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Monoecious (M.) hydrilla is a submersed invasive plant that is of growing concern to 

resource managers as it continues to spread in the northern states of the U.S. It spreads primarily 

through fragmentation and this research demonstrated these fragments can stay afloat for 1 to 2 

days. The effects of various environmental factors on growth, response to herbicides, and the 

efficacy of burlap material were evaluated on M. hydrilla. Established M. hydrilla can survive 

under low light conditions (23 µmole) for several weeks and switches from stolon production to 

vertical growth under low light. M. hydrilla is an opportunistic species waiting for temperatures 

≥21 C to initiate rapid growth in the late spring and summer. Declining day length in September 

triggered a rapid switch from biomass production to tuber formation. The herbicides fluridone, 

penoxsulam, topramezone, and bispyribac were highly active (EC90 3, 5, 22, and 30 µg L-1) in 

small-scale assays. The contact herbicides endothall, copper, diquat, and flumioxazin also 

showed activity (EC90 822, 595, 204, and 1235 µg L-1). A 610 g m-2 burlap material achieved 

rapid control (≤10 days) by reducing light intensity and dissolved oxygen underneath the mat. 

These studies all contribute to the knowledge of M. hydrilla biology and management as this 

plant moves into more northern climates. 
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CHAPTER 1 
INTRODUCTION 

Background 

Hydrilla (Hydrilla verticillata L.f. Royle) is a submersed, rooted, aquatic macrophyte 

which has been called “The Perfect Aquatic Weed” (Langeland 1996) and “one of the world’s 

worst aquatic weeds” (Shearer and Jackson 2006).  It ranges in North America from Florida to 

Maine and west to California and Washington and it is speculated that it could survive as far 

north as southern Canada (Langeland 1996, Les et al. 1997, Balciunas and Chen 1993). A 

monoecious biotype (here after called M. hydrilla) is found primarily in the Mid-Atlantic States 

from central Georgia to Connecticut and some in the Pacific basin in California and Washington 

(Madeira et al. 2001). M. hydrilla has been linked to hydrilla found in Korea (Madeira et al. 

1997), but has also been postulated to be a hybrid that has Indian and Indonesian lineages 

(Benoit 2011).  An extensive literature review was recently conducted for M. hydrilla in which it 

was found only 53 out of 1,246 articles on hydrilla were specific to the monoecious biotype 

(True et al. 2016).  Differences between the monoecious and dioecious biotypes of hydrilla are 

distinct (Netherland 1997), and the following review will attempt to distinguish between 

literature compiled for the monoecious in contrast to the dioecious biotype.  

Hydrilla has many competitive advantages in the aquatic habitat including rapid growth 

and elongation to better compete for sunlight, extensive branching and canopy formation once 

the plants reach the surface, production of long-lived propagules (turions and tubers), and 

efficient use of limited nutrients (Langeland 1996).  It can grow in many freshwater systems and 

can be found mainly at depths of <3 meters (Harlan et al. 1985). However, it has been 

documented to grow at depths of 7 meters (Cook and Luond 1982). Hydrilla can also tolerate 

salinity ranging from 3-13 g L-1, for varying periods of time (Haller et al. 1974, Twilley and 
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Barko 1990, Shields et al. 2012, Carter et al. 1987, Steward and Van 1987).  Rapid growth of 

dioecious hydrilla is attributed to its ability to photosynthesize in early morning when there is at 

least 1% sunlight and when CO2 is at its highest concentration in water (Van et al. 1976, Bowes 

et al. 1977). Hydrilla can also use bicarbonate as its carbon source when free CO2 is no longer 

available. The ability of the dioecious biotype (hereafter called D. hydrilla) to reach the water 

surface under low light conditions allows more efficient capture of incident light (Bowes et al. 

1977).  Hydrilla can interfere with freshwater recreational activities, causing millions of dollars 

in economic loss in water bodies where it grows to excessive levels. It is also very expensive to 

manage, costing around $14.5 million annually in Florida’s waters (Langeland 1996) and $12 

million in the Santee Cooper reservoirs from 1982-1988 (Kirk and Henderson 2006).  

Problematic growth of M. hydrilla in the mid-Atlantic states is mostly confined to reservoirs and 

sterile grass carp (Ctenopharyngodon idella Valenciennes in Cuvier and Valenciennes, 1844) are 

the management tool of choice in these largely unvegetated reservoirs (Kirk et al. 2014). 

The biology and management of D. hydrilla found in Florida and the southeast has been 

widely studied while M. hydrilla found from Georgia north to Maine has received much less 

research attention.  The recent expansion of M. hydrilla into northern tier states provides an 

opportunity and rationale to provide a greater focus on its biology and management. 

Distribution 

Hydrilla currently has spread from its native range in Asia to every continent except 

Antarctica (Cook and Luond 1982, Pieterse 1981).  In the US, D. hydrilla largely overwinters in 

southern waters as a perennial (Harlan et al. 1985), while M. hydrilla (from Georgia to Maine) 

dies back completely each winter and relies on recovery from tubers and turions for growth the 

following spring (Netherland 1997, Harlan et al. 1985). M. hydrilla is thought to have been 

introduced into the Potomac Basin in 1980 (Steward et al. 1984) and has since spread both 
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southward (North Carolina, South Carolina, Alabama, and Georgia) and northward (Maine, 

Massachusetts, New York, Ohio, Pennsylvania). D. hydrilla is thought to have entered the U.S. 

through Tampa and Miami and sold in the aquarium trade in the late 1950s. By the 1970s it had 

become well established in Florida and has since spread in the southern states and into 

California.  

While D. hydrilla has shown limited potential for northward spread in the 60 years 

following its introduction, M. hydrilla continues to spread and become established in northern 

waters.  It is not known how far north M. hydrilla will be able to grow, but it has been speculated 

it can move as far north as central Canada due to a compilation of northernmost distributions in 

the US, and a comparison of January temperatures in North America with current hydrilla 

populations in Asia (Balciunas and Chen 1993, Les et al. 1997).  While M. hydrilla may become 

established in these cooler waters, its potential as an invasive weed remains largely unknown 

since there has been limited research on the biology of this plant in northern waters.  Managers 

are also likely to implement significant control measures when M. hydrilla is detected in a 

northern tier water body to prevent further spread.  Likewise, the current movement of M. 

hydrilla to the south, leads to many questions regarding the competitive mechanisms for this 

biotype of hydrilla in warmer water regions. 

A few studies suggest that M. hydrilla may not be as adapted for cold water temperatures 

as previously thought despite its northern expansion.  Optimal growth at temperatures around 25-

30 C suggest it may be better adapted to thrive in warmer waters as it moves further south 

(Steward and Van 1985, Ames et al. 1986, McFarland and Barko 1987, McFarland and Barko 

1999).  M. hydrilla can tolerate temperatures around 30 C but not as high as 35 C (McFarland 

and Barko 1999).  
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Morphology 

Leaves are strap-like with pointed tips and a conspicuous midrib. They are arranged in 

whorls of 4 to 8 and internodes are a few mm to 15 cm apart (Cook and Lüönd 1989). Separate 

male and female flowers are formed. The male flowers are small and attached to the leaf axils 

near the tips of the stems. They break loose and float to the surface where they fertilize the 

female flowers by bumping into them. The female flowers are small and white floating on the 

surface attached to the stem tip with 10 cm thread like stalks. Flowers contain six petals, three 

stamens, three styles, and three stigmas (Cook and Lüönd 1989). M. hydrilla produces both male 

and female flowers and can produce viable seeds, while the dioecious biotype found in the US 

only produces female flowers (Cook and Lüönd 1989). 

The presence or absence of male flowers are the only visual way to tell the difference 

between M. hydrilla and D. hydrilla. The only definitive way to distinguish the two biotypes is 

through using genetic analysis developed by Madeira et al (1997, 2004, and 2007) and further 

developed by Benoit (2011) which utilizes chloroplast DNA observations of the growth habits 

can give a reasonable guess. M. hydrilla is generally a less robust specimen (Benoit 2011), and it 

produces a larger number of smaller tubers under short-day conditions compared to the dioecious 

form. M. hydrilla shoots grow laterally along the sediment before rising towards the surface, 

while the dioecious shoots quickly grow vertically toward the surface where it forms dense mats 

(Van 1989).  

Hydrilla reproduction is largely due to production of asexual propagules. Turions are 

formed in leaf axils, while tubers are formed in the sediment as deep as 20 cm at the end of 

rhizomes with >90% found in the top 12cm (Harlan et al. 1985, Netherland 1997). M. hydrilla 

tubers sprout in late March through August in North Carolina when the hydrosoil reaches 11-15 

C (Harlan et al. 1985, Steward and Van 1985). Rapid growth occurs after the sprouting of turions 
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and tubers which branch out laterally, growing along the sediment surface. M. hydrilla turion 

production occurs from August through October and tubers are produced from October through 

December in North Carolina. When days are short, a burst of tubers are produced at densities that 

range from 200-2050 m-2 in the field (Harlan et al 1985, Nawrocki et al. 2016).  There are no 

published descriptions of hydrilla growth and reproduction in the US north of the Mid-Atlantic 

States.  

Impacts of Hydrilla 

Problems arise when hydrilla is introduced and aggressively spreads through the littoral 

reaches of a water body. Hydrilla can form surface canopies quickly due to its ability for rapid 

growth under ideal conditions.  Glomski and Netherland (2012) found that after 5 weeks an 

initial 10 cm apical fragment of D. hydrilla grew 8000 cm laterally and vertically, for an average 

of 485 cm per day. This rapid radial growth quickly reaches the water surface and prevents many 

native plants from receiving sufficient sunlight for growth (van Dijk 1985). Barrat-Segretain and 

Bornette (2000) described hydrilla as having an “always ready” strategy. Water craft can disturb 

these dense surface mats and cause significant fragmentation which can float for several days to 

weeks and to non-infested areas or get caught on boat trailers resulting in transport of hydrilla to 

new water bodies (Barrat-Segretain 1996). New infestations often occur near boat ramps where 

fragments as small as 1 to 2 nodes (a few cm) can float off the boat trailers and establish 

(Langeland 1996, Langeland and Sutton 1980, Madsen and Smith 1999). Dense surface mats 

also reduce flow in drainage and irrigation canals causing flooding, bank and structure damage, 

and clogs intakes of pumps for irrigation and cooling reservoirs. Hydrilla can also interfere with 

many recreational activities on lakes and reservoirs such as waterskiing, fishing, and swimming. 

A study of the impact of hydrilla on recreational activities, real estate, and tourism on Orange 
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Lake in North Central Florida estimated $11.0 million year-1 was lost when the lake was nearly 

covered by hydrilla (Langeland 1996).  

Management 

Resource managers in the northern U.S. seek to either eradicate new hydrilla infestations 

or aggressively manage the plants to prevent spread.  Management of M. hydrilla should be 

initiated soon after tubers have sprouted and before new tuber formation (Netherland and Greer 

2014). Following this strategy can be difficult since infestations are often not noticed until rapid 

growth results in plants extending to the water surface. Without close inspection, hydrilla is also 

easily confused with native plant Elodea Canadensis Michx.  In North Carolina, prolific tuber 

production was reported to occur after the plants reached the water surface (Harlan et al. 1985). 

This tuber bank is difficult to control and Nawrocki (2011) predicted that it would take 7-10 

years of constant herbicide treatments to reduce tuber populations by 99.5% in North Carolina. If 

one year of management was omitted early in a treatment life cycle, then the tuber bank could 

rebound to 74% of tubers before initial treatment (Nawrocki 2011).  Research on M. hydrilla is 

limited in both scope and geography (most studies have been conducted in North Carolina or 

Virginia), yet options for control are often the same as they are for the dioecious biotype. 

Mechanical harvesting is typically not recommended because of high fragmentation, high cost, 

and potential for fish loss caught in the harvested biomass (Haller et al. 1980). Triploid grass 

carp are commonly used in reservoirs of the Mid-Atlantic States (Haller 2014), but are typically 

not recommended in northern glacial lakes because of their non-selectivity.  Physical barriers 

(textile, plastic, or burlap) can be used in localized (<0.4ha) areas for swimming or around boat 

docks by excluding sunlight (Bellaud 2014). Chemical control is often used to manage M. 

hydrilla. While many herbicides have been evaluated on D. hydrilla, there has been limited 

testing on M. hydrilla. Laboratory treatments of diquat, endothall, and fluridone are the only 
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registered aquatic herbicides that have been studied (Steward and Van 1987, Van et al. 1987, 

Netherland 2015). Bensulfuron methyl was also evaluated for hydrilla control but was never 

registered for aquatic use (Van and Vandiver 1992).  

Given the limited information available on the growth, spread, and management of M. 

hydrilla in comparison to D. hydrilla, additional research is needed to better predict both the 

northern and southern expansion of this plant as well as gather additional information on its 

biology and control.   
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CHAPTER 2 
HOW LONG DO SHOOT FRAGMENTS OF HYDRILLA AND EURASIAN 

WATERMILFOIL REMAIN BUOYANT? 

Hydrilla is an aggressive submersed aquatic invasive species that has been described as 

the “perfect aquatic weed” (Langeland 1996). It is a rooted, submersed macrophyte that can 

rapidly expand and occupy large expanses of lakes and reservoirs.  This ability for extensive 

growth can negatively impact recreation, flood control capacity, and aesthetics.  Control 

programs can be costly and typically rely on the use of registered herbicides or stocking of 

triploid grass carp (Colle 2014, Netherland 2014). There are two biotypes of hydrilla in the 

United States with M. hydrilla spreading in the mid-Atlantic and northern tier states and D. 

hydrilla largely found in southern Gulf Coast states. M. hydrilla emerges from tubers each spring 

(Harlan et al. 1985, Sutton et al. 1982, Owens et al. 2012) and growth is characterized by rapid 

lateral expansion followed by steady growth towards the water surface (Van 1989). The 

dioecious biotype tends to persist as a perennial and growth is characterized by rapid growth to 

the water surface.  Eurasian watermilfoil (Myriophyllum spicatum L., hereafter called EWM) 

represents a northern invasive plant that also grows rapidly to the water surface, forming dense 

surface canopies, and produces significant fragments via both disturbance and auto-

fragmentation (Madsen 2014). The rapid spread of hydrilla and EWM is often attributed to the 

ability to produce copious vegetative shoot fragments that aid in dispersal of the plant. 

Given the recent range expansion of M. hydrilla into northern tier water bodies, there is 

increasing interest in factors that may promote the spread of this plant.  Fragmentation and 

subsequent hydrochorous dispersal likely represent a key mechanism for spread within and 

between interconnected waters.  While hydrilla and several other invasive plants are reported to 

rapidly disperse via this mechanism, there is limited documentation to describe this process.  

Barrat-Segretain and Bornette (2000) have described hydrilla as having an “always ready” 
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strategy which means that fragments that are disturbed by mechanical removal, animal feeding, 

or human activities float to become established in a new area. Fragments as small as 1 or 2 nodes 

(a few cm) are capable of regrowth and establishment at new sites (Langeland and Sutton 1980, 

Madsen and Smith 1999).  

While there are numerous reports of hydrilla and EWM dispersing via floating fragments 

(Sculthrope 1967, Haller et al 1976, Langeland and Sutton 1980, Pieterse 1981, Spencer and 

Ksander 1991, Sutton 1996, Madsen and Smith 1999) there are no data regarding the length of 

time that these propagules can remain afloat.  It has been hypothesized that fragments can stay 

afloat for several days or weeks and travel great distances (Barrat-Segretain 1996). The ability to 

stay afloat is likely related to aerenchyma tissue (air chambers) that mediates internal gas 

exchange of aquatic plants (Sculthorpe 1967, Jung et al. 2008).  

Hydrilla and EWM are already present in many water bodies in the U.S., yet the potential 

for additional spread remains significant. Simple determination of how long these plant 

fragments remain buoyant may provide insight regarding potential differences between species, 

as well as information that can be used in dispersal models and risk assessments that are being 

developed to predict potential spread of submersed invasive plants.  

The objective of this study was to determine the duration that fragments of three invasive 

plants to change from positive to negative buoyancy under various scenarios. Hypotheses tested 

included: 1) buoyancy is different between species 2) increasing the size of fragment will 

increase the time they remain buoyant, 3) disruption of the water’s surface will decrease the time 

a fragment stays afloat, 4) intertwining multiple fragments together will increase the time 

fragments stay afloat and 5) buoyancy will be different in the summer versus fall.  
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Materials and Methods 

All studies were conducted under greenhouse conditions at the University of Florida 

Center for Aquatic and Invasive Plants (UF CAIP), Gainesville, Florida.  Apical shoot fragments 

of M. hydrilla, D. hydrilla, and EWM were collected from stock culture tanks at the UF CAIP.  

Uniform size fragments were washed to remove epiphytic debris and allowed to acclimate for 1 

hr prior to placement in study containers.  Initial evaluations compared buoyancy in 900 vs. 90 

vs. 19 L containers and determined that tank size did not impact longevity of buoyancy for any 

of our test species (data not shown).  Utilization of the 19 L containers allowed for a large 

number of treatments and replicates in a relatively small space.  The 19 L containers were filled 

with well water. 

Influence of Fragment Size on Buoyancy 

Five fragment lengths (4, 8, 12, 16, and 20 cm) for M. hydrilla, D. hydrilla, and EWM 

were collected on June 2, 2015. Ninety 19 L containers (5 fragment lengths x 3 species x 6 

replicates) were prepared and a single fragment was placed in each container and then checked 

daily. The number of days required to change from positive to negative buoyancy was recorded. 

Negative buoyancy was determined when the fragment rested on the bottom of the container.  

The study was then repeated on June 9, 2015.  Water temperatures were recorded every 6 hrs 

using an Onset® HOBO Water Temp Pro v2 data logger1. Fall trials were initiated October 5 and 

again on October 17, 2015.  

Impact of Aeration on Hydrilla Fragment Buoyancy 

On June 29, 2015, 12 cm fragments of M. hydrilla were collected and placed into 10 (19 

L) containers that were kept under static conditions while another 10 container had an air stone, 

connected to a small pump positioned near the water’s surface to disrupt the water’s surface 

tension.  Air flow was kept to a minimum since the objective was to simply break the surface 
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tension. Containers were checked daily to monitor change from positive to negative buoyancy. 

This study was repeated on July 14, 2015.  

Impact of Multiple Hydrilla Fragments on Buoyancy 

Fragments (12 cm) of M. hydrilla were intertwined in bundles of 1, 2, 4, or 8 fragments 

and placed on the water surface of 19 L containers. The intertwined bundles simulate small 

floating mats of hydrilla.  Each bundle was replicated 5 times and checked daily to determine the 

time to change from positive to negative buoyancy. This study was conducted on June 29 and 

repeated on July 14, 2015.  

Root Formation  

Documenting the timing of root development on M. hydrilla fragments was also of 

interest. Therefore, experiments were initiated on July 27, 2015, 20 (19 L) containers had a 

single 12 cm fragment of M. hydrilla placed on the water’s surface.  Lids were placed on half of 

the containers to reduce light intensity to < 20 µmol m-2 sec-1. All containers were kept under 

static conditions.  Fragments were checked daily to monitor root development over the course of 

14 days and root lengths were determined at 7 and 14 days. This study was repeated on August 

10, 2015. 

Statistics 

Data were subjected to ANOVA and means separated using the least squared means 

method (p=0.05).  When no significant treatment by experiment interactions were observed for 

the repeated studies the data were pooled for analysis.  A difference in response between hydrilla 

biotypes in the fall trials was noted and data are presented separately.  

Results 

All fragments removed from parent plants were initially buoyant. Floating fragments of 

both hydrilla biotypes and EWM started off in a horizontal position.  A few hours prior to 
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sinking, the hydrilla apical shoots usually became vertical while the excised end remained at the 

water’s surface.  It was observed that that factors such as small air bubbles associated with 

flowers or limited algae growth tended to increase buoyancy. 

Influence of Fragment Size on Buoyancy – Summer 

According to R studio, the M. hydrilla and EWM fragments remained buoyant on 

average between 1.9 and 2.5 d (Figure 2-1).  In contrast, D. hydrilla remained buoyant for an 

average of 4.4 d. While increasing fragment size was associated with increased duration of 

buoyancy in the summer trials, the magnitude of these differences remained small. In general, 

buoyancy of M. hydrilla increased from 1 to 2 days, D. hydrilla increased from 2 to 6 days, and 

EWM increased from 1.5 to 3.5 days. The average water temperature was 25.3 C and 26.8 C for 

trial 1 and 2, respectively. 

Influence of Fragment Size on Buoyancy - Fall  

M. hydrilla remained buoyant an average of 5.6 and 3 d for trials 1 and 2, while D. 

hydrilla remained buoyant an average of 3.7 and 1.9 d for trials 1 and 2 (Figure 2-2).  Despite 

differences between trials in this study we did not observe differences in time of buoyancy for 

different fragment lengths of hydrilla.  EWM remained buoyant the longest with an average of 

5.4 d combined for trials 1 and 2.  Average water temperatures were 24.7 C and 23.5 C for trial 1 

and 2, respectively. Both M. and D. hydrilla in the second fall trial sank in half the time 

compared to plants in the first fall trial. There was a difference (p-value <0.001) between 

summer and fall trials with M. hydrilla and EWM taking longer to sink in the fall while D. 

hydrilla sank faster. 

Impact of Aeration on Fragment Buoyancy 

The M. hydrilla fragments in the aerated containers remained afloat longer (3 d) 

compared to the fragments in the static treatment (2 d) (Figure 2-3).  We hypothesized that 
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disrupting surface tension would enhance rates of sinking, yet these results suggest the opposite 

effect. The average water temperature over the duration of was 26 C and 27.8 C for trial 1 and 2, 

respectively. In these trials, we provided light aeration to insure breaking of surface water 

tension, and we did not evaluate a wide range of aeration rates.  Under field conditions, 

fragments would be expected to encounter a wide range of turbulence, and this should be 

evaluated in future trials.  

Influence of Multiple Fragments on Buoyancy 

The number of intertwined M. hydrilla fragments had no effect on the sinking time 

(Figure 2-4). We hypothesized that multiple fragments may increase buoyancy; however, these 

results indicate that small clusters of plants sank at the same rate as individual fragments.  The 

average water temperature over the studies was 26 C and 27.8 C for both trials, respectively. 

Root Formation 

Root formation on M. hydrilla fragments was noticed approximately 4 to 6.5 d after 

placement in containers under high light conditions. Fragments exposed to reduced light 

conditions formed roots at 3 to 4 d after placement in the containers (Table 2-1).  Root formation 

did not occur until the plant fragments had sunk to the bottom, and then formed quickly. Total 

root length in trial 1 was 109 and 181 mm for full light and reduced light at 7 days and 235 and 

417 mm at 14 days respectively. Root length in trial 2 was 157 and 359 mm for full and reduced 

light at 7 days and 189 and 692 mm at 14 days. Fragments under reduced light formed roots 

significantly faster in both trials 1 (p = 0.048) and 2 (p = <0.001). 

Discussion 

Despite multiple papers citing fragments as a key means of dispersal, we are not aware of 

any authors who have quantitatively evaluated the time that plant fragments remain buoyant or 

the mechanisms that result in fragments becoming negatively buoyant.  Barrat-Segretain (1996) 
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speculated that fragments of submersed aquatic plants could stay afloat for days to weeks. Our 

results suggest that individual fragments or small clusters of fragments of EWM and M. hydrilla 

are likely to sink within 1 to 2 days during the summer while D. hydrilla remained buoyant up to 

two to three times longer. The opposite was observed during the fall where M. hydrilla and 

EWM remained buoyant longer than D. hydrilla. Differences between species buoyancy and 

fragment size were relatively minor.  Based on the hydrilla fragments turning to a vertical 

position before they sank (i.e. part of the fragment was still on the surface of the water) we 

speculated that surface tension was keeping it afloat however, addition of aeration to remove 

surface tension had an opposite effect.  In some cases, large rafts of uprooted shoot material can 

be observed floating in water bodies following various disturbance events (especially late in the 

growing season). Our results would not likely be predictive of the behavior of these large mats, 

but they should provide reasonable estimates associated with the buoyancy of small fragments 

that are often produced in high numbers on a daily basis during the height of the growing season. 

The difference in hydrilla buoyancy between the 2 studies in October was not expected. 

Growth rates are changing and carbohydrates are being mobilized as hydrilla shoots are being 

stimulated to produce turions and tubers under these shortened photoperiods (Meadows 2013).  

The faster sinking rates in the second fall study suggest a change in the condition of both 

biotypes of hydrilla.  Differences in buoyancy between summer and fall trials were expected; 

however, an explanation for increased buoyancy times of M. hydrilla and EWM and decreased 

buoyancy times for D. hydrilla will require further study. 

The rapid formation of roots in floating fragments increases the likelihood of 

establishment into new areas (Harlan et al.1985, Pennington and Sytsma 2016).  The majority of 

fragments formed roots after they sank to the bottom of the container. In the Pennington and 
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Sytsma (2016) study, it was noted that all but 3 stems of Brazilian Egeria (Egeria densa Planch), 

8-12 and 18-22 cm, formed roots while floating on the surface though none of their fragments 

sank in the 11 week trial. At this time we do not know why there was a difference between 

Brazillian Egeria in the Pennington and Sytsma (2016) study and the two species (hydrilla and 

EWM) in the present study. Formation of roots while hovering just above the sediments can aid 

in establishment in shallow waters where roots can come into contact with the sediment surface 

even if the fragment is still floating (Pennington and Sytsma 2016). In this study, greatly 

reducing the amount of light available stimulated roots to grow twice as long as those produced 

in full light.  

Future recommendations include: 1) developing protocols to determine factors that 

influence success of fragment establishment with an emphasis on:  sediment composition, 

nutrition, and light environment; 2) influence of time of year and temperature on buoyancy; 3) 

evaluation of the dynamics associated with larger fragments and floating mats.   

While results from these studies are straightforward, they do provide quantitative data for 

improving dispersal models and risk assessments.  In lieu of broad assumptions, these basic 

studies provide information for how these fragments may move within and between waterbodies.  

Based on these results, it is unlikely an individual fragment could result in truly long-distance in-

water dispersal; however, the ability to remain afloat for 2 to 3 d could result in a new founder 

colony far from the existing bed. 
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Table 2-1.  Time (days) for 12 cm fragments of M. hydrilla to produce roots after placement in 
19 L tanks under full light and reduced light (< 20 µmol m-2 sec-1) conditions. Letters 
indicate significant difference based on lsmeans means separation test. Upper and 
lower case letters correspond with separate trials. 

Treatment Trial Root Formation (d) ±(SE) 

Full Light 1 6.6 (0.9) A 

Reduced Light 1 4.4 (0.5) B 

Full Light  2 4.0 (0.0) a 

Reduced Light 2 3.2 (0.1) b 
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Figure 2-1. The time in days for fragments of different lengths (4, 8, 12, 16, or 20 cm) to change 

from positive to negative buoyancy in June. Letters indicate significant differences in 
sinking times within a plant species for each fragment length evaluated as derived 
from an lsmeans test. Bars represent the mean of six replicates + (SE). A) M. hydrilla, 
B) D. hydrilla, and C) EWM. 
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Figure 2-2. The time in days for fragments of different lengths (4, 8, 12, 16, 20 cm) to change 
from positive to negative buoyancy in October. Letters indicate significant 
differences in sinking times between each length as derived from an lsmeans test. M. 
and D. hydrilla trials were significantly different and are shown separately. Bars 
represent the mean of six replicates + (SE). A) M. hydrilla, B) D. hydrilla, and C) 
EWM 
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Figure 2-3. The time in days for 12 cm fragments of M. hydrilla to change from a positive to 

negative buoyancy while being exposed to either aerated or static conditions. 
Different letters indicate significant difference between treatments as derived from an 
lsmeans test. Bars represent the mean of ten replicates + (SE). 

 
Figure 2-4. The time in days for different size bundles (1, 2, 4, or 8 fragments) of M. hydrilla to 

change from positive to negative buoyancy. There were no significant differences 
between the different size bundles indicated by an ANOVA. Bars represent the mean 
of five replicates + (SE). 
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CHAPTER 3 
RESPONSE OF ESTABLISHED MONOECIOUS HYDRILLA TO A RANGE OF LIGHT 

INTENSITIES UNDER GREENHOUSE CONDITIONS 

Hydrilla can form dense surface mats and out compete other submersed aquatic species 

through shading (Haller and Sutton 1975) and this is attributed to its ability to photosynthesize 

under low light conditions (Bowes et. al 1977, Steward 1991, Rybicki et. al 2001, Rybicki and 

Carter 2002). The availability of light limits the depth distribution at which hydrilla and other 

submersed aquatic plant species can grow (Spence 1967, Barko and Smart 1981). Light is 

attenuated by dissolved pigments, phytoplankton, and suspended solids such as silt or clay 

(Sculthorpe 1967). The depth at which most aquatic plants can venture is where light intensity is 

1% light at the sediment surface (Sculthorpe 1967, Steward 1991).  While D. hydrilla shows 

significant internode elongation when exposed to low light conditions (Van et al. 1976), this 

phenomenon has not been described for M. hydrilla (Netherland 1997) which suggests that D. 

hydrilla can physically change its light regime through rapid elongation, while M. hydrilla would 

likely have to tolerate low-light environments for longer periods of time following turbidity 

created by a rain event or phytoplankton bloom.   It has been reported that M. hydrilla has a light 

compensation point (LCP) of approximately 10 µmol m-2 sec-1 or 0.5% maximum sunlight (2000 

µmol m-2 sec-1) (Steward 1991).  

D. hydrilla has a distinctive phenological response under lower light intensities such as 

internode elongation and changing its chlorophyll content (Bowes et. al 1977, Steward 1991, 

Netherland and Lembi 1991). M. hydrilla grown under various light intensities increased its 

longest shoot length from 24.5 cm at 100% light to 97.4 cm at 0.8% light (Steward 1991). 

Steward (1991) also observed etiolation (longer, weak stems and chlorosis due to growth at low 

or no light) at 0.2, 1, and 5% sunlight after 7 weeks of growth. D. hydrilla can change the amount 

of chlorophyll based on the amount of light available, with more chlorophyll produced at lower 
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light intensities.  This is particularly beneficial for a species that forms dense surface canopies. 

The more chlorophyll available for photosynthesis the lower the LCP and light saturation point 

(LSP) (Bowes et. al 1977). This allows hydrilla to photosynthesize earlier in the day (Van et. al 

1976) when available light is still too low for other submersed aquatic species and to be at full 

photosynthetic output at lower light levels due to the lower LSP. Since depth distribution is 

primarily controlled by light (Steward 1991, Rybicki et. al 2001, Barko and Smart 1981), the 

combination of low LCP and LSP with stem elongation and growth to the surface, allows 

hydrilla to colonize deeper water than other species. 

As hydrilla reaches the surface, stolon production is inhibited at >900 µmol m-2 sec-1 and 

shoot production is increased. As more shoots grow, hydrilla shades itself, increasing stolon 

production, allowing it to increase its lateral spread (Steward 1991). Shading also decreases the 

amount of light available to other submersed aquatic species, such as coontail (Ceratophyllum 

demersum L.), EWM, cabomba (Cabomba carolinana Grey) (Van et. al 1976), or eel grass 

(Vallisneria americana Michx) (Rybicki et. al 2001). Van et. al (1976) showed that D. hydrilla 

had a lower LCP (15 µmol m-2 sec-1) compared to coontail (35 µmol m-2 sec-1), EWM (35 µmol 

m-2 sec-1) and cabomba (55 µmol m-2 sec-1). The objective of this study was to better describe the 

influence of various light intensities on growth and morphology of established M. hydrilla under 

controlled conditions. 

Materials and Methods 

Newly sprouted M. hydrilla tubers (7 days old and 4-8 cm) were planted in 3.78 L pots 

with potting soil (Margo™ Garden Products Professional Topsoil2) amended with 1.94 g 

Osmocote® Plus3 fertilizer kg-1 soil covered by an unfertilized 5cm sand cap on January 4, 2016. 

Three pots were placed into 24, 90 L tubs filled with well water and placed under greenhouse 

conditions covered with shade cloth to provide 50% light reduction. On February 24, 2016, 1 pot 
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was removed from 4 tubs for a pre-treatment harvest and the remaining 20 tubs were covered 

with mesh screens (4 replicates) to produce various light intensities.  Zero to three mesh filters 

were applied to the top of the 90 L tubs to provide the gradient of light availability. Light 

intensities were measured using a LI-COR® LI-250A4 light meter and the following results were 

recorded: 0 (296 ± 40 µmol m-2 sec-1), 1 (141 ± 24 µmol m-2 sec-1), 2 (50 ± 2 µmol m-2 sec-1), or 

3 (23 ± 4 µmol m-2 sec-1) screens. Black plastic bags were used to achieve complete darkness as 

the 5th treatment. Temperatures ranged from 15 C at planting, 22.5 C at treatment, 21 C at the 4-

week harvest, 27 C at the 8-week harvest, and 32 C at the 10-week harvest.  A destructive 

harvest was conducted 4, 8, and 10 WAT by removing 1 pot from each treated tub for a total of 4 

reps. Biomass (roots and shoots), maximum shoot length, and number of tubers produced were 

collected and subjected to a one-way ANOVA and results compared by least squared means 

separation test across treatments by harvest time.  

Results and Discussion 

Pretreatment biomass and length measurements were 0.19 g ± 0.3 and 14.3 cm ± 1.7 

respectively. The highest two light intensities (296 and 141µmol m-2 sec-1) produced 

significantly higher biomass than the three lower light treatments (Figure 3-1). Despite the higher 

two light intensities producing greater biomass there was no difference between the maximum 

shoot lengths 4 WAT between all light levels (Figure 3-2).  This is likely due to shoot extension 

being supported by carbohydrate reserves in the tubers and root crowns. At 8 and 10 WAT, the 

141, 50, and 23 µmol m-2 sec-1 treatments produced the longest shoot lengths followed by the 

296 µmol m-2 sec-1 and dark treatment, but these differences though significant, were not very 

large (Figure 3-2). Reduced light intensity had an effect on morphology by inhibiting lateral 

growth or stolon production at light intensities ≤50 µmol m-2 sec-1. This is a common 

characteristic of M. hydrilla (Van 1989), and it indicates that more energy was put into vertical 
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growth to the water’s surface where light intensity would be more favorable.  While Steward 

(1991) reported that stolon production was inhibited at light intensities >45% PAR (900 µmol m-

2 sec-1), this is well beyond light levels required for photosynthetic saturation of hydrilla (Bowes 

et al. 1977). Etiolation was evident in the dark treatment as the stems were thin and tissue was 

bleached (Figure 3-3).  This was not observed at the 23 µmol m-2 sec-1 treatment as shoots 

remained green indicating that these light levels were greater than the LCP. Steward (1991) also 

found that M. hydrilla growth was inhibited at light intensities <5% PAR (<100 µmol m-2 sec-1). 

In their preliminary study, growth was inhibited after 10 weeks between 0.8 and 6.2% 

transmission of solar PAR (~16-124 µmol  m-2 sec-1) and 1-5% (~18-82 µmol m-2 sec-1) in their 

repeated study after 7 weeks, which is consistent with the biomass decrease in these studies 

between the 50 and 141 µmol m-2 sec-1 treatments (Figure 3-1). Steward (1991) also saw reduced 

stem density below 9.5% PAR (190 µmol m-2 sec-1). The results of this experiment are also 

consistent with those found by Rybicki and Carter (2002) who noted a decrease in growth of M. 

hydrilla after 13 weeks of growth at 45 and 88 µmol m-2 sec-1 compared to 290 µmol m-2 sec-1, 

and as reported in this study there was little difference in plant height between the three lights 

intensities.  These data suggest that once established, M. hydrilla can persist for up to 10 weeks 

at very low light intensities.   

Steward (1991) found that M. hydrilla had the same LCP as D. hydrilla of 10 µmol m-2 

sec-1. Based on previous research the low light intensity of 23 µmol m-2 sec-1 evaluated in this 

study was sufficient for photosynthesis to occur which is supported by our visual observations of 

bright green plants throughout the three harvest periods (Figure 3-3). Biomass production at light 

intensities of 23 and 50 µmol m-2 sec-1 was greater than the pretreatment weights (0.19 ± 0.03 g) 

at 4 weeks (0.2 and 0.3 g), 8 weeks (0.32 and 0.85 g), and 10 weeks (0.7 and 0.37 g) after 
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treatment indicating slow but active growth.  There was a positive trend of increased biomass 

production as light intensity increased except for 50 µmol m-2 sec-1 treatment 10 WAT which 

may be due to algae coverage on the screens that reduced the light intensity further.  

Light intensity had little effect on tubers produced (Figure 3-4).  Data suggests most of 

the tubers formed early in the study since numbers were generally similar between 4 and 10 

weeks.  Light intensity of 296 and 141 µmol m-2 sec-1 treatments produced significantly higher 

number of tubers than the dark treatment likely due to light limitations. Light intensities of 50 

and 23 µmol m-2 sec-1 were not different with respect to tuber production (Figure 3-4). Steward 

(1991) reported a difference in tuber production: >7 new tubers produced at light intensities 

>124 µmol m-2 sec-1 and no tubers were produced at the lowest light level of 0.3% (~6 µmol m-2 

sec-1).  It is unclear why Steward reported a difference in tuber production while we did not.  

The decrease in stolon production (reported for low light conditions by others) and focus 

on vertical growth could be a positive morphological factor that would increase the competitive 

advantage of M. hydrilla.  Highly elongated internodes characteristic of D. hydrilla were not 

observed in our study under low light conditions. Nonetheless, the ability for shoot extension 

combined with the low LCP would make M. hydrilla highly competitive with native plants under 

low light conditions.  The ability to withstand short or even prolonged periods of limited or no 

light may provide a competitive advantage as M. hydrilla continues to extend its range.   
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Figure 3-1. Biomass production of M. hydrilla under 5 light intensities (0-296 µmol m-2 sec-1). 
Bars represent an average of 4 replications with standard error bars. Differences in 
lettering indicate a significant difference between light intensities within each harvest 
period of 4, 8, or 10 WAT as derived from an lsmeans test. 
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Figure 3-2. Maximum length of M. hydrilla under 5 light intensities (0-296 µmol m-2 sec-1). Bars 
represent an average of 4 replications with standard error bars. Differences in 
lettering indicate a significant difference between light intensities within each harvest 
period of 4, 8, or 10 WAT as derived from an lsmeans test. 

  

0

10

20

30

40

50

60

70

80

90

100

4 WAT 8 WAT 10 WAT

L
en

gh
t (

cm
) 

Harvest Time 

0 µmol 23 µmol 50 µmol 141 µmol 296 µmol

A 
A A 

A 

A 
A 

A 
AB 

BC 

C C 
C 

ABC 
BC 

AB 



 

37 

 

 

Figure 3-3. M. hydrilla at 10 WAT following exposure to five different intensities. Light 
intensities  decrease from left to right (296, 141, 50, 23, 0 µmol m-2 sec-1). (Photo 
courtesy of author.)  
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Figure 3-4. Tuber formation of M. hydrilla under 5 light intensities (0-296 µmol m-2 sec-1). Bars 
represent an average of 4 replications with standard error bars. Differences in 
lettering indicate a significant difference between light intensities within each harvest 
period of 4, 8, or 10 WAT as derived from an lsmeans test. 
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CHAPTER 4 
MONOECIOUS HYDRILLA GROWTH FROM SPROUTED TUBERS UNDER A RANGE 

OF TEMPERATURES AND PHOTOPERIODS 

The current spread of M. hydrilla into the northern U.S. supports predictions from 15 to 

30 years ago that it is better adapted to lower temperatures and a shorter growing season 

compared to D. hydrilla (Van 1989; Madeira et al. 2000; Netherland 1997; Steward et al. 1987).  

While it has been estimated that M. hydrilla could grow as far north as central Canada due to its 

distribution in Asia (Balciunas and Chen 1993), the influence of water temperatures on growth 

rates will largely dictate how aggressive M. hydrilla will expand into northern latitudes 

(Balciunas and Chen 1993).  The plant was first introduced into the Potomac River in 1980 

(Steward et al. 1984) from Korea (Medeira et al. 1997) and then spread in the Atlantic States 

from central Georgia to Pennsylvania and Connecticut and a few watersheds in California and 

Washington (Madeira et al. 2000).  A recent distribution map produced by the USGS (U.S. 

Geological Survey 2016) documents both northern and southern spread of M. hydrilla into states 

such as MA, ME, OH, NY, GA, and AL (Figure 4-1).  

 Previous studies that have evaluated the relationship between temperature and biomass 

production of M. and D. hydrilla (McFarland and Barko 1987, 1999) concluded that neither 

hydrilla biotype grew well from shoot cuttings at temperatures <16 C, which suggest that M. 

hydrilla is not readily adapted for growth at cooler water temperatures. These studies (McFarland 

and Barko 1987, 1999) were conducted in August under greenhouse conditions and did not 

consider how emergence from a sprouted tuber or an increased photoperiod might influence 

growth. 

Recent observations of hydrilla growth NY and PA suggest that a high percentage of M. 

hydrilla tubers sprout in a synchronous manner in May and early June (M. Netherland personal 

observation).  Nonetheless, there is a multi-week delay between the sprouting event and 
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observation of significant hydrilla biomass production which occurs in mid to late July.  As M. 

hydrilla continues to spread northward, it is important to distinguish whether the M. hydrilla 

collected from this northern region is adapted to growth in cooler waters or if the phenology of 

the plant is providing a competitive advantage that allows M. hydrilla to thrive in northern 

waters. 

Estimating temperatures at which M. hydrilla initiates rapid growth following tuber 

sprouting and determining if increased duration of photoperiod in northern latitudes compensates 

for the lower water temperatures would be of value.  The role of a decreased photoperiod in 

reducing shoot growth and stimulating D. hydrilla tuber production has been documented 

(Netherland 1997); however, the role of rapidly increasing day length in May and June in 

northern states on these parameters has not been evaluated.  Many management efforts in 

northern waters are based on the timing of tuber sprouting; however, this information would be 

of significant value to resource managers if there is a delay between tuber sprouting and 

subsequent growth. 

The objectives of this study were: 1) to determine the effect of temperature and 

photoperiod on growth of M. hydrilla compared to EWM and 2) to determine growth of M. 

hydrilla from sprouted tubers throughout an annual growth cycle in outdoor mesocosms. 

Materials and Methods 

Studies were conducted at the University of Florida Center for Aquatic and Invasive 

Plants (UF CAIP), Gainesville, FL. M. hydrilla tubers were collected from the Erie Canal, NY 

and EWM from Lake Minnetonka, MN.  Specimens were maintained in culture tanks in 

Gainesville until needed.  
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Growth Chamber Studies  

A modified version of the protocol developed by the Organization for Economic 

Cooperation and Development (here after called OECD) was utilized for this study (OECD 

2014). This protocol is used in Europe for testing of chemicals and provides a standard medium 

for growth, specifying the number of plants and container size. Modifications in these studies 

include test organism, replication, test design (number of plants and number of pots/beakers), test 

duration, pretreatment duration, temperature, and photoperiod. M. hydrilla tubers were collected 

from culture tanks and readily sprouted upon removal. Newly sprouted tubers (~7 day old with 

shoot growth of 4-8 cm) of M. hydrilla planted into sediment-filled 250 ml beakers (OECD 

2014) and which in turn were placed into 2 L beakers containing a culture solution developed for 

growing submersed plants (Smart and Barko 1985). The tubers were exposed to temperatures of 

13, 17, 21, 25, and 29 C and photoperiods of 12 or 16 hours in controlled environment growth 

chambers with light intensities (378 + 30 µmol m-2 sec-1). The first study (November 2015- 

February 2016) evaluated M. hydrilla growth at the above temperatures and was repeated in 

April – May 2016 with the addition of EWM. An additional study was conducted with M. 

hydrilla (May – June 2016) in which temperatures of 19, 23, and 27 C were evaluated on growth. 

The plants were grown for 2 and 4 weeks at which time they were harvested and biomass dried 

to a constant weight. Data were analyzed using an ANOVA to test for main effect and 

interactions and an lsmeans comparison test to determine if there were differences in growth at 

different temperatures or photoperiods.  

Outdoor Mesocosm Study 

Pots (3.78 L) were filled with soil (Margo™ Garden Products Professional Topsoil2) 

amended with 1.94 g Osmocote® Plus3 fertilizerkg-1 soil covered by an unfertilized 5 cm sand 

cap. The pots were placed into 900 L outdoor concrete tanks (65 cm deep) and two freshly 
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sprouted tubers of M. hydrilla were planted the 1st and 15th of each month in new pots with 6 

replicates.  A dry weight harvest was conducted 40 days each after planting and number of tubers 

produced determined. This process was repeated each month from September 2015 through 

October 2016. Photoperiod ranged from 10.25 hr in December to 14 hr in June. Water 

temperature was logged daily in 6 hr intervals (0000, 0600, 1200, 1800 hrs) with an Onset® 

HOBO Water Temp Pro v21. Temperature was averaged over each 40-day growth period. 

Results and Discussion 

Growth Chamber Studies 

There was no difference in growth for M. hydrilla between trial 1 and 2 at both 2 and 4 

weeks (p-value 0.763 and 0.257), therefore trial data were combined for harvest time. There was 

also no difference in growth between the 12 or 16 hr photoperiod at both 2 and 4 weeks for M. 

hydrilla (p-value 0.119 and 0.792) and EWM (p-value 0.533 and 0.94), therefore photoperiod 

data were combined.  These data indicate that longer (16hr) photoperiods did not result in a 

physiological trigger for enhanced growth from a recently sprouted tuber at any temperature 

evaluated. 

There was limited growth of M. hydrilla at the 2-week harvest, with increased growth 

noted at increasing temperatures (Figure 4-2A). Initial weight of the plants was ~0.06 g. EWM 

growth was also limited with limited evidence of a temperature or photoperiod effect (Figure 4-

2B).  

After 4 weeks of growth, differences between treatments were more well-defined.   There 

was essentially no new biomass production at temperatures ≤19 C (Figure 4-3A).  In contrast as 

temperatures increased to 21 C and above, a clear increase in growth was noted.  There was no 

difference in growth of EWM between temperatures tested, which is a characteristic of a plant 

that is adapted to grow in cooler water conditions (Figure 4-3B). 
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The growth chamber data suggests that M. hydrilla is not a cold-water specialist due to its 

limited growth after 4 weeks at temperatures ≤19 C. In the spring, tubers can germinate in waters 

as cool as 11-15 C (Harlan et. al. 1985, Steward and Van 1985), but these results suggest water 

temperatures must reach ~21 C for the sprouted tubers to initiate significant above ground 

growth. In some water bodies in northern latitudes, it can take a few weeks to a few months for 

water temperatures to reach levels favorable for rapid growth. Moreover, if tubers are sprouting 

in May or early June, but not emerging until water temperatures are favorable, the potential role 

of an increasing photoperiod on triggering growth is greatly diminished as a buried tuber cannot 

detect changes in daylength.  While these results are similar to those reported by Steward and 

Van (1985), and McFarland and Barko (1987), showing that M. hydrilla growth is inhibited at 

temperatures below 16 C (19 C in this study), the findings from this study explain the significant 

lag observed between tuber sprouting and growth in northern waters. These results suggest 

sprouted tubers of M. hydrilla must wait for waters too warm to temperatures ~21 C to produce 

rapid growth.  

The OECD protocol performed well in providing a standard technique for growing M. 

hydrilla and EWM. Growth data gathered was comparable to other studies that were conducted 

under greenhouse conditions, making this small-scale protocol a good predictor of growth of 

different species at different temperatures and photoperiods. The standardized sediment and 

culture solution allows for comparison of data from different laboratories (Netherland and 

Richardson 2016) and these methods allow for testing of different species year-round. 

Outdoor Mesocosm Study  

One of the advantages of working with hydrilla is that quiescent tubers can be stimulated 

to sprout within days at any time of the year by simply removing them from the sediment 

(Netherland 1997). Apical tips of M. hydrilla are typically non-existent during the winter 
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months. Tuber data in this study includes both immature and mature tubers as many were still 

attached to the rhizomes. This annual growth trial began in September 2015 and it was 

immediately noted that biomass production over the 40 d growth period decreased from the 

September 1 planting to the September 15 planting by seven-fold from 1.33 to 0.20 g (Figure 4-

4A) while tuber production remained the same (Figure 4-4B). During this 2-week interval (1 – 

15 September) temperatures remained at near optimal levels for growth as predicted by the 

growth chamber study above; however, the reduced daylength experienced at this time of year 

greatly influenced shoot biomass production. In October, November, and December, biomass 

production remained minimal (0.02 to 0.14 g 40 d-1) and tuber production decreased (1.7 tubers 

in October to 0 tubers in December). In January and February there was no biomass production 

and tuber formation remained at 1 or less (Figure 4-4). In March and April as temperatures 

started to increase and daylength increased, biomass increased from 0.29 to 2.9 g 40 d-1. During 

this time, the daylengths were still favorable for tuber formation. An unexpected and 

unexplained decrease in biomass production occurred in May and June 1, when both 

temperatures and daylengths were favorable for shoot growth and no energy was going into tuber 

production. Biomass returned to expected levels by June 15 (3.01g 40 d-1). Biomass production 

remained constant in July and August with a spike July 15.  T tuber production was minimal in 

July (0.16 and 0.5 tubers 40 d-1), increasing in August (1.16, and 2.66 tubers 40 d-1). The 

September 1 planting resulted in biomass production of 3.41g 40 d-1 and tuber production 

increased 4-8 times compared to the production in August to 13.8 40 d-1 tubers. A shift from 

biomass production to tuber formation was evident when comparing the September 1 planting 

versus the September 15 planting (0.24 g and 4.5 tubers 40 d-1) even though water temperatures 

are essentially the same. Biomass production remained minimal in October and tuber production 
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decreased (0.15 and 0.13 g, 1.33 and 1.16 tubers 40 d-1), respectively (Figure 4-4). Aside from 

the unexplained lack of M. hydrilla growth in May, these data confirm that photoperiod may 

have a strong impact on biomass production late in the growing season (September). Under 

increasing photoperiods (spring), shoot growth remained minimal until water temperatures 

exceeded 20 C. 

Current herbicide management practices can be improved with a better understanding of 

when M. hydrilla starts to initiate rapid growth across a latitudinal gradient. The lag period 

between tuber sprouting and rapid growth documented in this research provides valuable insight 

to managers. This information can also help determine which lakes are at a higher risk for 

invasion as M. hydrilla moves farther north. Some lakes may not reach favorable temperatures 

during the summer months and others may only reach them for a short period and return to 

unfavorable temperatures before shorter photoperiods shift growth to initiate tuber production.  

The ability of M. hydrilla to thrive and result in invasive growth versus to simply survive is a 

relevant question for resource managers as the plant continues to move north.  This work 

supports a late-season photoperiod impact that will result in tuber production in the late summer 

and early fall, but it does not support increasing photoperiod in the late spring as a trigger for 

rapid growth following sprouting of the tubers. 
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Figure 4-1. Distribution map of M. hydrilla by sub-basin in the U.S. (U.S. Geological Survey). 
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Figure 4-2. Effects of temperature on dry biomass after 2 weeks in growth chambers. Bars 
represent an average of 4 replicates ± (SE). There was no significant difference 
between 12 or 16 hr photoperiods. Differences in letters indicate significant 
difference between temperatures after photoperiod data was combined. There was no 
significant difference in EWM between temperatures. A one-way ANOVA and 
lsmeans test was used to determine statistical significance p-value ≤ 0.05. A) M. 
hydrilla and B) EWM. 
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Figure 4-3. Effects of temperature on dry biomass after 4 weeks in growth chambers. Bars 
represent an average of 4 replicates ± standard error. There was no significant 
difference between 12 or 16 hr photoperiods. Differences in letters indicate 
significant difference between temperatures after photoperiod data was combined. 
There was no significant difference in EWM between temperatures. A one-way 
ANOVA and lsmeans test was used to determine statistical significance p-value ≤ 
0.05. A) M. hydrilla and B) EWM. 
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Figure 4-4. Effects of time of year on growth and tuber production of M. hydrilla from sprouted tubers over a 40 day period Dates 

presented are start dates for each treatment.  The solid line represents the average temperature over the 40 day period of 
growth.  Bars represent an average of 6 replicates ± standard error. May data was removed due to an unknown loss of 
plants. A) short term growth and B) tuber production.  
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Figure 4-4. Continued.  
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CHAPTER 5 
RESPONSE OF MONOECIOUS HYDRILLA TO FOUR SLOW-ACTING ENZYME 

INHIBITING HERBICIDES 

The submersed invasive plant hydrilla has been described as “the perfect aquatic weed” 

(Langeland 1996), and it often requires management via use of registered aquatic herbicides and 

grass carp (Haller 2014).  There are two biotypes of hydrilla, a dioecious and monoecious form, 

that differ genetically. Within the U.S., the biology, phenology, and invasion range for these 

plants is distinct (Van 1989, McFarland and Barko 1987, Madeira 1997, 2004, and Benoit 2011).  

The continued spread of M. hydrilla into northern waters of the U.S. is of significant concern to 

resource managers (Netherland and Greer 2014).  A recent literature review indicated that of 

1,246 articles on hydrilla, only 53 specifically mentioned the monoecious biotype (True et al. 

2016).  The disparity in the published literature between the D. and M. hydrilla includes studies 

on ecology, plant biology, and management information, including the response to herbicides. 

Prior herbicide research conducted on M. hydrilla is limited to only 3 of the 14 registered 

aquatic herbicides: diquat, endothall (Van and Steward 1986, Van et al. 1987, Poovey and 

Getsinger 2010), and fluridone (Nawrocki 2011, Netherland 2015). Bensulfuron-methyl has also 

been studied (Van and Vandiver 1992) but is not registered for aquatic use.  

The need to register new herbicide modes of action was identified (Netherland et al. 

2005) with the discovery of resistance to the herbicide fluridone in D. hydrilla in the early 2000’s 

(Michel et al. 2004, Arias et al. 2005, Dayan and Netherland 2005, Puri et al. 2009). Five new 

herbicide active ingredients have been registered for aquatic use since 2007. Netherland (2011) 

conducted greenhouse trials that indicated that the acetolactate synthesis (ALS) inhibiting 

herbicides bispyribac-sodium, imazamox, and penoxsulam were active on D. hydrilla at low 

concentrations (5 to 25 µg L-1); however, no published data for these ALS herbicides exists for 

M. hydrilla. 
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The use of small-scale studies can be effective to determine efficacy and selectivity of a 

mode of action on a weedy submersed species (Netherland and Richardson 2016). Small-scale 

studies allow for a broad range of concentrations to be tested in a small space over a short period 

of time. 

OECD recently adopted a small-scale protocol to address herbicide activity using rooted 

EWM and provides specifications for the sediment and water source used (OECD 2014). The 

results generated are used for registration purposes in Europe. Netherland and Richardson (2016) 

evaluated the potential of the OECD protocol as an initial screen for testing aquatic herbicides 

against other submersed plant species and recommended additional testing on slow acting 

enzyme-inhibiting herbicides. Potential advantages of this protocol were described by 

Netherland and Richardson (2016) and include: 1) high turnover and replication due to small 

space requirements; 2) use of rooted plants opposed to floating fragments allow for higher 

confidence in results; 3) the protocol can be modified to suit research objectives; and 4) 

providing a standard for both water and sediment allows for comparison of results from different 

laboratories. 

Given the recent spread of M. hydrilla and the lack of information on response to 

herbicides, additional research is needed. The objective of this study was to determine the 

activity of the slow-acting enzyme-specific inhibitors fluridone, penoxsulam, bispyribac, and 

topramezone on M. hydrilla using the small-scale growth-based OECD assay.  

Materials and Methods 

All studies were conducted at the UF CAIP, Gainesville, FL in environmentally 

controlled growth chambers.  M. hydrilla was originally collected from the Erie Canal, NY and 

kept in culture at the UF CAIP for use in these studies.   
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A modified version of the OECD guidelines for testing of chemicals was used (OECD 

2014). The OECD protocol specifies number of plants, container size, and exposure time. 

Modifications in this study include test organism, replication, test design (number of plants and 

number of pots/beakers), test duration, pretreatment duration, temperature, and photoperiod. 

Beakers (150 mL) were filled with the prescribed OECD sediment and 2 newly sprouted tubers 

of M. hydrilla were planted. Newly sprouted tubers were approximately 7 days old with shoot 

growth of 4-8 cm long. The 150 mL beakers were placed into larger 2 L beakers filled with a 

culture solution (Smart and Barko 1985), also prescribed by the OECD protocol. Beakers were 

placed into environmentally controlled growth chambers at 25 C with 14/10 hr (day/night) 

photoperiods. The plants were allowed to acclimate for 3 days, then treated with bispyribac5 

(80% soluble powder a.i.), fluridone6 (60 g L-1 a.i.), topramezone7 (336 g L-1 a.i.), and 

penoxsulam8 (240 g L-1 a.i.) under static conditions for a period of 4 wks (opposed to 2 wks 

prescribed by OECD) at concentrations of 0, 0.1, 0.3, 1, 3, 9, 27, and 81 µg L-1. The studies were 

conducted March to April and July to August 2016. Deionized water was added once a week to 

correct for water loss from evaporation and treatments were replicated three times using a 

completely randomized design.  At 4 weeks after treatment (WAT) plants were harvested (Figure 

5-1) by removing both roots and shoots and dried to a constant weight. Data was subjected to 

Weibull (type 1) (Figure 5-2) non-linear regression (better fit than log-logistic regression) from 

which EC50 and EC90 (effective concentration to reduce biomass by 50 and 90%) values were 

calculated. There was no significant trial interaction and therefore data from the repeated studies 

were pooled for analysis. Pretreatment weights (40 mg dry wt.) were subtracted from data and 

negative values were corrected for measurement error by giving a value of zero since biomass 

cannot have negative values. 
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Results and Discussion 

Non-linear egression curves and EC50 values indicate penoxsulam (1.0 µg L-1), 

topramezone (1.4 µg L-1), fluridone (1.7 µg L-1), and bispyribac (19.4 µg L-1) were all active on 

M. hydrilla (Table 5-1 and Figure 5-2). This is also reflected in the EC90 values of fluridone (3.0 

µg L-1), penoxsulam (5.0 µg L-1), topramezone (22.3 µg L-1) and bispyribac (29.6 µg L-1) (Table 

5-1). 

The efficacy of these herbicides on M. hydrilla is similar to that found for D. hydrilla. 

Netherland (2011) found that D. hydrilla growth was inhibited at 5 µg L-1 for penoxsulam and 10 

µg L-1 for bispyribac-sodium.   Netherland and Getsinger (1995) reported that fluridone 

concentrations of 1 and 2 µg L-1 inhibited growth but, 3 µg L-1 was required to reduce biomass. 

Additional research on M. hydrilla exposed to fluridone indicated chlorophyll fluorescence and 

growth reduction of over 85% at fluridone concentrations >3 µg L-1 (Netherland 2015).   

Most operational treatments of M. hydrilla with fluridone often target the plant when the 

biomass is still low, soon after sprouted tubers have emerged from the soil (and prior to new 

tuber formation) (Netherland and Greer 2014, Nawrocki et al. 2016).  Similar treatment 

principles would likely apply for penoxsulam, topramezone, and bispyribac. Treatment of small 

plants that are actively growing may also require reduced exposure times to achieve control.  

Additional mesocosm work is required to validate this hypothesis; however, it could result in a 

significant reduction in the treatment life-cycle (e.g. number of applications and number of 

exposure days required) and cost-savings when planning treatments for M. hydrilla.  

Recent findings of a significant lag period between the removal of fluridone exposure and 

recovery of photosynthetic pigments suggests that continuous exposure with slow-acting enzyme 

inhibitors may not be necessary (Netherland 2015).  This information would provide managers 
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greater flexibility when planning for multiple applications of these slow-acting enzyme-

inhibiting products to sustain an exposure period.  

 
Table 5-1. EC50 and EC90 values calculated from non-linear curves based on dry weight biomass 

of M. hydrilla following 4 weeks of exposure to different herbicides. Data was pooled 
from 2 trials. Pretreatment biomass values were subtracted from data and negative 
values were corrected for measurement error by giving a value of zero. 

Herbicide EC50 µg L-1 (95% CI) EC90 µg L-1 (95% CI) 

Bispyribac 19.4 (13.5-28.0) 29.6 (22.7-38.7) 

Fluridone 1.7 (1.0-3.0) 3.0 (1.7-5.1) 

Topramezone 1.4 (0.6-3.5) 22.3 (8.4-59.0) 

Penoxsulam 1.0 (0.5-2.3) 5.0 (1.63-15.8) 
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Figure 5-1. M. hydrilla after 4wk static exposure to penoxsulam. The 3 rows represent the 3 
replications and the columns are the treatments increasing in concentration from left 
to right the (0-81 µg L-1). (Photo courtesy of author.) 
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Figure 5-2. Non-linear regressions for M. hydrilla growth following static exposure to eight 

concentrations (0 to 81 µg L-1) of four herbicides over a four-week period. The 
dashed line represents the EC50 value and the dotted line the EC90 value.  The gray 
area around the regression line represents 95% confidence intervals. A) bispyribac, B) 
fluridone, C) topramezone, D) penoxsulam. 
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Figure 5-2. Continued 
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CHAPTER 6 
LABORATORY RESPONSE OF MONOECIOUS HYDRILLA TO FOUR FAST-

ACTING CONTACT HERBICIDES 

There are two biotypes of hydrilla (monoecious and dioecious) that are 

genetically distinct and have invaded different areas of the U.S. due to differences in 

biology and physiology (Madeira 1997 and 2004, Van 1989, and McFarland and Barko 

1987). Resource manager’s concerns are growing as M. hydrilla continues to spread into 

northern waters of the U.S. (Netherland and Greer 2014). Research on herbicide 

sensitivity conducted on M. hydrilla is limited to three of the 14 herbicides registered in 

for aquatic use: diquat, endothall, and fluridone (Steward and Van 1987, Van et al. 1987, 

Poovey and Getsinger 2010, Netherland 2015).  

Small-scale laboratory testing can be an effective method for early evaluations of 

herbicide activity of a mode of action on an aquatic species (Netherland and Richardson 

2016). This approach allows for quick turn-over of a broad range of products and can 

identify highly active and non-active products. This approach can also provide 

information on which compounds, concentrations, and exposures to test in more costly 

and larger-scale outdoor mesocosm studies (Netherland and Richardson 2016).  

OECD adopted a small-scale protocol that utilizes EWM for testing chemicals for 

ecological impacts in Europe (OECD 2014). The protocol provides specifications for 

sediment, water, and nutrients which allow for comparison of results from different 

laboratories. Netherland and Richardson (2016) found this protocol to be well suited for 

the testing of a fast-acting auxin mimic herbicide and adaptable to suit common research 

objectives.  While this protocol specifies static exposures on EWM, the authors suggested 

that the protocol could be modified to include other plants and used to evaluate herbicides 

susceptibility.  
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As M. hydrilla continues to spread into northern latitude states the lack of 

quantitative information on sensitivity to registered herbicides is a key need for resource 

managers. The objective of this study was to determine the activity of four fast-acting 

herbicides (endothall, copper, diquat, and flumioxazin) on M. hydrilla using a modified 

OECD protocol.  

Materials and Methods 

All studies were conducted at UF CAIP, Gainesville, FL in environmentally 

controlled growth chambers. M. hydrilla was originally collected from the Erie Canal, 

NY and kept in culture at UF CAIP for use in these studies.  

Evaluation of Static Concentrations 

This study was conducted as described above (Chapter 5) and freshly sprouted 

tubers were treated with endothall9 (507 g L-1a.i. dipotassium salt), copper10 (1.07 g L-1 

a.i.), diquat11 (240 g L-1 a.i.), and flumioxazin12 (51% soluble powder a.i.) under static 

conditions for 4 weeks at 7 concentrations ranging from 0 to 2187 µg L-1 (0, 9, 27, 81, 

243, 729, and 2187) from April to May 2016. 

Evaluation of Exposure Times 

Newly sprouted tubers of M. hydrilla were planted and placed in environmentally 

controlled growth chambers (same conditions as described above in Chapter 5) and 

studies were conducted from April to August 2015. The M. hydrilla was allowed to grow 

for 4 weeks to accumulate biomass before treatment. Beakers were treated with a ½x and 

1x maximum recommended label rate of endothall (1.5, 3 mg L-1, United Phosphorus, 

Inc), copper (0.5, 1 mg L-1, SePRO Corporation), diquat (0.185, 0.37 mg L-1, Syngenta), 

copper+diquat (0.5+0.185, 1+0.37 mg L-1), and flumioxazin (0.2, 0.4 mg L-1, Valent). 
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The plants were exposed to the above concentrations for 0, 1, 3, 9, 27, or 81 hrs, with 3 

replications. 

The pH of the water was recorded for flumioxazin treatments due to importance 

of pH driven hydrolysis (Shaner 2014).  Two trials were conducted for flumioxazin: 1) 

culture solution was not replaced before treatment and 2) fresh culture solution was 

replaced just before treatment. After each exposure time the plants were removed from 

the beakers, rinsed of any herbicide residue and placed back into 2L beakers with fresh 

(herbicide free) culture solution. 

Four weeks after treatment, a destructive harvest was conducted and dry weight 

biomass (roots and shoots) was subjected to Weibull (Type 1) non-linear regression from 

which ET50 and ET90 (estimated time to reduce biomass by 50% and 90%) values were 

calculated for each concentration. 

Results 

Evaluation of Static Concentrations 

All herbicides were active on M. hydrilla after 4 wk exposure and all plants died 

at the highest concentrations (2187 µg L-1) tested (Table 6-1 and Figure 6-1). Diquat had 

the greatest activity with significant reduction in biomass noted at concentrations > 27 µg 

L-1. Flumioxazin reduced biomass as concentrations increased resulting in >50% control 

at concentrations of >243 µg L-1. Copper did not show any activity until concentrations 

were 729 µg L-1, after which complete mortality was achieved. Endothall achieved >50% 

control at 243 µg L-1, and provided complete control at concentrations >729 µg L-1 

(Figure 6-1). EC50 values for diquat (60.7 µg L-1) and flumioxazin (90.3 µg L-1) suggest 

high activity on M. hydrilla. Diquat had the lowest EC90 (204.4 µg L-1) followed by 

copper (595 µg L-1), endothall (822 µg L-1), and flumioxazin (1235.6 µg L-1) (Table 6-1).  
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Evaluating static concentrations of contact herbicides and the variation in the data suggest 

the predictive power from this study is limited. EC50 values had much less variation 

compared to EC90 values. 

Evaluation of Exposure Times 

M. hydrilla growth was affected at both the ½x and 1x rates with differences in 

response depending on exposure hours (Figure 6-2). Copper + diquat at both the ½x and 

1x rate resulted in an ET50 and ET90 value at exposure times >5 hrs while copper and 

diquat applied individually at the 1x rates required 24.8 to 50.9 hrs of exposure to achieve 

the ET90 value (Table 6-2).  The ET50 values were reduced by ~ 50% when 

concentrations were increased from the ½x to the 1x rate for copper, diquat, and 

endothall (Table 6-2). ET90 values for copper and diquat were also reduced by ~ 50% 

when concentrations were increased from the ½x to the 1x rate. 

Flumioxazin did not have activity on M. hydrilla in these assays. This was 

presumably due to the short half-life (15-20 mins) it has at pH >9 (Shaner 2014) which 

did not allow for the nominal exposure times. The culture solution started at a pH of ~9 

for the trial when the solution was not replaced and ~7.5 for the trials in which fresh 

solution was replaced just prior to the herbicide treatment. The pH remained ~9 during 

the first trial while the second trial’s pH increased to 8.8 after 1 hr and held at pH of ~9.5 

after 3 hrs. The rapid increase in pH is thought to be due to large amount of plant biomass 

in relation to the 2 L beakers which was able to extract a large amount of CO2 from the 

culture solution causing an increase pH. 

Discussion 

M. hydrilla grew well in both studies and filled the beakers by the time treatments 

were applied. Overall the two studies (static concentration and exposure times) were 
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subject to greater than expected variation. This caused significant overlap of 95% 

confidence intervals (Table 6-1 and Table 6-2) in theEC50, EC90, ET50, and ET90 values. 

Repeating these experiments with an increased number of replications could presumably 

reduce this variation.  Despite the variation, treatment differences were observed for each 

herbicide.  Overall, the static concentration approach yielded more consistent, less 

variable data (especially for EC50 values) and there was less confounding from high 

levels of initial biomass in the small beakers. 

The exposure time protocol did not perform well for flumioxazin due to the high 

pH and subsequent pH-driven hydrolysis.  Addition or use of a buffer solution was not 

attempted; however, results from the static concentration study (with low biomass and pH 

of ~7.5 at the time of treatment) suggests that flumioxazin has activity on M. hydrilla, 

and testing at a larger scale under controlled pH conditions (Mudge et al 2010) is 

recommended. 

Previous research indicates that diquat and endothall are effective against M. 

hydrilla but proper exposure times must be met (Steward and Van 1987, Poovey and 

Getsinger 2010). The results from this study confirm activity of copper, diquat, and 

endothall and further demonstrate that combining copper and diquat can reduce the 

exposure requirement. Copper and diquat both have a high binding affinity to suspended 

sediments and epiphytic crusts on the plant leaves which reduces efficacy (Netherland 

2014).  These small-scale studies are generally poor at predicting the influence of 

suspended sediments on activity. These herbicides are also typically applied in spot 

treatments opposed to whole lake applications, which makes concentration and exposure 

times very important. Van et al. (1987) found that diquat was effective at controlling both 

biotypes of hydrilla at exposure concentration of 0.25 mg L-1for a 48 hr exposure period. 
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Poovey and Getsinger (2010) found that endothall could reduce M. hydrilla biomass if 

treated at 2 mg L-1 for 72 hrs of exposure.  Many spot applications provide just a few 

hours of exposure, therefore studies that suggest minimum exposure requirements of 48 

to 72 hours may be of limited value to managers seeking to prevent spread of M. hydrilla.  

Results from this trial suggests exposures from 3 to 12 hrs could result in 90% biomass 

reduction. Additional work is recommended to develop a standard testing protocol that 

evaluates both concentration and exposure time at this small scale.  As hydrilla continues 

to spread into new systems, improved recommendations for spot treatments with short 

exposures will be particularly valuable. 

  



 

65 

Table 6-1.  EC50 and EC90 (µg L-1) values for M. hydrilla calculated from non-linear 
curves based on dry weight biomass after 4 weeks static exposure to freshly 
sprouted tubers of M. hydrilla. 

Herbicide EC50 (95% CI) EC90 (95% CI) 

Endothall 213 (87.1-525.3) 822 (248.6-2721.8) 

Copper 278 (190.6-406.7) 595 (341.6-1036) 

Diquat 60.7 (38.8-95) 204.4 (113.2-369) 

Flumioxazin 90.3 (34.9-233.4) 1235.6 (463.4-3294.6) 
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Table 6-2. The ET50 and ET90 values in hours (± 95% confidence intervals) for the 

evaluation of exposure times calculated from non-linear curves based on M. 
hydrilla dry weight biomass after 4 weeks growth, then 4 weeks treatment for 
each herbicide rates (½x and 1x). Flumioxazin did not decrease in biomass. 

 ½x 1x 

Herbicide ET50 hr 

 

ET90 hr 

 

ET50 hr 

 

ET90 hr 

 

Endothall 

(1.5, 3 mg L-1) 

20.8 

(8.1-53.7) 

109.8 

(30-401.5) 

9.8 

(4.6-20.9) 

12.8 

(0.6-293.7) 

Copper 

(0.5, 1 mg L-1) 

24.8 

(14.1-43.4) 

29.4 

(16.8-51.1) 

14.6 

(6.1-34.7) 

50.9 

(17-151.9) 

Diquat 

(0.185,  

0.37 mg L-1) 

23.3 

(13.4-40.7) 

39.1 

(14.6-105.2) 

13.8 

(4.8-39.1) 

24.8 

(7.1-86.3) 

Copper+Diquat 

(0.5+0.185, 

1+0.37 mg L-1) 

3.7 

(0.8-15.9) 

4.7 

(0.2-112.8) 

2.9 

(2.4-3.5) 

3.5 

(1.7-7) 

Flumioxazin  

7.5 pH 

(0.2, 0.4 mg L-1) 

NA NA NA NA 

Flumioxazin  

9 pH 

(0.2, 0.4 mg L-1) 

NA NA NA NA 
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Figure 6-1.  Non-linear regressions of M. hydrilla growth following static exposure to 
seven concentrations (0-2187 µg L-1) of four herbicides. The dashed line 
represents the EC50 and dotted line the EC90value. The gray region represents 
95% confidence interval. A) endothall, B) copper, C) diquat, D) flumioxazin. 

A 
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Figure 6-1. Continued. 
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Figure 6-2. Non-linear regressions of M. hydrilla growth following seven exposure times 
at either ½x or 1x maximum label rate. Solid lines with circles represent ½x 
rate and the dashed line with triangles the 1x rate. A) endothall, B) copper, C) 
diquat, and D) copper+diquat. 

A 
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Figure 6-2.  Continued. 

  

C 

D 



 

71 

CHAPTER 7 
EVALUATION OF TWO DENSITIES OF BURLAP BENTHIC BARRIERS AS A 

METHOD OF HYDRILLA CONTROL 

Benthic barriers have been described as a textile (complex nylon or fiberglass) or 

plastic (nylon tarp or polyethylene sheeting) barrier that is used for localized weed 

control. They work by compressing and preventing sunlight from reaching the submersed 

plants (Bellaud 2014). These barriers are mainly used to control plants in high use areas 

or dense pioneer infestations in localized areas (<0.4 ha) due to high installation and 

maintenance costs. Costs can range from $6.72 m2 for polyethylene17, $10.29 m2 for poly 

fabric18, and $13.42-18.52 m2 for geotextiles19. They are typically installed by SCUBA 

divers in deeper waters (>1.21 m) and secured in place with concrete blocks, sand bags, 

or weighted PVC piping.  After installment, the barriers have to be checked for rips and 

gas pockets have to be released to prevent billowing. They also have to be removed each 

year to be cleaned due to sediment build up and may be re-deployed the next season 

(Bellaud 2014). Benthic barriers are nonselective and often have negative impacts on fish 

and macro-invertebrate communities that are dependent on the sediment (Ussery et al. 

1997, Engel 1984), which is another reason benthic barriers are only used in localized 

areas (Bellaud 2014).  

Benthic barriers have been studied since the 1970s starting with the use of 

polyethylene sheeting (Born et al. 1973, Nichols et al. 1974, Cooke and Gorman 1980, 

Eakin and Barko 1995). Since then, other types of barriers have been studied: mesh 

polymeric fibers (Cook and Gorman 1980, Engel 1984), fiberglass material (Mayer 1978, 

Perkins et al. 1980, Lewis et al.1983, Engel 1984), woven polypropylene mat (Lewis et 

al. 1983), and more recently biodegradable burlap (Caffrey et al. 2010, Hofstra and 

Clayton 2012).  
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The potential advantages for the use of burlap matting include: 1) biodegradable; 

burlap will naturally degrade and will not have to be removed after use, 2) negatively 

buoyant; it quickly saturates with water on contact and readily sinks to the bottom for 

easy placement, 3) permeable; gas can escape and prevent billowing, and 4) lower cost: 

10 oz13 burlap cost ~ $1.90 m2 and 17 oz14 burlap cost ~ $4.80 m2 (Figure 7-1). The use 

of oz is the industry jargon, as the 10 oz does not refer to 10 oz m-2, but rather the 

industry standard and the 17 oz is a specialty product (personal communication, sales 

representative at BurlapFabric.com).  

M. hydrilla is an aggressive submersed aquatic macrophyte that was introduced in 

1980 (Haller 1982, Steward et al. 1984) and has since spread in the mid-Atlantic states 

(Langeland 1996), Maryland, North Carolina, Indiana, Ohio, Maine, New York, 

Wisconsin, Massachusetts, Connecticut, Virginia, and Pennsylvania (Netherland and  
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 2014, Shearer 2014). It has been described as the “perfect aquatic weed” 

(Langeland 1996) and is capable of rapid expansion after only 4 and 5 weeks of growth 

(Glomski and Netherland 2012). This rapid growth creates dense mats that shade out 

native vegetation, impede water flow, interfere with recreation, and can have negative 

effects on other aquatic life (True-Meadows et al. 2016). As hydrilla spreads into 

northern tier states, early detection and control of small patches may be a situation where 

the use of benthic barriers is considered. Managing these small patches of hydrilla 

reduces the potential of spreading to other areas through fragmentation. 

Burlap barriers are often used at public access sites, specifically at small or high 

water exchange sites where it may not be feasible to apply herbicides. Preventing the 

spread at public access sites would greatly decrease the likelihood of spreading to nearby 

lakes (Roley and Newman 2008). 

The objective of this study was to evaluate two different densities of burlap 

material as a benthic barrier for hydrilla control. 

Materials and Methods 

Studies were conducted in outdoor mesocosms at the UF CAIP, Gainesville, FL. 

Freshly sprouted tubers of M. hydrilla were planted (Trial 1) on April 20, 2016 into 11.35 

L dishpans 1 month before installation of the burlap barriers and apical tips of D. hydrilla 

were planted 3 months before treatment.  These dishpans were treated on May 20, 2016 

by placing 10 oz (200 g m-2) and 17 oz (610 g m-2), here after referred to as 200 g and 

610 g (Figure 7-1), burlap material over the plants. The 200 g product was placed on 4 

replications while the 610 g product was placed on 6 replications for both M. and D. 

hydrilla. An untreated reference for both biotypes was included in this study. On June 9, 
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2016 at 21 days after treatment (DAT) the above ground growth was harvested and dried 

to a constant weight. 

Based on results from Trial 1, Trial 2 was conducted in a similar manner with M. 

hydrilla freshly sprouted tubers (7 days old with 4-8 cm long shoots) and D. hydrilla 

apical shoots were planted July 14, 2016. Eighteen dishpans were planted for each 

biotype: 3 for pretreatment harvest, 5 controls, 5 covered with 200 g burlap and 5 covered 

with 610 g burlap. M. hydrilla was covered August 1, 2016 and D. hydrilla July 28, 2016 

by wrapping the burlap around the dishpan and securing in place with clips. Dissolved 

oxygen (D.O.) readings were taken from underneath the burlap weekly for 3 weeks using 

a YSI 556 MPS meter15. Light intensity measurements were recorded using an Onset® 

HOBO Pendant® Temp/Light meter16 from underneath both types of burlap and in 

treatments without burlap for 6 days at 1 hour intervals (Figure 7-2). Two replicates for 

each treatment were harvested 10 DAT and 3 harvested 21 DAT. Data was subjected to 

an ANOVA and lsmeans test for means separation. 

Results and Discussion 

Trial 1 

Trial 1 consisted of one harvest and no D.O. readings. At 21 DAT there were no 

shoots of either biotype remaining under the 610 g burlap (Figure 7-3) and the 200 g 

burlap treatments had reduced hydrilla growth by ~75%. The remaining plants under the 

200 g were still a healthy green color indicating these plants were receiving adequate 

light for survival. In general, this study showed that control under the 610 g burlap was 

very rapid and that the 200 g material was not effective in these short-term studies. 
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Trial 2 

Trial 2 consisted of pretreatment measurements and two harvests, along with light 

and D.O. readings. At 10 DAT under the 610 g burlap there was no live tissue of M. 

hydrilla while the D. hydrilla still had 0.65 g of shoots remaining (Figure 7-4). The 

biomass for both biotypes under the 200 g burlap was reduced compared to pretreatment 

weights, but was still green and alive. By 21 DAT the hydrilla under the 200 g burlap had 

increased to pretreatment weights while the plants under the 610 g burlap had completely 

decomposed. 

The control of both M. and D. hydrilla under the 610 g burlap was rapid and 

likely caused by a combination of reduced D.O. and light intensity. The 200 g burlap 

reduced D.O. by 35 and 20% for M. hydrilla (3.9 mg L-1 ± 0.9) and D. hydrilla (4.3 mg  

L-1 ± 0.7) respectively, while the 610 g reduced the D.O. by ~60% (2.4 ± 0.5 and 2.1 mg 

L-1 ± 0.3) for each biotype with a tank D.O. of 5.3 mg L-1 ± 0.6. The 200 g burlap 

reduced the light intensity by an average of 68% (38.8 µmol m-2 sec-1 ± 7.8) over the 

course of the day and the 610 g by 98% (2.94 µmol m-2 sec-1 ± 0.6). Ambient light 

intensity at the surface above the barriers averaged 126.3 µmol m-2 sec-1 ± 26.  Van et al. 

(1976) found that D. hydrilla has a light compensation point (LCP) of 15 µmol m-2 sec-1 

while Steward (1991) found the LCP for both biotypes to be 10 µmol m-2 sec-1. The 610 g 

burlap reduces the light intensity below that of the LCP for D. hydrilla. The 200 g burlap 

had light intensities around 24-98 µmol m-2 sec-1 during the day which is enough light for 

photosynthesis explaining the survival and growth of the plants under the 200 g burlap. 

The effectiveness of the different burlap barriers is likely plant species specific. 

Caffrey et al. (2010) achieved excellent control of Lagarosiphon major Ridley with a 

burlap that was comparable in density to the 200 g burlap used in this study. Hofstra and 
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Clayton (2012evaluated effects of 200 g burlap on a variety of other species in New 

Zealand and also obtained control of L. major, but reported poor control of D. hydrilla, 

with only <30% control 5 months after treatment. The inability to control hydrilla in this 

study with 200 g burlap is similar to the results reported by Hofstra and Clayton (2012).  

The 2-3 mm mesh size of the 200 g burlap is large enough to allow plants like hydrilla to 

penetrate and grow through the barrier (personal observation). The 200 g burlap is 

apparently also ineffective against charophytes since Chara spp. was seen growing 

through the 200 g burlap, but not the 610 g material in our study. Caffrey et al. (2010) 

recorded 4 charophytes species growing through their burlap and Hofstra and Clayton 

(2012) also reported poor control of charophytes. 

There are no published studies that have evaluated the effectiveness of the 610 g 

burlap as a benthic barrier.  Given the near complete exclusion of light, the 610 g barrier 

may be most comparable to plastic or polyethylene sheeting since it reduces the D.O. 

levels to between 1 and 2 mg L-1 and the light intensity by 98%, acting more like a solid 

barrier than a mesh screen. Fragments and stolons of M. hydrilla were observed sending 

roots though the mesh of the 200 g, but not the 610 g burlap. 

There is potential for the reduction of the macroinvertebrate communities with the 

reduction of the D.O. under the 610 g burlap. Macroinvertebrate communities were 

reduced by 69 and 90% under synthetic fabric barriers that reduced the D.O. levels too 

near zero (Ussery et al. 1997). Even though there is the potential for reducing the 

macroinvertebrate communities, it would only be in small localized areas since benthic 

barriers are only practical in limited applications (Bellaud 2014). The effects of burlap 

could last for a season or more before it disintegrates. Caffery et al. (2010) found that the 

200 g burlap was still intact after 7 months, but easily torn after 10 months, and 



 

77 

disintegrated on contact after 17 months. How long the 610 g burlap will stay intact is 

unknown.  The speed of control of M. hydrilla suggests a barrier could be laid down and 

taken up after just a few weeks.  For example, a small 610 g burlap barrier (~100 m2) 

placed in a high-flow region of the Erie Canal, NY in July 2016 provided complete 

control of M. hydrilla 30 days after being placed (M. Netherland personal observation). 

The speed of M. hydrilla control observed in this study was not expected and 

there are no publications that have reported on the demise of plants under a benthic 

barrier over time. The mechanism for such rapid control of M. hydrilla and other 

submersed species requires further investigation. Once deployed in the field, benthic 

barriers are typically maintained in place (largely due to difficulties associated with 

deployment); however, results from this study suggest that small burlap barriers could 

potentially be moved to a new site after a few weeks. 

The cost of the 610 g burlap14 ~$4.78 m-2. While less expensive than synthetic 

barriers17,18,19, at a cost of ~$6.72- $18.52 m-2, this approach would only be cost-effective 

for very small areas.  Moreover, given the difficulties with deploying benthic barriers, the 

smaller the site the better. Given the limitations for treatment of small areas in 

combination with its biodegradable properties, there may be reduced maintenance since 

removal and cleaning may not be required. Future research questions include: 1) effects 

of gas exchange, will the 610 g have to be cut to release gas build up, 2) how long will 

the 610 g remain intact, 3) will double layering of the 200 g burlap increase efficacy, 4) 

how does 610 g perform on other plant species, 5) is there a more cost-effective 

alternative between 200 g and 610 g and 6) field evaluation of 610 g burlap. 
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Figure 7-1. Burlap mats used in the study. A) 200 g and B) 610 g. (Photo courtesy of 

author.) 

B 
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Figure 7-2. Light intensity and temperature readings taken inside the concrete tanks 
(control) and under 200 g and 610 g burlap. Readings were taken every hour 
on the hour for 6 days and an average of the 6 days displayed. 

 
 

 

Figure 7-3. Effect of 200 g and 610 g burlap on the control of established M. and D. 
hydrilla from sprouted tuber and apical tips, respectively. Bars represent the 
mean of 6 replicates for M. hydrilla and 3 replicates for D. hydrilla ± (SE). 
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Figure 7-4. Effects of 200 g and 610 g burlap on the control of established hydrilla. Bars 

represent means of 2 replicates at the 10d harvest and 3 replicates at the 21d 
harvest ± (SE). The solid line represents pretreatment biomass before burlap 
was applied. A) M. hydrilla and B) D. hydrilla. 
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APPENDIX 
SOURCES OF MATERIAL 

1Onset® HOBO Water Temp Pro v2 data logger, Onset Computer Corporation. 470 MacArthur 
Blvd. Bourne, MA 02532.  

2Professional Topsoil, Margo™ Garden Products. 50 N Laura Street Suite 2550 - Jacksonville, 
FL 32202.  

3Osmocote® Plus, The Scotts Company. Marysville, OH. 

4Li-COR® LI-250A light meter, LI-COR. 4647 Superior Street P.O. Box 4425 Lincoln, 
Nebraska.  

5Tradewind, Valent USA Corporation. 1600 Riviera Ave, Walnut Creek, CA 94596. 
https://www.valent.com/Data/Labels/2011-TRA-0001%20Tradewind%20%20-
%20form%201796-A.pdf 

6Sonar Genesis, SePRO Corporation. 11550 North Meridian Street Suite 600 Carmel, IN 46032. 
https://www.sepro.com/documents/Sonar-Genesis_Label.pdf 

7Oasis, SePRO Corporation. 11550 North Meridian Street Suite 600 Carmel, IN 46032. 
https://www.sepro.com/documents/Oasis_Label.pdf 

8Galleon SC, SePRO Corporation. 11550 North Meridian Street Suite 600 Carmel, IN 46032. 
https://www.sepro.com/documents/Galleon_Label.pdf 

9Aquathol K, United Phosphorus, Inc. 630 Freedom Business Center Suite 402, King of Prussia, 
PA 19406. http://www.cdms.net/ldat/ld195000.pdf 

10Nautique, SePRO Corporation. 11550 North Meridian Street Suite 600 Carmel, IN 46032. 
https://www.sepro.com/documents/Nautique_Label.pdf 

11Reward, Syngenta. Basel, Switzerland. http://www.greencastonline.com/current-label/reward-
landscape-and-aquatic 

12Clipper, Valent USA Corporation. 1600 Riviera Ave, Walnut Creek, CA 94596. 
https://www.valent.com/Data/Labels/2011-CLP-0001%20Clipper%20-
%20form%201791-A.pdf 

13Burlap Rolls. Model No. S-19806. ULINE. Uline 12575 Uline Drive Pleasant Prairie, WI 
53158 

14Sagless Burlap - 36" Wide 17 oz, 50-yard roll. Model No. BROLL-SAGLESS-17oz-36x50Y. 
BurlapFabric.com. 3534 N. Spaulding Ave Chicago, IL 60618 

15YSI 556 MPS meter, YSI Incorporated. 1700/1725 Brannum Lane Yellow Springs, Ohio 
45387-1107.  
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16Onset® HOBO Pendent® Temp/Light meter, Onset Computer Corporation. 470 MacArthur 
Blvd. Bourne, MA 02532.  

17Lake Bottom Blanket. 10’x40’. Lake Bottom Blanket Aquatic Weed Control. Derma-Safe LLC 
32 Juniper Road Wayne, NJ 07470. 

18Water Weed Mat. Water Weed Mat. P.O. Box 234 Alton, NY 14413.  

19Lake Mat-Pro. Lake Mat. 9860 Cherry Valley Caledonia, MI 49316.  
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