


heavy cover treatment (2.0 + 0.2, out of 5) than the uncovered control (1.2 £0.2) (F =7.5; df =
1, 40; P = 0.0093). The number of weevils observed per five plants differed by date, but not by
treatment, with the most weevils (0-2 weevils observed per five plants) occurring in January and
February (F = 7.0; df = 4, 40; P = 0.0002). Percent green was 36% greater in covered plants (86
+ 2.4%) than uncovered plants (50 + 3.2%) (t = -9.0, df = 8, P <0.0001). The C:N ratio was
24% greater in covered plants (27.1 + 0.6) than uncovered plants (21.8 £ 0.8) (t=-5.3,df =8, P

= 0.0007).

Figure 2.6. Change in adult (black) and larval (grey) salvinia weevil population density of
uncovered and covered giant salvinia mats in (a) north LA and (b) south LA. Asterisk indicates
significant difference between treatments according to two-way ANOVA at a < 0.05.

In south LA, adult and larval weevil population density differed significantly by date
(adult density, F =5.0; df = 2, 23; P = 0.0155; larval density, F = 5.6; df = 2, 23; P = 0.0106),
with only adult density differing by treatment (F = 11.0; df = 1, 23; P = 0.0030). Monthly

sampling was affected by flooding events that occurred in the pond from late March to April and

April data could not be collected. At the last sampling in March, adult weevil population density
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was five times greater under heavy cover (169.4 + 59.2 weevils/kg, mean + SE) than in the
uncovered control (33.6 £ 10.1 weevils/kg), marking an 18% decrease from the initial population
in covered nurseries compared to an 84% decrease in the control. Average larval population
density decreased by 61% from November to March in both treatments combined (Figure 2.6b).
The number of damaged buds differed by date, but not by treatment, with the greatest number of
terminal buds damaged (4 out of 5) in January (F = 15.5; df = 4, 40; P <0.0001). The high
damage activity observed in January was likely due to the much larger adult weevil population
present in this month, which declined over time to result in less new damage observed as
sampling progressed. Nearly twice as many adult weevils per five plants were observed in
covered nurseries (2.5 + 0.8) as in uncovered nurseries (1.4 + 0.6) over the sampling period (F =
4.6; df =1, 40; P =0.0389). Due to the flooding disturbance that occurred at this site, final
estimates of percent green and C:N content were not attainable.

Table 2.7. Air temperature analysis from north and south LA outdoor ponds. Data were filtered
to show exposure temperature and duration during times when air temperature < 0°C.

Parameter North LA South LA
Air max. (°C) 30.4 30.3
Air min. (°C) -9.1 -5.1
Average air (°C) 141+0.1 16.3+0.1
# times < 0°C 11 6
Average exposure temp. (°C) -3.2+£0.2 -2.1+0.2
Average exposure duration (hours) 8.8+1.9 55+24
Cumulative duration (hours) 97 33
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In north LA, water temperature in the center of the plant mat was 0.3°C greater in
covered nurseries (16.9 £ 0.1°C) than uncovered nurseries (16.6 + 0.1°C), with the greatest
differences occurring in March and April (t =-3.5, df = 12478, P = 0.0005). In south LA, water
temperature did not differ between the covered and uncovered treatments (mean temperature
18.2 £+ 0.1°C; t =-0.2, df = 12480, P = 0.8301). Air temperature analysis indicated 11 discrete
periods of cold exposure below 0°C in north LA, versus 6 discrete periods in south LA. The
total duration below 0°C was 97 hours in north LA, versus only 33 hours in south LA (Table

2.7).

2.4. Discussion

2.4.1. Giant salvinia plant quality and mat surface temperature under SBP fabrics

The effect of SBP on plant carbon and nitrogen differed depending on seasonal
conditions. In the warm-weather greenhouse study, heavy SBP covers reduced giant salvinia
biomass and C:N ratio compared with uncovered controls. In north LA, SBP covers increased
C:N ratio compared to the control. Increased C:N ratio in water hyacinth (E. crassipes) was
associated with increased plant biomass and decreased C:N ratio was associated with faster
decomposition following winter frost damage (Center and Dray 2010). In giant salvinia,
uncovered plants in the greenhouse study may have experienced increased C:N as an effect of
greater biomass increase compared to the covered treatment. Likewise, uncovered plants in
north LA may have experienced reduced C:N as a function of nitrogen release following
decomposition of frost-damaged tissue in the early spring. Covering plants with heavy fabric
significantly reduced light penetration, and may have contributed to increased bud damage and

reduced plant biomass observed under this treatment.
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Plant damage assessments provided strong evidence that SBP fabrics reduce tissue
damage to giant salvinia during winter cold fronts. As has been reported in the terrestrial
systems of strawberries (Hochmuth et al. 1986), cranberries (Patten and Wang 1983), and other
fruit and vegetable crops (Olle and Bender 2010), SBP can be a useful tool in aquatic systems to
prevent and reduce plant damage during cold exposures.

Thermal properties of SBP may be less predictable in aquatic environments than in
terrestrial environments due to differences in the way water conducts heat compared to soil. In
greenhouse and laboratory studies, SBP fabrics raised plant mat surface temperatures by 0.7 to
3.5°C due to direct insulation of the mat to prevent heat dissipation. A greater temperature
increase was achieved in controlled laboratory settings that were minimally disturbed by moving
air currents, which could influence rates of heat loss from the plant-water interface. In the field,
SBP increased mat temperatures by only 0.3°C, likely a result of combined external factors such
as wind speed, water flow, and thermal inertia of the water body. These observations are in
agreement with findings by Dale and Gillespie (1977) and Kumar and Arakeri (2015) that
demonstrated slow-moving water trends toward increased stratification and greater surface heat
retention than water that is agitated by wind or mixing of strata. The SBP did not increase mat
temperature in south LA, which may be due to greater water movement and mixing at this site
(L. Moshman, personal observation). In aquatic environments, SBP should therefore produce the
most benefit in slow-moving water, such as non-fluvial systems that are protected from wind.
This complements observations by Tipping and Center (2003) and Sullivan et al. (2011) that
giant salvinia and salvinia weevils overwinter best in backwater areas with minimal current and

protection from the elements.
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2.4.2. Salvinia weevil mortality is reduced by SBP row covers during acute cold
exposure

In a laboratory trial, SBP covers reduced weevil mortality by 36% compared to an
uncovered control during a single 36-hour cold exposure. In the field, the south LA pond
experienced a cumulative exposure of 33 hours below 0°C, similar to what was tested in the
laboratory, whereas the north LA pond experienced a cumulative exposure of 97 hours, nearly
three times as long. Moreover, average below-freezing exposures in north LA were colder and
longer in duration than those experienced in south LA. Heavy SBP cover reduced adult weevil
mortality by 66% in south LA, but winter conditions in north LA were likely too severe for the
cover to make a notable difference in adult weevil survival.

It is uncertain whether SBP row cover would prevent total loss of salvinia weevil
populations during a severe winter in north LA. The winter of 2016-2017 was considered a mild
winter and despite high adult mortality in north LA, the salvinia weevil population was able to
rebound and produce large numbers of F1 larvae. A greater number of repeated cold exposure
cycles and longer cumulative duration of exposures during a severe winter could lead to higher
mortality rates and reduce the likelihood of overwintering, as predicted by Obeysekara et al.

(2015).

2.4.3. Comparison of SBP with other overwintering methods

Managing water temperature during winter is advantageous for protecting aquatic
organisms from cold fronts and increasing growth rates in early spring (Nachtrieb 2013, Putegnat
2013). Maintenance of natural and artificial refugia for overwintering biocontrol agents can
increase re-establishment rates following winter losses and can result in faster control of target

species (Manning 1979). During the early establishment of water hyacinth weevils in Louisiana,
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natural refuge colonies were maintained in warmer areas of the state to stock weevil populations
that were lost during severe winters (Manning 1979). Alligatorweed flea beetles were likewise
imported from southern overwintering sites to replace annual losses in colder areas (Buckingham
2002). Creation of artificial refugia in cold climates can reduce the need for transportation of
agents and aid overwinter population establishment. Whereas high-precision, electronically
controlled geothermal systems can be costly to operate (Hall et al. 2002), SBP fabrics are cost-
effective and offer similar advantages to greenhouse films as solar-passive thermal refugia

(Putegnat 2013).

2.4.4. SBP practical uses and recommendations for aquatic applications

In the current studies, SBP did not negatively affect giant salvinia or salvinia weevils
with seasonal use up to four months. However, there are certain limits to SBP’s practicality in
the field. Water splashing or debris from overhead vegetation can obscure covers and reduce
light transmittance, which may negatively affect plant quality over time. Spunbonded
polypropylene requires a support structure to prevent sagging and wind disturbance. Covering a
large water body could negatively affect organisms that rely on open water for food and habitat,
and pose a risk of entanglement for fish, birds, humans, and other wildlife. Constructing a
portable “floating greenhouse” (Putnegat 2013) may be a good approach for anchoring and
supporting SBP for extended field use.

Refugia constructed from SBP can be easily adapted to mass-rearing operations for
biological control agents in aquatic environments. Where agents are threatened by winter cold
fronts, SBP covers can be placed immediately before a predicted cold front and removed when
temperatures warm. Use of mobile support frames facilitates rapid deployment of SBP with

minimal labor required. A single layer of SBP may not produce a sufficient temperature increase
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to enhance salvinia weevil overwintering during severe winters in north LA, which have
historically resulted in near-100% mortality (Obeysekara et al. 2015). Future studies should
evaluate two or more layers of SBP during severe winters in north LA. Natural materials such as
pine straw mulch may likewise provide cold-weather protection for salvinia weevils (Micinski

2014) and would be good candidates for continued future evaluation.
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Chapter 3: Assessment of Plant Density Manipulation for Winter
Management of Giant Salvinia and Salvinia Weevils

3.1. Introduction

Biological control agents of weeds in temperate climates can be adversely affected by
incongruities between the native and adventive ranges, particularly when agents originate from
tropical to semitropical climates (Bale 2005). Stressors to introduced agents, including extreme
heat, cold, or change in photoperiod, could lead to undesirable consequences such as slow
growth and reduced fecundity (McClay 1996, Grevstad and Coop 2015). In aquatic systems,
agents are furthermore susceptible to flooding events that may displace introduced populations,
reducing their ability to establish (Schooler et al. 2011). Several classical biological control
programs in the United States have been impacted by failure of an agent to establish in certain
regions due to climatic limitations. These include control of alligatorweed (Alternanthera
philoxeroides (Mart.) Griseb.) by the alligatorweed flea beetle Agasicles hygrophila Selman and
Vogt. (Coleoptera: Chrysomelidae) (Buckingham 2002), and control of water hyacinth
(Eichornia crassipes (Mart.) Solms) by the water hyacinth weevils Neochetina eichorniae
Warner and N. bruchi Hustache (Coleoptera: Curculionidae) (Manning 1979). In some cases,
agents can adapt to new ranges and increase their population over time (McClay 1996). In other
cases, interventions such as mass rearing, annual releases, and seasonal management strategies
may be required (Manning 1979, Nachtrieb 2013, Parys and Johnson 2013).

Giant salvinia (Salvinia molesta Mitchell), a floating fern native to southeastern Brazil, is
considered an invasive species in over 21 countries worldwide (Room et al. 1981, Calder and
Sands 1985, Jacono et al. 2001). In the United States, giant salvinia has been reported in 14

states, Guam, Puerto Rico, and the Virgin Islands within the past quarter century (Galam et al.
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2015, EDDMapS 2017). Vegetative mats can double in size in as little as 36 hours under
favorable conditions (Johnson et al. 2010). Persistent mats can negatively affect water quality,
reduce native species diversity, and interfere with recreational or agricultural activities
(McFarland et al. 2004). Giant salvinia management has been achieved through mechanical,
chemical, and biological control (Miller and Wilson 1989).

The salvinia weevil, Cyrtobagous salviniae Calder and Sands (Coleoptera:
Curculionidae), is a biological control agent of giant salvinia that can achieve control in as little
as three months, up to a year or more in temperate climates (Room et al. 1981, Tipping et al.
2008). Salvinia weevils are less expensive than chemical or mechanical control measures and
exert greater long-term control when utilized under favorable conditions (Sullivan et al. 2011).
Salvinia weevils only feed on plants in the genus Salvinia and can develop from egg to adult in
42 to 68 days at 25.5°C (Forno et al. 1983). Adults can actively feed between 13 to 33°C,
whereas larval development is limited to the smaller range of 17 to 31°C (Forno et al. 1983,
Sands et al. 1983). Adult weevils feed on young nitrogen-rich buds and lay eggs in small holes
or crevices (Forno et al. 1983). Young larvae feed on external tissues whereas older instars
tunnel inside the rhizome, causing necrosis and eventual sinking of plant mats (Forno et al.
1983).

Failure of salvinia weevils to establish in temperate climates has been previously
attributed to cold winter temperatures and declining host plant quality (Mukherjee et al. 2014,
Obeysekara et al. 2015). As documented in biocontrol programs using the water hyacinth
weevils N. eichorniae and N. bruchi (Manning 1979), winter losses of salvinia weevils can be
compensated for by releasing weevils from warmer “refuge” areas to repopulate plant mats

(Sullivan et al. 2011). In the United States, mass rearing of salvinia weevils in outdoor ponds is
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possible year-round in southernmost regions (below 32°N latitude), and is achieved in northern
regions with the use of winter cold frames (Nachtrieb 2013). Severe winters can decimate
overwintering weevil populations; however, overwinter establishment has been reported as far
north as the Toledo Bend Reservoir (32°N), where cold fronts can reach as low as -9.4°C
(Tipping and Center 2003, USDA PHZM 2012).

Enhancement of overwintering microhabitat for salvinia weevils can benefit giant
salvinia biological control programs in temperate climates. Alternative methods of heating
aquatic systems have been previously explored in outdoor fish ponds; however, precise
temperature control is energy-demanding and can cost as much as $13.80 per day to operate
(Hall et al. 2002). Solar-passive thermal refugia have been explored as cost-effective means of
raising pond temperature, but may be limited to small managed areas and can vary in
effectiveness depending on construction materials and external environmental conditions
(Putegnat 2013). Increasing plant density to raise mat temperatures is a potentially useful
management approach that has not been previously evaluated in aquatic weed biological control
programs. This method is of interest to land managers who already utilize containment devices
to prevent spreading of local giant salvinia infestations.

The effect of floating aquatic plants on mat and water temperature has been studied in
eutrophic ditches (Driever et al. 2005) and natural aquatic environments (Dale and Gillespie
1976, Room and Kerr 1983). Growth rate and mat temperature of common duckweed (Lemna
minor L.) growing in eutrophic ditches were found to increase as plant mats approached full
surface coverage (Driever et al. 2005). Giant salvinia mats in open water were consistently
warmer than surrounding air during both winter and summer, attributed to the air spaces within

plant tissue that form an insulating layer to reduce heat loss at the water surface (Room and Kerr
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1983). Compared to open water, floating aquatic plants reflect more solar radiation, increase
water surface temperature, and increase temperature stratification in the water column (Dale and
Gillespie 1976).

Crowding plants with containment booms is a common practice in salvinia weevil rearing
ponds to promote mat-forming tertiary growth (Wahl et al. 2016). In Lake Kariba, Australia,
tertiary growth-stage giant salvinia plants grew 1.6-times faster than secondary stage plants
(Mitchell and Tur 1975). In nitrogen-limited water, self-crowding of giant salvinia results in
reduced relative growth rate (Room and Thomas 1986). However, rearing ponds that supply
sufficient nitrogen fertilizer may not experience such growth limitations. Salvinia weevils prefer
tertiary growth for feeding and oviposition due to greater plant size and ability for larvae to
tunnel within rhizomes (Tipping and Center 2005). Dense floating plant mats create warmer
microhabitats (Dale and Gillespie 1976) and could buffer against adverse environmental
conditions for overwintering salvinia weevils. In addition to conditions experienced at the water
surface, root zone conditions are important for moderating biological processes and root zone
temperatures are good indicators of water column stratification (Room and Kerr 1983).

An advantage of plant crowding as a temperature management strategy is that it can be
adapted to naturally occurring infestations as well as intensively managed mass-rearing
operations. The goal of this research was to explore the viability of increasing plant density to
increase overwinter survival and establishment of salvinia weevils in a floating plant mat. |
hypothesized that high plant density would increase mat temperatures by reducing heat loss
through open water spaces, increase water column stratification, and provide greater thermal

insulation below the plant mat. If sufficient temperature increases occurred, this could result in

61



reduced salvinia weevil mortality and increased overwinter establishment of salvinia weevil
populations.

The specific objectives of this research were: (1) to determine how giant salvinia mat and
water column temperature are affected by plant density, and (2) to evaluate how plant density

affects overwinter survival and establishment of salvinia weevil populations.

3.2. Materials and Methods

3.2.1. Evaluation of plant density effects on air and water column temperatures

To determine the effect of giant salvinia plant density on air and water temperatures, an
outdoor mesocosm experiment was conducted from August to September 2016 and during three
cold fronts occurring in November 2016, December 2016, and January 2017 (US Climate Data
2017). Floating 0.10 m? polystyrene rings (Swimways Corporation, Virginia Beach, VA) were
placed into white 1300 L tanks held outdoors at the Louisiana State University Research
Greenhouse Facility in Baton Rouge, LA. Tanks were filled with 900 L reverse osmosis water
and fertilized to 5 mg/L nitrogen using Miracle-Gro® Water Soluble Lawn Food (36-0-6, The
Scotts Company LLC, Marysville, OH). An additional 30 L of water from a greenhouse giant
salvinia colony was added to each tank at trial establishment to provide micronutrients and pH
buffering. The bottom of each ring was fitted with black, 1.9-cm mesh polypropylene netting to
allow water and nutrient exchange and prevent plant loss from the rings. Each ring was tethered
with rope to a corner of the tank to limit movement. Giant salvinia was added to rings at one of
three treatment densities: low (3.5 kg/m?), medium (7.0 kg/m?), and high (10.5 kg/m?) (n = 8), in

a completely randomized design. These three densities were determined from natural giant
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salvinia infestations, where medium density represents the average plant density found in tertiary
stage mats in midsummer in Louisiana (L. Moshman, unpublished data).

Water quality parameters pH, electrical conductivity, and dissolved oxygen were
monitored weekly in each tank using handheld meters (HANNA® Instruments, Carrollton, TX).
Percent coverage of the water surface (to nearest 10%) and mat thickness were measured weekly
in each replicate. Temperature data were collected every 10 minutes using type K
thermocouples (REED Instruments, Wilmington, NC). Four thermocouples were mounted onto
a single wooden dowel and placed in the center of a ring to record temperature at four locations:
2 cm above the plant mat (air), and 0, 2, and 10 cm below the water surface (Figure 3.1). These
locations were selected to match those used by Room and Kerr (1983). Three thermocouple
units (one per treatment) were operated simultaneously. Each recording event lasted 24 hours,
and after each 24 hour cycle thermocouple units were moved to a randomly selected ring from
the same treatment until all rings had been recorded for one cycle (n = 8). Three 24-hour
temperature recordings were made in the center of a randomly selected tank as an open-water

control.

Figure 3.1. Measurement of air and water temperature at four vertical positions within the water
column (+2 cm, 0 cm, -2 cm, and -10 cm) along the center of a giant salvinia mat. Four
thermocouples were mounted to a wooden dowel and positioned in the center of rings at low,
medium, and high giant salvinia densities.
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After two weeks, each ring was harvested completely and plants were dried in an oven at
65°C for a minimum of 72 hours to determine final dry weight biomass. Daily growth rate of
each treatment was calculated by estimating initial dry weight biomass from a wet weight-dry
weight linear regression equation. Surface coverage, mat thickness, and biomass data were
analyzed using one-way analysis of variance (ANOVA). Daily temperature curves were
averaged for each of the crowding treatments plus the open water control. Average temperature
at each vertical location along the water column (2 cm air, 0 cm water, 2 cm water, and 10 cm
water) was analyzed using one-way ANOVA.

In winter 2016-17, floating rings and tanks were set up in an outdoor setting as previously
described one or two days prior to a predicted cold front (n = 4 replicates per treatment). Three
cold fronts were monitored during November 18 to 21 (63 hours), December 8 to 10 (50 hours),
and January 5 to 9 (90 hours). Type K thermocouples were placed at (0 cm) and below (2 cm)
the water surface in the giant salvinia root zone. Temperature data were collected every 10
minutes through the cold front. Temperature curves for each treatment were averaged and
analyzed using one-way ANOVA. All statistical analyses were carried out in JMP® Pro 13.0.0

(SAS Institute Inc., Cary, NC, 2016).

3.2.2. Laboratory evaluation of effects of plant density on giant salvinia and salvinia
weevil survival following acute cold exposure

To determine how density of giant salvinia affects plant tissue damage and weevil
survival during acute cold exposure, a laboratory experiment was conducted in climate-
controlled growth chambers (Thermo Fisher Scientific, Marietta, OH, USA). Opaque plastic
containers (1.4 L, 22 cm x 22 cm x 7 cm) were filled with 1 L reverse osmosis water. A second,

identical container holding 200 mL water served as a water bath to provide a layer of insulation
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around the sides and bottom. Weevil-free, tertiary stage giant salvinia plants were obtained from
an outdoor pond at the LSU AgCenter Iberia Research Station in Iberia Parish, LA, and placed
into containers at three density treatments: low (3.5 kg/m?), medium (7.0 kg/m?), and high (10.5
kg/m?). A fourth, open water treatment containing no giant salvinia was used as a negative
temperature control (n = 4 replicates; 16 containers total).

Live adult salvinia weevils were obtained from an outdoor pond at the University of
Louisiana at Lafayette in Lafayette Parish, LA and extracted in Berlese funnels using a method
modified from Boland and Room (1983). Twenty adult weevils were placed in each replicate,
with the exception of the four open water controls. All containers were acclimated for 72 hours
at 13°C in a growth chamber set at 10:14h (L:D) to simulate winter conditions. After
acclimation, containers were randomly positioned inside a second growth chamber held at -7°C
in total darkness to simulate a winter cold front. One HOBO Pendant® data logger recorded
water surface temperature every 15 minutes in a randomly selected replicate from each
treatment. Additional data loggers were used to monitor the air temperature of each growth
chamber to ensure that the chambers maintained constant temperatures. In addition, a hygrometer
(VWR International, Radnor, PA) monitored relative humidity of the growth chambers during
the experiment.

After 24 hours of exposure at -7°C, the temperature of the growth chamber was raised to
25°C over a period of 15 hours at 10:14h (L:D). Container position was randomized every other
day to account for possible temperature variation within the chamber. After one week at 25°C,
plant tissue damage resulting from cold exposure was assessed on a qualitative scale of 0 to 5. A
score of 0 indicates healthy plants showing no signs of browning; 1 indicates mostly green plants

with less than 10% of plants showing browning of leaf edges; 2 indicates mostly green plants
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Temperature data were recorded at 30 minute intervals at each site. Four HOBO
Pendant® data loggers were deployed in the center of the plant mat at the water surface in each
treatment. One data logger was deployed at each site to record air temperature data.
Temperature curves generated for each treatment were averaged and compared within sites using
one-way ANOVA. The total number of exposures at or below 0°C, mean air temperature during
exposures, average duration of exposures, and cumulative duration of exposure were analyzed by

filtering air temperature data in JMP® Pro 13.0.0.

3.3. Results

3.3.1. Evaluation of plant density effects on air and water column temperatures

Giant salvinia was placed into floating rings at low (3.5 kg/m?), medium (7.0 kg/m?), and
high (10.5 kg/m?) densities in an outdoor mesocosm experiment. In summer 2016, temperatures
were recorded every 10 minutes at 2 cm above the plant mat, at the water surface (0 cm), and at 2
and 10 cm below the surface. Water pH averaged 8.5 = 0.0 (mean = SE), electrical conductivity
11.5 + 0.9 uS/cm, and dissolved oxygen 8.3 £ 0.1 mg/L. Percent surface coverage and mat
thickness were significantly greater in medium and high density treatments than the low density
treatment, and daily growth rate did not differ significantly among treatments (Table A.2).

Air temperature 2 cm above the plant mat averaged 29.2 + 0.1°C throughout a 24 hour
period and did not differ among treatments (F = 0.6; df = 3, 572; P = 0.6201) (Figure 3.2a). At
the water surface (0 cm), giant salvinia mats were on average 0.6 to 1.0°C warmer than open
water (F =6.1; df =3, 572; P = 0.0004) (Figure 3.2b). At 2 cm below the mat surface, medium
and high density treatments collectively were 0.6°C and 1.5°C warmer than low density or open

water treatments, respectively (F = 22.6; df = 3, 572; P < 0.0001) (Figure 3.2c). At 10 cm below
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the mat surface, average water temperature was highest in the high density treatment (31.5 +
0.1°C) followed by medium density (31.0 £ 0.1°C), low density (30.5 £ 0.1°C), and open water

treatments (29.6 £ 0.1°C) (F = 48.7; df = 3, 572; P <0.0001) (Figure 3.2d).
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Figure 3.2. Average hourly temperature of low (3.5 kg/m?), medium (7.0 kg/m?), and high (10.5
kg/m?) density giant salvinia mats plus open water control cultured in an outdoor setting over a
two-week period in summer 2016. (a) 2 cm above water, (b) water surface (0 cm), (¢) 2 cm
below water, (d) 10 cm below water. Different letters denote significant difference among
treatments according to Tukey HSD at a < 0.05.

During winter of 2016-17, three cold fronts lasting from 50 to 90 hours were measured in

the months of November, December, and January. Temperatures were recorded every 10
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minutes at the water surface (0 cm) and at 2 cm below the plant mat. Air temperature during the

cold fronts averaged 12.0 + 0.3°C (November), 6.4 + 0.2°C (December), and 3.7 £ 0.3°C

(January). Ice formation occurred only in January. Water temperature at 0 cm and 2 cm below

the mat surface did not follow a consistent trend in the three density treatments (Table 3.1).

Table 3.1. Average water temperature (mean * SE, °C) of low (3.5 kg/m?), medium (7.0 kg/m?),
and high (10.5 kg/m?) density giant salvinia mats measured in an outdoor setting at the water

surface (0 cm) and 2 cm below water during three cold fronts in winter 2016-17.

November December January
Ocm
Low 14.8 +£0.2a 8.9+0.2a 43+0.2
Medium 14.0+0.2b 7.7+0.2b 42+0.2
High 13.1+0.2c 7.3+£0.2b 41+0.2
2cm
Low 17.3+0.2 10.0+0.1B 6.8 +0.2B
Medium 17.0+0.2 10.8 £ 0.1A 7.5+ 0.2A
High 17.5+0.2 10.4 £ 0.1A 6.7+0.2B

Means with different letters within a column and within a given plant density denote significant

differences between treatments according to Tukey HSD at a. < 0.05.

At 0 cm in November, low density plant mats were 0.8°C and 1.7°C warmer than

medium or high density plant mats, respectively (F = 14.6; df = 2, 1134; P <0.0001). At0Ocm in

December, low density plant mats were 1.2 to 1.6°C warmer than medium or high density plant

mats (F = 15.1; df = 2, 900; P < 0.0001). Mat temperature at 0 cm did not differ among

treatments in January (F = 0.2; df = 2, 1620; P = 0.7874). At 2 cm in November, water



temperature did not differ among treatments (F = 1.9; df = 2, 1134; P = 0.1444). At2cmin
December, water temperature was 0.4 to 0.8°C warmer in medium and high density plant mats
than in low density plant mats (F = 15.1; df = 2, 900; P <0.0001). At 2 cm in January, medium
density plant mats were 0.7 to 0.8°C warmer than low or high density plant mats (F = 6.1; df = 2,

1620; P = 0.0023).

3.3.2. Laboratory evaluation of effects of plant density on giant salvinia and salvinia
weevil survival following acute cold exposure

Plastic containers filled with water and giant salvinia at low (3.5 kg/m?), medium (7.0
kg/m?), and high (10.5 kg/m?) densities, plus an open water control, were exposed to simulated
cold fronts at -7°C and 0°C for periods of 24 hours. Prior to the -7°C exposure, twenty adult
salvinia weevils were added to each replicate. One week after exposure, plants were evaluated
for tissue damage using a qualitative scale and weevil mortality was determined.

One week following exposure at -7°C, all three treatments showed extensive tissue
necrosis in the outermost layer of the plant mat. Plant damage rating was 1.3-times greater in the
low density treatment (4.3 £ 0.2) than in the high density treatment (3.3 + 0.2). Damage rating in
the medium density treatment (3.8 £ 0.2) was intermediate between the low and high density
treatments (F = 9.3; df = 2, 21; P = 0.0013) (Figure 3.3a).

One week following exposure at 0°C, plant damage rating was 1.3-times greater in the
high density treatment (3.1 = 0.1) than in the low density treatment (2.5 + 0.2). Damage rating in
the medium density treatment (2.8 + 0.2) was intermediate between the high and low density
treatments (F = 3.8; df = 2, 21; P = 0.0390) (Figure 3.3b). Water surface temperature over the
24-hour exposure period did not differ significantly among treatments (F = 2.4; df =3, 384; P =

0.0654).
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Figure 3.3. Plant damage rating one week after a 24-hour exposure at (a) -7°C and (b) 0°C in
low, medium, and high density giant salvinia mats. Ratings of 0 indicate healthy plants and
ratings of 5 indicate complete necrosis and loss of leaf integrity. Bars with different letters are
statistically significant according to Tukey HSD at o < 0.05.
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Figure 3.4. Adult salvinia weevil mortality (blue bars) and water surface temperature (black dots)
in low, medium, and high density giant salvinia mats plus open water control one week after a

24-hour cold exposure at -7°C. Bars with different letters within a given parameter (mortality or
temperature) are statistically significant according to Tukey HSD at a < 0.05.

After 24 hours at -7°C, salvinia weevil mortality was 15% greater in the high density

treatment (94.4 + 2.2%) than in the medium density treatment (79.4 + 3.9%), and mortality in the
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low density treatment (83.8 + 5.0%) was intermediate between the medium and high density
treatments (F = 3.9; df = 2, 21; P = 0.0350) (Figure 3.4). Water surface temperature was 0.8°C
warmer in the high density treatment (0.2 £ 0.2°C) than the low density treatment (-0.6 £ 0.2°C),
whereas the medium density treatment (-0.2 £ 0.2°C) and open water control (-0.5 £ 0.2°C) were

intermediate between these values (F = 3.1; df = 3, 384; P = 0.0282).

3.3.3. Effect of plant density on water temperature during acute cold exposure

Plastic containers filled with water and giant salvinia at low (3.5 kg/m?), medium (7.0
kg/m?), and high (10.5 kg/m?) densities, plus an open water control, were exposed to simulated
cold fronts at 0°C for periods of 14 hours in a laboratory growth chamber. Thermocouples
placed 4 cm below the water surface recorded temperature every five minutes. Average water
temperature was 1.4-, 1.6-, and 1.8-times greater in low, medium, and high density treatments
compared to the open water control, respectively (F = 9.6; df = 3, 672; P <0.0001) (Table 3.2).

Table 3.2. Average water temperature (mean + SE) experienced 4 cm below giant salvinia mats
during a 14-hour simulated cold front at 0°C.

Treatment Temperature (°C) P (Dunnett’s test)
Low 28+0.2 0.0382*
Medium 3.2+0.2 0.0005*
High 3.6+0.2 <0.0001*
Control (open water) 20+0.2 1.0000

*Treatment differs significantly from control according to Dunnett’s test at o < 0.05.
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3.3.4. Field assessment of three levels of giant salvinia crowding in outdoor ponds

Floating nurseries were established in outdoor ponds in north, central, and south
Louisiana from November through December 2016. At each pond site, nurseries were filled with
weevil-infested giant salvinia at low (3.5 kg/m?), medium (7.0 kg/m?), and high (10.5 kg/m?)
densities (n = 5). Each nursery was sampled monthly from January through April 2017 to
determine changes in weevil population density and plant quality over time.

In north and south LA, initial salvinia weevil density was determined to be 54.9 +5.7
adults/kg (mean = SE) and 3.0 £ 1.7 larvae/kg giant salvinia. In central LA, initial densities were
34.3 £ 4.8 adults/kg and 4.4 + 1.1 larvae/kg giant salvinia. Average water quality parameters for
each site are reported in Table A.3.

In north LA, adult and larval weevil population density differed significantly by date, but
not by treatment (adult density, F = 12.2; df = 3, 48; P < 0.0001; larval density, F = 21.3; df = 3,
48; P < 0.0001). From the time of plant establishment in December until the final sampling in
April, average adult weevil density decreased by 92% and larval weevil density increased by
684% (Figure 3.5a, d). Mat surface coverage and mat thickness increased significantly with
increasing plant density; high density mats covered 1.1- and 1.4-times the area of medium and
low density mats, respectively (F = 153.5; df = 2, 48; P < 0.0001), and were 1.2- to 1.4-times
thicker than medium and low density mats (F = 15.7; df = 2, 48; P < 0.0001). The number of
damaged buds did not differ by date or by treatment (average 1.3 £ 0.1, out of 5) (F = 1.9; df =
14, 60; P =0.0507). The number of weevils observed per five plants did not differ by date or by
treatment (average 0.5 + 0.1) (F = 0.8; df = 14, 60; P = 0.6624) (Table 3.3). Percent green did

not differ among treatments (average 58.7 £ 2.7%) (F = 3.4; df = 2, 12; P = 0.0659). The C:N
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ratio was 15% greater in medium (23.3 £ 0.6) than low density plants (20.3 £ 0.5), with high

density plants intermediate in value (21.8 £ 0.4) (F = 8.4; df = 2, 12; P = 0.0051).
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Figure 3.5. Change in salvinia weevil population density of low, medium, and high density giant
salvinia mats from November 2016 through April 2017. Adult densities: (a) north, (b) central,
and (c) south LA (top row). Larval densities: (d) north, (e) central, and (f) south LA (bottom
row). Lines with different letters denote significant difference between treatments according to
Tukey LSMeans at o < 0.05.

In central LA, adult and larval weevil population density differed significantly by date
but not by treatment (adult density, F = 8.6; df = 3, 48; P <0.0001; larval density, F = 79.4; df =
3, 48; P <0.0001). From the time of establishment in November until the final sampling in
April, average adult weevil density decreased by 84% and larval weevil density increased by
1263% (Figure 3.5b, €). Mat surface coverage and mat thickness increased significantly with

increasing plant density; high density mats covered 1.1- and 1.7-times the area of medium and

low density mats, respectively (F = 155.4; df = 2, 60; P <0.0001), and were 1.1- and 1.7-times
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thicker than medium and low density mats, respectively (F = 48.4; df = 2, 60; P < 0.0001). The
number of damaged buds differed by date, but not by treatment, with the greatest bud damage
(1.7 to 2.3 buds damaged, out of 5 buds inspected) occurring in February through March (F =
11.6; df =4, 60; P <0.0001). The number of weevils observed per five plants likewise differed
by date, but not treatment, with the most weevils (1.6 = 0.6) occurring in February (F = 4.0; df =
4, 60; P =0.0064) (Table 3.3). Percent green did not differ among treatments (average 55.3 +
2.6%) (F=0.1;df =2, 12; P =0.9431). The C:N ratio did not differ among treatments (average
26.9 +0.8) (F = 3.2; df = 2, 12; P = 0.0791).

In south LA, adult and larval weevil population densities differed significantly by date
and by treatment (adult density, F = 11.7; df = 11, 48; P < 0.0001; larval density, F = 13.9; df =
11, 48; P < 0.0001). At the final sampling in April, adult weevil population density was 1.5- to
2.2-times greater in high density plant mats (57.3 + 5.5 weevils/kg, mean + SE) than in medium
(32.3 £ 6.6 weevils/kg) and low density (10.2 £ 3.7 weevils/kg) plant mats, respectively. Larval
population density was 2.3- to 8.3-times greater in high density plant mats (33.9 + 1.5
weevils/kg) compared to the medium (12.4 + 6.6 weevils/kg) and low density (4.3 + 3.1
weevils/kg) plant mats, respectively (Figure 3.5c¢, f). Mat surface coverage and mat thickness
increased significantly with increasing plant density; high density mats covered 1.1- and 1.6-
times the area of medium and low density mats, respectively (F = 100.2; df = 2, 60; P < 0.0001),
and were 1.2- and 1.4-times thicker than medium and low density mats, respectively (F = 13.6;
df =2, 60; P < 0.0001). The number of damaged buds differed by date, but not by treatment,
with the greatest number of terminal buds damaged (2.1 + 0.4, out of 5) occurring in February (F
=2.6; df = 4, 60; P = 0.0426). The number of weevils observed per five plants likewise differed

by date, but not treatment, with the most weevils (1.3 = 0.3) occurring in January (F = 3.6; df =
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4,60; P =0.0111) (Table 3.3). Percent green in low density plant mats (100.0 + 0.0) was 16%
and 42% greater than medium density (84.0 £ 5.1) and high density (58.0 + 4.9) plant mats,
respectively (F = 27.0; df = 2, 12; P < 0.0001). The C:N ratio did not differ among treatments

(average 27.0 £ 0.6) (F = 1.6; df = 2, 12; P = 0.2519).

Table 3.3. Giant salvinia mat quality and plant inspection parameters (mean + SE) measured
from five haphazardly collected plants at field sites in north, central, and south Louisiana from
November 2016 through April 2017.

Coverage (%) Mat thickness (cm) # Damaged buds  # Weevils

North LA
Low 71.0+5.2c 3.5+£0.3b 1.0+0.2 05+0.2
Medium 90.0 £2.3b 4.1+0.4b 1.4+0.2 02+0.1
High 98.5+0.8a 5.1+0.3a 1.5+0.2 0.6+0.3
Central LA
Low 56.8 + 2.6C 3.3+0.2c 1.3+0.2 0.7+0.2
Medium 86.0 £ 1.6b 51+£0.3b 1.5+0.2 1.2+04
High 95.2+1.5a 5.7+ 0.4a 1.5+0.2 0.6+0.2
South LA
Low 56.4 +5.1c 4.2 +0.6¢c 1.1+0.2 05+0.1
Medium 84.4 £ 2.5b 4.9 +0.5b 1.4+0.3 0.6+0.2
High 92.8+2.2a 5.7+0.3a 1.7+0.3 1.0+0.2

Means with different letters within a column and within a given location (north, central, or south)

denote significant differences between treatments according to Tukey LSMeans at a < 0.05.
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Water temperature in north LA did not differ among treatments (average 16.6 £ 0.0°C) (F
=0.1;df = 2, 18675; P =0.9337). In central LA, low density plant mats (16.4 + 0.1°C) were 0.3
to 0.5°C warmer than medium (16.1 £ 0.1°C) and high density (16.0 = 0.1°C) plant mats,
respectively (F = 15.5; df = 2, 20742; P < 0.0001). In south LA, low density plant mats (19.2 +
0.1°C) were 0.2°C warmer than high density plant mats (18.9 £ 0.1°C), and medium density
plant mats were intermediate in temperature (19.0 £ 0.1°C) (F = 4.1; df = 2, 18702; P = 0.0159).
Air temperature analysis indicated 11 discrete periods of cold exposure below 0°C in north LA,
10 discrete periods in central LA, and two in south LA. Total duration below 0°C was 97 hours
in north LA, 62 hours in central LA, and 11.5 hours in south LA (Table 3.4).

Table 3.4. Air temperature analysis from north, central, and south LA outdoor ponds. Data were
filtered to show exposure temperature and duration during times when air temperature < 0°C.

Parameter North Central South

Air max. (°C) 30.4 31.0 29.8
Air min. (°C) -9.1 -6.1 -1.6
Average air (°C) 141+0.1 156+0.1 179+0.1
# times < 0°C 11 10 2
Average exposure temp. (°C) -3.2+0.2 -23+£0.2 -09+0.1
Avg. exposure duration (hours) 88x19 6.2+1.8 58+0.8
Cumulative duration (hours) 97 62 115
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3.4. Discussion

3.4.1. Effect of crowding on giant salvinia mat temperature and plant quality

Mesocosm studies in winter and summer demonstrated that the effect of increased plant
density is most evident between 2 and 10 cm in the water column, producing temperature
increases of as much as 2°C between high density plant mats and open water. This agrees with
findings by Dale and Gillespie (1976) and Room and Kerr (1983) that floating plant mats
increase temperature stratification in the water column.

In field studies in outdoor ponds, low density plant mats had the highest surface
temperature compared to medium or high density plant mats. These results contradict my
original hypothesis but are consistent with findings from the mesocosm study, indicating that
factors other than plant density alone may influence mat temperature. When giant salvinia’s
dark root-like fronds are allowed to float to the water surface in low density plant mats, they may
absorb more solar radiation than the light-colored leaves, producing higher water surface
temperature. Differences in solar reflectivity of light versus dark organic matter has been shown
to produce similar effects in shallow ponds (Dale and Gillespie 1977).

During severe cold exposures, plant quality may be conserved in high density plant mats
as the upper plant layers insulate the lower layers of the mat. After laboratory-simulated cold
fronts, high density plant mats suffered less visible tissue damage at -7°C, but more damage at
0°C compared to low and medium density mats. High density plant mats create a buffer against
ice formation in lower layers and may contain greater biomass beneath the water surface, both of
which can increase plant viability during freezes (Room and Kerr 1983, Whiteman and Room
1991). In the field experiments, plant quality measured by percent green of the plant mats did

not differ among treatments in north and central LA, but in south LA, low density mats were 16
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to 42% greener (i.e. healthier) than high density mats. Because the south LA site did not
experience many cold fronts, this difference was attributed to salvinia weevil feeding activity
rather than direct cold exposure. The plant mats in north and central LA were thicker with
increasing plant density, so it is possible that higher density treatments contained more viable

biomass than lower density treatments despite appearing superficially similar.

3.4.2. Effect of plant crowding on salvinia weevil survival and overwintering

During simulated cold fronts lasting 24 hours at -7°C, adult salvinia weevil mortality was
highest (94%) in the high density treatment and lowest (79%) in the medium density treatment.
This contradicted my hypothesis that high density plant mats should protect adult weevils from
the effects of cold exposure. Interestingly, the high density plants in this experiment had the
highest surface temperature (0.2 £ 0.2°C) and the lowest plant damage rating (3.3 out of 5) out of
all treatments. Because weevil mortality was assessed one week following the simulated cold
front, it is possible that weevils in the high density treatment were smothered by the top layer of
dead plants that decayed rapidly following the cold exposure. Alternatively, the weevils may not
have been able to burrow far enough into the plant mat to find protection from the cold air in this
treatment. Future experiments may benefit from observing the location of weevils within each
treatment following cold exposure to determine if mortality was a direct result of plant density or
if other factors contributed to this trend. It is of interest to note the relatively low mortality of
weevils in the medium density treatment, as this treatment represented the level of plant
crowding observed in natural infestations.

Adult and larval weevil density did not differ among plant density treatments in north and

central LA ponds. These ponds experienced similar winter conditions, with 11 and 10 discrete
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exposures below 0°C (air temperature) and cumulative duration of 97 and 62 hours, respectively,
in below-zero conditions. By contrast, the south LA pond experienced only two discrete
exposures below 0°C for a cumulative duration of 11.5 hours. In the south LA pond, both adult
and larval weevil densities were significantly greater in high density plant mats compared to
medium or low density mats. These data indicate that plant crowding may be a viable strategy
for increasing overwinter survival of adult salvinia weevils and establishment of F1 larvae in the
field, providing winter conditions are not too severe. In areas affected by severe winter
temperatures, plant crowding may not be sufficient on its own as a management strategy, and
continued use of integrated techniques such as winter herbicide application (Mudge and Sartain

2018) and lake drawdowns (Houston et al. 2017) may be necessary.

3.4.3. Comparison of plant crowding with other overwintering methods

Compared with other methods for overwintering cold-sensitive aquatic species,
manipulation of plant density does not require purchasing materials for electronically controlled
geothermal heating (Hall et al. 2002) or construction of cold frames (Putegnat 2013), making it a
cost-effective management strategy. Booms or a variety of alternative materials can be used to
contain an overwintering plant mat. Size and shape of an enclosed area can be modified as
needed to maintain a desired level of crowding throughout the winter. Booms are commonly
used in salvinia weevil release sites to reduce disturbances and prevent downstream spread (Van
Oosterhout 2006), therefore existing containment structures could be easily adapted to manage
plant density. In contrast to greenhouse plastics, which primarily warm the air layer above the
plant mat, plant crowding appears to have a greater effect on root zone temperature than on mat

surface temperature.
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3.4.4. Practical uses of plant crowding and management implications

These experiments have shown that increasing the plant density of giant salvinia mats can
increase water column temperatures and increase plant viability during severe cold exposure. In
the field, plant crowding appears to benefit overwintering salvinia weevil populations in southern
ponds (below 30°N), but does not affect populations in areas that experience colder winter
extremes. The relative benefit of plant crowding will depend on site-specific variables including
location, time of year, size and severity of the infestation, and water body characteristics. A
practical limitation of using booms to artificially crowd giant salvinia is that too much pressure
from the growing plant mat could cause plants to escape or even damage the boom (Van
Oosterhout 2006). Plant crowding is most likely to benefit overwintering salvinia weevils under
conditions where sparse plant mats risk transitioning into a single layer of secondary growth,
which would be more susceptible to temperature fluctuations and provide less refuge space for
adult weevils. Salvinia weevils disperse slowly through plant mats, even in warm conditions
(Room and Thomas 1985) and have limited flight activity during winter (Micinski et al. 2016),
therefore crowding of plants into a smaller area concentrates weevil feeding activity and
facilitates movement to new plants. Future research on plant crowding in varying water depth
would be informative for predicting the effectiveness of this management strategy in deep versus
shallow water bodies.

Biological control programs for plants with similar growth habit and geographic
distribution, such as water hyacinth (Center et al. 2002) and water lettuce, Pistia stratiotes L.
(Mitchell 1969), may likewise benefit from management of plant density during times of the year
when the agent population is most vulnerable. In addition to temperature moderation, plant

crowding could increase the availability of nearby food resources and increase mating success as
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compared to sparsely arranged plant mats. This is of particular importance for agents which may
have limited long-distance dispersal, such as the water hyacinth weevils Neochetina spp. (Center
et al. 1999) and alligatorweed thrips, Amynothrips andersoni O’Neill (Thysanoptera:
Phlaeothripidae) (Buckingham 2002). Although continued use of integrated strategies will be
necessary in regions affected by severe winters, plant crowding may be a useful tool that can be
added to the arsenal of available management strategies for free-floating invasive aquatic

species.
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Chapter 4. Conclusions and Recommendations

Winter management of giant salvinia is important to ensure that salvinia weevils maintain
sufficient population density for continued control of infestations. In areas threatened by severe
winters, active monitoring of plant mats can increase the likelihood of successful weevil
establishment. In my research, | have demonstrated the potential utility of spunbonded
polypropylene (SBP) fabrics and management of plant density in creating winter refugia for
salvinia weevils.

There is strong evidence that SBP fabrics (row covers) maintain plant quality by reducing
visible frost damage to giant salvinia mats. SBP fabrics increase plant mat surface temperature
by insulating the boundary layer above the plant mat and reducing heat conduction to the air.
Row covers are easily acquired at low cost and can be customized to fit areas of varied shape and
size. Since the fabric requires a support structure, it is best suited to semi-permanent areas that
can be regularly monitored to correct issues such as sagging and debris accumulation. Mass-
rearing ponds or small corners of lakefront properties would likely benefit most from these
artificial refugia.

In field experiments, SBP fabric increased adult weevil survival in south Louisiana but
not in north Louisiana, where annual winter temperatures reach lower extremes. During severe
winters, a single layer of SBP fabric may not be sufficient to protect overwintering salvinia
weevil populations, so multiple fabric layers, heavier fabrics, or alternative materials such as
greenhouse plastics may be required in these scenarios.

Crowding plants to increase the density of giant salvinia mats raises root zone
temperature by increasing stratification of the water column, and ultimately reducing heat loss by
convection. Containment booms are practical means to raise plant density and unlike fabric
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covers, do not require a rigid support structure. Because booms are commonly deployed at
salvinia weevil release sites and in mass-rearing operations, land managers are likely to have
these at their disposal. Booms tend to be more expensive than SBP fabrics, but are more durable
and can be used for many seasons. Alternative materials such as plastic wading pools or P\VC
pipes can also be used to create floating nurseries for managing plant density on a smaller scale,
and these materials are easily accessible to homeowners or members of the public who wish to
contribute to biological control efforts.

Field experiments demonstrated that high density (10.5 kg/m?) plant mats did not raise
mat surface temperature, but did increase adult and larval salvinia weevil population density in
south Louisiana compared to medium and low density plant mats. In north and central
Louisiana, plant crowding at the levels tested in this study may not create sufficient refuge to
protect overwintering salvinia weevils during severe winters. However, crowding of secondary
stage giant salvinia may be advantageous for salvinia weevil populations because it increases
mat thickness from a single plant layer to multiple plant layers and reduces spaces of open water,
thereby decreasing heat loss from evaporation.

Giant salvinia infestations in the southeastern United States will continue to be managed,
but not eradicated. During mild winters, salvinia weevil populations can successfully overwinter
in plant mats and rebound in the spring. However, effective control will still rely on annual
spring releases to supplement winter losses. More research is needed to determine the impact of
winter management strategies on salvinia weevil populations during severe winters. This
research adds to existing evidence (Room and Thomas 1986, Miller and Wilson 1989, Flores and
Carlson 2006, Sullivan et al. 2011) that giant salvinia management should be site-specific to

address geographic and climatic idiosyncrasies of salvinia weevil release sites. Effective winter
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management strategies for north Louisiana and Texas may allow greater access to mass-reared
salvinia weevils for releasing onto problematic infestations. Mass-rearing weevils in northern
regions may allow populations to adapt to cold climates faster (Cozad 2017). In general, more
frequent releases will increase the likelihood of successful long-term establishment.

Future studies should examine whether integrating plant crowding and fabric insulation
can provide greater temperature regulation of plant mats and increased rates of insect survival
than either method alone. Experimental evidence suggests that SBP fabrics provide better
temperature regulation of the mat surface, whereas plant crowding provides better temperature
regulation of the water column root zone. Together, these two methods may work synergistically
to further decrease heat loss from giant salvinia mats and possibly decrease weevil mortality.
However, continued use of mechanical and chemical control methods will be necessary to

complement biological control programs in areas affected by severe winter cold.
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Appendix: Supplemental Tables

Table A.1. Water quality parameters (mean £ SE) of outdoor ponds sampled monthly from
November through April in north and south LA.

Parameter North LA South LA
Depth (m) 0.9+0.1 05+0.1
pH 6.7+0.1 7.0+£0.2
Electrical conductivity (mS/cm) 0.3+0.0 02+0.1
Dissolved oxygen (mg/L) 6.7+£0.6 7.2+0.7
Nitrate (mg/L) 2505 16+£04

Table A.2. Plant mat parameters (mean £ SE) of giant salvinia at low, medium, or high plant
densities in 0.1m? floating rings.

Treatment? Coverage (%) Mat thickness (cm) Growth rate® (g/day)
Low 61.3+2.7b 34+0.2c 0.3+0.0
Medium 95.8+1.0a 50£0.2b 04+0.0
High 100.0 £ 0.0a 6.4 +0.2a 04+0.0

3Low, 3.5 kg/m?; medium, 7.0 kg/m?; high, 10.5 kg/m?.

bDry weight.

Means with different letters denote significant difference among treatments at according to
Tukey LSMeans at a < 0.05.
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Table A.3. Water quality parameters (mean = SE) of outdoor ponds sampled monthly from
November 2016 through April 2017 in north, central, and south LA.

Parameter North Central South
Depth (m) 0.9+0.1 1.0+0.1 0.8+0.0
pH 6.7+0.1 7.0+0.2 7.2+0.2
Electrical conductivity (mS/cm) 0.3+0.0 0.3+0.0 0200
Dissolved oxygen (mg/L) 6.7+0.6 4.7+0.9 1.6+£0.3
Nitrate (mg/L) 2505 1.3+04 21+05
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