ecological variables to be considered include sediment and water 

chemistry. The cleaner the water of the recipient river the better. However, 

the species occurs in a wide range of water qualities.  

General sediment level can be observed by looking at rocks within the 

recipient river. Rocks that are coated in sediment indicate water that is not 

moving fast enough for P. ceratophyllum growth.  

 

 

3 

 

Move P. ceratophyllum from donor river(s) to recipient river.  

 

Keep plants out of the water for as little time as possible (less than two 

hours). Keep plants moist and cool during transport. A towel can be placed 

over plants (in a bucket or other plastic container), and kept wet with water 

from the donor river. 

 

 

4 

 

Monitor plants in the recipient river. Monitoring must extend past the season of 

transplanting (longer than a year), and should occur minimally over five years. 

Monitoring is key to establishment of P. ceratophyllum in a new river.  

 

A sustainable population of P. ceratophyllum is the goal. Long-term 

monitoring of the plants is essential to determine if the plants become 

established and the population is sustainable.  
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Figure 1. Distribution of P. ceratophyllum (taken directly from Philbrick and Novelo 2004; their 

FIG 9, pg. 38). ( a. North America. b. Hispaniola c. Southeastern Mexico and Central America 

(note locality in Honduras. B, Belize; ES, El Salvador; GUAT, Guatemala; NIC, Nicaragua.)  
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Figure 2. Examples of where P. ceratophyllum occurs in Connecticut (GBIF).  
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Figure 3. Photos of P. ceratophyllum (Podostemaceae). 

A. P. ceratophyllum in the Little River. White arrow points to roots of the plant. Side of the rock facing 

away from the light is towards the top of the photo, side of the rock facing towards the light (surface 

where the plant is growing) is towards the bottom of the photo. Yellow arrow shows small rocks 

attached to the larger rock by root growth.  

B. P. ceratophyllum moved into the Norwalk River. White arrow indicates roots of the plant growing on 

the rock.  

C. P. ceratophyllum scraped rock (Experiment Three) in the Eightmile River. Red dashed line indicates 

“scrape” line where growth had been scraped off and grew back. 

D. P. ceratophyllum in the Little River; a root can be seen growing from the larger rock with established 

plant growth (white arrow), to a new (smaller) rock where the plant did not previously occur (yellow 

arrow).  

A. B. 

C. 

D. 

A. 

C. D. 
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Figure 4. Map of the Norwalk River watershed (modified from CT DEEP, Norwalk River 

Watershed Action Plan). Black star indicates the location of Schenck’s Island, Wilton, CT, the 

location of the section of Norwalk River where treatments were placed. 
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Figure 5. Dams (brown dots) in the Norwalk River Watershed (taken from CT DEEP, The 

Norwalk River Watershed Action Plan). Brown dots indicate the Hazard Classification of each 

dam identified. Classification ranges from Unclassified to a classification of “A,” “B,” or  “C” in 

order of hazard threat (i.e. economic loss, environmental damage, disruption of lifeline facilities, 

other impacts or concerns).   
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Figure 6. Maps of experimental and donor rivers.  

A. Map showing all three sites: donor sites, experimental, Connecticut. 

B. Little River (Oxford, CT). 41.420556, -73.105976.  

C. Norwalk River (Wilton, CT). 41.190308, -73.429968.  

D. Eightmile River (Lyme, CT). 41.394441, -72.350295.  

Red Triangles (B-D) indicate the location where plants were removed from (B, C) or the experimental location (D).   

C. 

D. 

A. 

C. 

B. 

D. 
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Figure 7. Photos of all three sites (two donor rivers, one experimental river). Photos were taken over the course 

of the experiment (March 2020 - April 2021). 

A. Eightmile River, donor river. 

B. Norwalk River, experimental river. 

C. Little River, donor river.  

A. B. 

C. 
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Figure 8.  Schematic diagram depicting the components and steps of construction of the rock assemblies used 

for Experiment One (Root Fragments).  

A. Rectangular granite rock (shown gray) and nuts/bolts. 

B. Two holes drilled into the granite rock.  

C. Bolts in the drilled holes.  

D. Holes filled with hydraulic cement to secure the bolts. 

E. Rectangular piece of plexiglass with two drilled holes placed over the bolts; the root fragments are placed 

between the granite rock and the plexiglass. Plexiglass is secured onto the rock using nuts threaded onto bolts.  

 

 

 

Plexiglass 

Root Fragments 
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Figure 9. Schematic depicting the placement of all replicates across all three experiments within both the two 

donor rivers and the experimental river. The three points of the triangle represent each of the three sites ( Little 

River, donor site: Eightmile River, donor site; Norwalk River, experimental site). Straight arrows indicate 

where the 15 replicates of each experiment, Experiment One: ‘Root Fragments’, Experiment Two: ‘Cages’, 

Experiment Three: ‘Scrapes’, were moved between donor sites and experimental sites. Curved arrows indicate 

placement of replicates of each experiment from each donor site back into that same river. 
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Figure 10.  Relative Growth Rate (RGR; cm per day) in Experiment Three: ‘Scrapes’. Comparison of mean 

RGR by location (Eightmile River, Little River, Norwalk River). All comparisons by location were significantly 

different (Little River - Eightmile River: p < 0.05 ; Norwalk River - Eightmile River: p < 0.001 ;  Norwalk 

River - Little River: p < 0.001). Lowercase letters above each location indicate significance, locations that share 

the same letter are not significantly different. See Appendix I for additional data.  
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Figure 11. Relative Growth Rate (RGR; cm per day) in Experiment Three: ‘Scrapes’, by plant source 

(Eightmile River, Little River) at all of the three locations (the two donor sites and the experimental site: 

Eightmile River, Little River, Norwalk River). Mean RGR did not differ significantly between sources.  

Lowercase letters above each location indicate significance, sources that share the same letter are not 

significantly different. See Appendix I for additional data.  
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Figure 12. Relative Growth Rate (RGR; cm per day) in Experiment Three: ‘Scrapes’. Comparison of RGR by 

location (Eightmile River, Little River, Norwalk River). All comparisons by location were significantly 

different (Little River - Eightmile River: p < 0.05 ; Norwalk River - Eightmile River: p < 0.001 ;  Norwalk 

River - Little River: p < 0.001). Letters above each location indicate significance, bars that share the same letter 

are not significantly different. Lowercase letters above each location indicate significance, locations that share 

the same letter are not significantly different. See Appendix I for additional data.  
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Figure 13.  Relative Growth Rate (RGR; cm per day) in Experiment Three: ‘Scrapes’. Comparison of Relative 

Growth Rate (RGR; cm per day) in each of the three locations (Eightmile River, Norwalk River, Little River) 

by source (Eightmile River, Little River). Solid dots indicate mean RGR in each river (location). Standard error 

is shown with horizontal lines. Diagonal lines connect the average data point from each data set (i.e. average 

RGR of plants sourced from the Eightmile River in each of the three locations, blue line;  average RGR of 

plants sourced from the Little River in each of the three locations, yellow line). See Appendix I for additional 

data.  
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Figure 14.  Relative Growth Rate (RGR; cm per day) in Experiment Three: ‘Scrapes’. Relative Growth Rate 

(RGR; cm per day) by location (Eightmile River, Norwalk River, Little River), and by source (Eightmile River, 

Little River). Source is indicated by color (blue, Eightmile River; yellow, Little River). Vertical rectangles 

indicate the upper (top of the rectangle) and lower (bottom edge of the rectangle) quartile for each data set. 

Interior horizontal line indicates the median. Vertical lines above and below rectangles show the lowest and 

highest observations of each range, solid dots represent outliers.  See Appendix I for additional data.  
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XI. Appendices. 

 

Appendix I.  Third of three experiments, (Experiment Three: ‘Scrapes’) in the Eightmile River, Norwalk River, 

and Little River listed in separate tables (by experiment location). Location, rock number, source river 

(Eightmile or Little), number of roots, and mean Relative Growth Rate (RGR; cm per day) is shown. Rock 

number is arbitrary but served as a label for each replicate (to differentiate individual rock and source of 

growth).  

 

Eightmile River 

 
 

Location of 

Experiment 

 

Rock 

Number 

 

Source River 

 

Number of Roots 

 

Mean RGR per rock (cm per 

day) 

Eightmile 2 Eightmile 1 0.017714 

Eightmile 3 Eightmile 7 0.016182 

Eightmile 4 Eightmile 3 0.020169 

Eightmile 5 Eightmile 6 0.017334 

Eightmile 6 Eightmile 1 0.018727 

Eightmile 7 Eightmile 5 0.012038 

Eightmile 8 Eightmile 1 0.023006 

Eightmile 10 Eightmile 2 0.014829 

Eightmile 11 Eightmile 7 0.018600 

Eightmile 12 Eightmile 0 0.000000 

Eightmile 14 Eightmile 1 0.018950 

Eightmile 15 Eightmile 2 0.018308 

Eightmile 16 Eightmile 5 0.016683 

Eightmile 1 Little 4 0.010134 

Eightmile 17 Little 5 0.021510 

Eightmile 18 Little 1 0.018698 

Eightmile 19 Little 10 0.033904 

Eightmile 20 Little 1 0.024607 

Eightmile 21 Little 2 0.027454 

Eightmile 23 Little 5 0.020430 

Eightmile 24 Little 5 0.024260 

Eightmile 25 Little 1 0.010345 

Eightmile 26 Little 7 0.020853 

Eightmile 27 Little 6 0.024274 

Eightmile 28 Little 4 0.017367 

Eightmile 29 Little 1 0.013676 

Eightmile 30 Little 2 0.019737 
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Norwalk River 
 

 
Location of Experiment 

 
Rock Number 

 
Source River 

 
Number of Roots (per rock) 

 
Mean RGR per rock (cm per day) 

Norwalk 4 Little 2 0.0071 

Norwalk 5 Little 0 0.00000 

Norwalk 6 Little 1 0.00215 

Norwalk 7 Little 0 0.00000 

Norwalk 8 Little 4 0.00872 

Norwalk 10 Little 0 0.00000 

Norwalk 11 Little 1 0.006604 

Norwalk 12 Little 12 0.005715 

Norwalk 13 Little 2 0.006057 

Norwalk 14 Little 1 0.007924 

Norwalk 15 Little 5 0.005802 

Norwalk 16 Little 3 0.005752 

Norwalk 17 Little 5 0.008718 

Norwalk 18 Little 4 0.008787 

Norwalk 1 Eightmile 0 0.00000 

Norwalk 2 Eightmile 0 0.00000 

Norwalk 19 Eightmile 0 0.00000 

Norwalk 20 Eightmile 2 0.021419 

Norwalk 21 Eightmile 0 0.00000 

Norwalk 22 Eightmile 3 0.010791 

Norwalk 23 Eightmile 0 0.00000 

Norwalk 24 Eightmile 0 0.00000 

Norwalk 25 Eightmile 1 0.014825 

Norwalk 27 Eightmile 0 0.000000 

Norwalk 28 Eightmile 0 0.000000 

Norwalk 29 Eightmile 1 0.011105 

Norwalk 30 Eightmile 0 0.000000 
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Little River 
 

 

Location of 

Experiment 

 

Rock 

Number 

 

Source River 

 

Number of Roots 

 

Mean RGR per rock (cm per 

day) 

Little 1 Eightmile 8 0.021896 

Little 2 Eightmile 10 0.022470 

Little 3 Eightmile 7 0.020330 

Little 4 Eightmile 9 0.019156 

Little 5 Eightmile 9 0.016992 

Little 6 Eightmile 9 0.019821 

Little 7 Eightmile 1 0.037173 

Little 8 Eightmile 3 0.011084 

Little 9 Eightmile 4 0.013536 

Little 10 Eightmile 1 0.010502 

Little 11 Eightmile 3 0.011461 

Little 12 Eightmile 3 0.024689 

Little 13 Eightmile 0 0.00000 

Little 14 Eightmile 2 0.024000 

Little 30 Eightmile 1 0.009302 

Little 15 Little 3 0.012712 

Little 16 Little 0 0.00000 

Little 17 Little 1 0.021488 

Little 18 Little 4 0.011469 

Little 19 Little 1 0.017645 

Little 21 Little 1 0.006812 

Little 22 Little 1 0.012159 

Little 23 Little 1 0.009040 

Little 24 Little 3 0.021112 

Little 25 Little 0 0.00000 

Little 26 Little 2 0.013497 

Little 27 Little 0 0.00000 

Little 28 Little 0 0.00000 

Little 29 Little 1 0.037173 



 
75 

Appendix II. Second of three experiments, Experiment Two: ‘Cages’, in the Eightmile River. Norwalk River, and Little River shown 

in three separate tables (by experiment location). Location, cage number, source river (Eightmile or Little), and mean Relative Growth 

Rate (RGR; mean, range, standard deviation; cm per day) is shown. Cage number is arbitrary but served as a label for each replicate 

(to differentiate individual cage and source of growth). 

 
Location of 

Experiment 

 

Source River 

 

Cage Number 

 

Mean RGR per Cage 

(cm per day) 

RGR per Source (mean, range, 

standard deviation; cm per day) 

RGR per Location 

(mean, range, standard 

deviation; cm per day) 

Eightmile River Eightmile River 55 0.00000  

 

 

0.00000 

 

0.00000 – 0.00000 

 

0.00000 

 

0.00085 

 

0.00000 – 0.01352 

 

0.00326 

Eightmile River Eightmile River 47 0.00000 

Eightmile River Eightmile River 48 0.00000 

Eightmile River Eightmile River 46 0.00000 

Eightmile River Eightmile River 57 0.00000 

Eightmile River Eightmile River 50 0.00000 

Eightmile River Eightmile River 56 0.00000 

Eightmile River Eightmile River 52 0.00000 

Eightmile River Eightmile River 54 0.00000 

Eightmile River Eightmile River 61 0.00000 

Eightmile River Eightmile River 7 0.00000 

Eightmile River Eightmile River 53 0.00000 

Eightmile River Eightmile River 51 0.00000 

Eightmile River Eightmile River 8 0.00000 

Eightmile River Little River 68 0.00000  

 

 

0.00156 

 

0.00000 – 0.01352 

 

0.00428 

 

Eightmile River Little River 3 0.00000 

Eightmile River Little River 59 0.00000 

Eightmile River Little River 60 0.00000 

Eightmile River Little River 65 0.00000 

Eightmile River Little River 63 0.00000 

Eightmile River Little River 58 0.00000 

Eightmile River Little River 5 0.00000 

Eightmile River Little River 64 0.00000 

Eightmile River Little River 1 0.00000 

Eightmile River Little River 67 0.00000 

Eightmile River Little River 6 0.00000 

Eightmile River Little River 66 0.00000 

Eightmile River Little River 4 0.00000 

Eightmile River Little River 5 0.01352 

Eightmile River Little River 62 0.00000 

Eightmile River Little River 2 0.01295 
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Location of 

Experiment 

 

Source River 

 

Cage Number 

 

Mean RGR per Cage 

(cm per day) 

RGR per Source 

(mean, range, 

standard deviation; 

cm per day) 

RGR per Location 

(mean, range, 

standard deviation; 

cm per day) 

Norwalk River Eightmile River 35 0.00000  

 

0.00000 

 

0.00000 – 0.00000 

 

0.00000 

 

0.00000 

 

0.00000 – 0.00000 

 

0.00000 

Norwalk River Eightmile River 33 0.00000 

Norwalk River Eightmile River 45 0.00000 

Norwalk River Eightmile River 32 0.00000 

Norwalk River Eightmile River 40 0.00000 

Norwalk River Eightmile River 37 0.00000 

Norwalk River Eightmile River 36 0.00000 

Norwalk River Eightmile River 31 0.00000 

Norwalk River Eightmile River 41 0.00000 

Norwalk River Eightmile River 44 0.00000 

Norwalk River Eightmile River 43 0.00000 

Norwalk River Little River UK1 0.00000  

 

0.00000 

 

0.00000 – 0.00000 

 

0.00000 

Norwalk River Little River 21 0.00000 

Norwalk River Little River UK2 0.00000 

Norwalk River Little River 19 0.00000 

Norwalk River Little River UK4 0.00000 

Norwalk River Little River UK5 0.00000 

Norwalk River Little River 20 0.00000 

Norwalk River Little River UK6 0.00000 

Norwalk River Little River UK7 0.00000 

Norwalk River Little River UK8 0.00000 

Norwalk River Little River 17 0.00000 

Norwalk River Little River 14 0.00000 

Norwalk River Little River 15 0.00000 

Norwalk River Little River 18 0.00000 
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Location of 

Experiment 

 

Source River 

 

Cage Number 

 

Mean RGR per Cage 

(cm per day) 

RGR per Source 

(mean, range, 

standard deviation; 

cm per day) 

RGR per Location 

(mean, range, 

standard deviation; 

cm per day) 

Little River Eightmile River NL1 0.00798  

0.00538 

 

0.00000 – 0.02723 

 

0.0092859 

 

 

0.00326 

 

0.00000 – 0.02723 

 

 

0.007369 

Little River Eightmile River NL2 0.00000 

Little River Eightmile River NL3 0.00000 

Little River Eightmile River 69 0.00000 

Little River Eightmile River 72 0.00000 

Little River Eightmile River 73 0.00000 

Little River Eightmile River 75 0.00000 

Little River Eightmile River 71 0.01864 

Little River Eightmile River 77 0.00000 

Little River Eightmile River 79 0.00000 

Little River Eightmile River 80 0.02723 

Little River Eightmile River 78 0.01606 

Little River Eightmile River 70 0.00000 

Little River Little River 22 0.00000  

0.00115 

 

0.00000 – 0.01497 

 

0.0041519 

 

Little River Little River NL10 0.00000 

Little River Little River 30 0.00000 

Little River Little River 13 0.00000 

Little River Little River NL4 0.00000 

Little River Little River 12 0.00000 

Little River Little River 25 0.00000 

Little River Little River 11 0.00000 

Little River Little River 28 0.01497 

Little River Little River 26 0.00000 

Little River Little River 24 0.00000 

Little River Little River 29 0.00000 

Little River Little River 23 0.00000 
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Appendix III. Hydrology and water quality data for each of the three rivers (Eightmile River, Norwalk River, Little River; modeled 

based on average monthly data from 30 years; USEPA National Climate Data; www.modelmywatershed.org).  

 

EIGHTMILE RIVER -- Hydrology – Average Monthly Water Fluxes (cm) from 30 years of Daily Water Balance 

 

Month Stream Flow (cm) Surface Runoff 

(cm) 

Subsurface 

Flow (cm) 

Point Source Flow 

(cm) 

ET (cm) Precipitation 

(cm) 

Jan 6.93 1.18 5.74 0 0.44 8.45 

Feb 7.04 1.21 5.83 0 0.61 7.93 

Mar 8.5 0.98 7.52 0 2.09 9.37 

Apr 7.11 0.48 6.63 0 5.06 9.67 

May 4.48 0.25 4.23 0 8.64 10.22 

Jun 3.41 0.71 2.7 0 8.19 9.16 

Jul 1.62 0.28 1.34 0 8.31 8.86 

Aug 1.1 0.23 0.87 0 7.82 8.76 

Sep 1.11 0.37 0.74 0 6.4 8.71 

Oct 2.16 0.52 1.64 0 4.44 8.49 

Nov 3.7 0.53 3.18 0 2.3 9.98 

Dec 6.64 1.05 5.59 0 0.9 9.41 

Total 53.8 7.79 46.01 0 55.2 109.01 
 

 

EIGHTMILE RIVER -- Water Quality Data – Average Annual Loads From 30 years of Fluxes  

 

Sources Sediment (kg per year) Total Nitrogen (kg per year) Total Phosphorus (kg per 

year) 

Total Loads (kg) 1,686,200.60 53,265.30 1,981.40 

Loading Rates (kg/ha) 175.36 5.54 0.21 

Mean Annual Concentration 

(mg/L) 

32.59 1.03 0.04 

Mean Low-Flow 

Concentration (mg/L) 

54.21 1.12 0.07 

  Mean Flow: 51,734,986 (m³/year) and 1.64 (m³/s)  

http://www.modelmywatershed.org/
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NORWALK RIVER -- Hydrology – Average Monthly Water Fluxes (cm) from 30 years of Daily Water Balance 

 

Month Stream Flow (cm) Surface Runoff 

(cm) 

Subsurface Flow 

(cm) 

Point Source 

Flow (cm) 

ET (cm) Precipitation 

(cm) 

Jan 8.42 1.61 5.35 1.46 0.65 8.56 

Feb 8.46 1.69 5.45 1.32 0.87 8.01 

Mar 9.59 1.52 6.61 1.46 2.53 10.01 

Apr 8.44 0.73 6.3 1.42 5.3 10.25 

May 6.05 0.43 4.16 1.46 9.21 10.63 

Jun 4.5 0.7 2.38 1.42 9.27 9.08 

Jul 3.21 0.65 1.1 1.46 9.38 10.34 

Aug 2.74 0.61 0.67 1.46 8.47 9.41 

Sep 2.73 0.74 0.58 1.42 6.27 8.91 

Oct 3.41 0.8 1.15 1.46 4.64 8.48 

Nov 5.29 1.45 2.43 1.42 2.54 10.31 

Dec 7.86 1.44 4.96 1.46 1.24 9.4 

Total 70.7 12.37 41.14 17.22 60.37 113.39 

 

 

 

NORWALK RIVER – Water Quality Data – Average Annual Loads From 30 years of Fluxes  

 

Sources Sediment (kg per year) Total Nitrogen (kg per year) Total Phosphorus (kg per 

year) 

Total Loads (kg) 15,257,918.50 196,793.40 23,326.10 

Loading Rates (kg/ha) 1,758.45 22.68 2.69 

Mean Annual Concentration 

(mg/L) 

248.69 3.21 0.38 

Mean Low-Flow 

Concentration (mg/L) 

338.67 4.55 0.75 

  Mean Flow: 61,353,146 (m³/year) and 1.95 (m³/s) 
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LITTLE RIVER – Hydrology – Average Monthly Water Fluxes (cm) from 30 years of Daily Water Balance 

 

Month Stream Flow 

(cm) 

Surface Runoff 

(cm) 

Subsurface Flow 

(cm) 

Point Source Flow 

(cm) 

ET (cm) Precipitation 

(cm) 

Jan 6.13 1.65 4.48 0 0.46 8.45 

Feb 6.89 1.76 5.12 0 0.64 7.93 

Mar 8.36 1.46 6.9 0 2.19 9.37 

Apr 6.79 0.62 6.18 0 5.2 9.67 

May 4.2 0.33 3.87 0 9.87 10.22 

Jun 3.16 0.88 2.29 0 12.14 9.16 

Jul 1.35 0.38 0.97 0 9.36 8.86 

Aug 0.61 0.32 0.29 0 8.39 8.76 

Sep 0.6 0.52 0.08 0 6.64 8.71 

Oct 0.99 0.72 0.26 0 4.56 8.49 

Nov 2.06 0.81 1.24 0 2.37 9.98 

Dec 5.01 1.49 3.52 0 0.93 9.41 

Total 46.15 10.94 35.2 0 62.75 109.01 

 

 

 

 

LITTLE RIVER – Water Quality Data – Average Annual Loads From 30 years of Fluxes  

 

Sources Sediment (kg per year) Total Nitrogen (kg per year) Total Phosphorus (kg per 

year) 

Total Loads (kg) 1,230,103.40 8,273.60 936.6 

Loading Rates (kg/ha) 343.83 2.31 0.26 

Mean Annual Concentration 

(mg/L) 

74.51 0.5 0.06 

Mean Low-Flow Concentration 

(mg/L) 

140.6 1.09 0.2 

  Mean Flow: 16,509,591 (m³/year) and 0.52 (m³/s) 
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