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Field site analysis of giant salvinia nitrogen
content and salvinia weevil density

ABSTRACT

In 2012, a giant salvinia (Salvinia molesta Mitchell)
biological control project was initiated in Louisiana.
Although similar quantities of salvinia weevils (Cyrtobagous
salviniae Calder and Sands) were released at all sites, weevil
densities were highly variable among sites. In addition, signs
of plant nitrogen depletion (yellowing plants) were observed
at some sites. Because it is well known that plant nutrition
can affect the success of a biocontrol agent because of
slowed development and/or reduced fecundity, the correla-
tion between giant salvinia nitrogen content and salvinia
weevil density was investigated during the growing seasons
of the second (2013) and fourth (2015) years. During 2013,
weevils were reintroduced to sites, and the magnitude of
adult weevil density increase varied by site. Adult densities
at Upper Big Break were 6-fold greater than at all other
sites. Larval densities did not change over time, but at
Upper Big Break, they were, on average, 10-fold greater
than at other sites. Giant salvinia nitrogen content varied
among sites and sampling dates, and Upper Big Break plants
had greater nitrogen than all other sites during 75% of
sampling dates. Additionally, adult and larval densities were
significantly correlated to plant nitrogen content. During
2015, trends were less distinct and weevil densities and
nitrogen content varied based on the interaction between
sampling date and site, but a significant correlation was not
detected. Results from 1l-yr of a 2-yr study confirmed
published reports of the importance of plant nitrogen
content to salvinia weevil productivity. Additional studies
are warranted to evaluate and understand the role of
nitrogen at giant salvinia biocontrol field sites.

INTRODUCTION

Sixteen states, Puerto Rico, and the Virgin Island of the
United States have recorded infestations of the free-floating
aquatic fern giant salvinia (Salvinia molesta Mitchell), which is
native to South America (U.S. Geological Survey 2016). The
negative impacts of giant salvinia have been well docu-
mented and include the formation of dense mats, which clog
waterways and affect recreational activities, irrigation,
drainage, flood mitigation, hydroelectric production, and
mosquito control, as well as alter water quality and displace

native vegetation (Tipping 2004). Salvinia weevils (Cyrtoba-
gous salviniae Calder and Sands) have been successful at
managing giant salvinia in at least 13 countries worldwide
(Julien and Griffiths 1998), yet success remains low and
inconsistent in temperate regions of the United States
(Julien et al. 2009, Sullivan and Postle 2010, Mukherjee et al.
2014).

It is well documented that nutrient-poor plant tissues can
act as an antiherbivore defense mechanism (Moran and
Hamilton 1980). In the case of giant salvinia, considerable
research has been conducted in laboratory and field settings
to determine the direct effect of plant nitrogen content on
salvinia weevil growth and reproduction and the subsequent
effect on successful biological control of giant salvinia.
Sands et al. (1983) determined that developmental time of
weevil larvae was significantly reduced when insects were
fed giant salvinia with nitrogen content greater than 1.5%
dry wt. Additionally, weevil fecundity was examined for
females consuming plants with nitrogen content ranging
from 1.5 to 2.5% dry wt (Sands et al. 1986). An increase of
0.1% dry wt nitrogen resulted in a 3.6% increase in eggs laid
(Sands et al. 1986). Furthermore, when nitrogen content was
increased by 0.5% dry wt, weevil growth rate increased by
15% (Sands et al. 1986).

Research has also been conducted to determine whether
nitrogen amendments could reverse a decline in weevil
abundance observed during a period of 7 mo at field sites
(Room and Thomas 1985). Nitrogen amendments were
applied to increase giant salvinia nitrogen content from 1 to
1.75% dry wt, and weevil population sizes increased 5-fold
in 11 wk (Room and Thomas 1985). Sites were monitored for
a 260-d period, and weevil populations increased 1,000-fold
at 1.5% dry wt nitrogen content (Room and Thomas 1985).

Forno and Semple (1987) analyzed the nitrogen content
of fronds and submersed fronds (i.e., roots) and identified
herbivory-induced nitrogen shifts within giant salvinia.
After herbivory, nitrogen content was initially increased in
submersed fronds and was then mobilized to new bud and
frond tissue, thus producing compensatory plant growth
with increased nitrogen content. Consequently, plant
response to herbivory may explain the weevil’s ability to
manage giant salvinia with low-nitrogen content and
suggests that initial nitrogen content may not be a limiting
factor to a successful giant salvinia biocontrol program.
This idea is supported by the documentation of successful
management of giant salvinia infestations at sites across
Australia, Papua New Guinea, India, and Africa, with giant
salvinia nitrogen content less than 1.4% dry wt (Forno 1985,
Thomas and Room 1985, Room 1986a, Thomas and Room
1986, Forno 1987).



TABLE 1. TOTAL SALVINIA WEEVILS RELFASED PER SITE AND DATE DURING FIELD TRIALS IN 2013 anp 2015.

Weevil Total Weevils Released
Waterbody Site Release Date (Larvae and Adults)
Caddo Lake Big Green Break 30 April 2013 9,800
28 May 2013 25,700
27 June 2013 16,400
Lake Bistineau Vicinity Gravel Pit 30 April 2013 10,800
28 May 2013 24,100
27 June 2013 15,200
Saline Lake Canal Lake Boat Road 30 April 2013 10,100
28 May 2013 25,100
27 June 2013 16,400
Turkey Creek Lake Upper Big Break 30 April 2013 12,500
28 May 2013 23,200
27 June 2013 16,400
Caddo Lake Big Green Break 5 May 2015 7,700
8 June 2015 4,900
29 June 2015 5,600
16 July 2015 5,800
Caddo Lake Bonham’s Arm 5 May 2015 7,700
8 June 2015 4,750
29 June 2015 5,200
16 July 2015 5,200
Saline Lake Canal Lake Boat Road 5 May 2015 8,700
8 June 2015 9,050
29 June 2015 5,000
16 July 2015 5,800
Turkey Creek Lake Fence Blind 5 May 2015 7,800
8 June 2015 7,600
29 June 2015 4,600
16 July 2015 6,400

Broad giant salvinia nitrogen content has been recorded
at field sites ranging from 0.6 to 4.0% dry wt (Room and
Thomas 1986), and it has been estimated that a minimum of
0.9% dry wt plant nitrogen is required for growth of giant
salvinia (Room et al. 1985). Room (1986b) estimated the
maximum nitrogen uptake by giant salvinia, based on
growth rates, to be approximately 0.8 mg g~ ' dry wt giant
salvinia per day.

In 2012, researchers at the U.S. Army Engineer Research
and Development Center, Environmental Laboratory, Lew-
isville, TX, initiated a 6-yr giant salvinia biological control
project in select reservoirs in northern and central
Louisiana. Although similar weevil quantities were released
at all sites in 2012, monitoring revealed that weevil densities
were highly variable among sites by the end of the growing
season. Because of that high variability, a study was
undertaken to determine whether variation in plant
nitrogen content among sites could explain differences in
adult and larval salvinia weevil density. This article describes
the investigation into the correlation between plant
nitrogen content and salvinia weevil density.

MATERIALS AND METHODS

Salvinia weevil rearing, harvesting, and field releases were
conducted by the U.S. Army Engineer Research and
Development Center Lewisville, TX, following methods
described in Nachtrieb (2012). Salvinia weevil releases were
conducted by collection and release of weevil-laden giant
salvinia plants from outdoor rearing containers in Lewis-
ville, TX. Release quantities reflect rearing culture density
estimates and are tallied as total salvinia weevils, i.e., adult
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and larval estimates combined. Weevils were released onto
giant salvinia infestations at multiple sites in northern and
central Louisiana during the growing seasons of 2013 and
2015 (Table 1; Figure 1). When possible, the same release site
was used both years. Four release sites were included each
year for a total of six unique sites overall. Weevils were
released multiple times each year at each site. In 2013, each
site received approximately 50,000 weevils during three
releases that occurred from late April through June 2013
(Table 1). In 2015, each site received approximately 23,000
to 29,000 weevils during four release events from early May
through July 2015 (Table 1).

Salvinia weevil densities and giant salvinia nitrogen
content were monitored approximately every 4 wk from
May through August 2013 and every 5 wk from June through
October 2015 at each site. At each sampling date, a boat was
driven throughout the entire site and five 750 to 1,000-g
(wet wt) samples of giant salvinia were randomly collected
and placed into 3.78-L (1-gallon nominal size) plastic bags.
Samples were returned to the laboratory and placed
separately into a Berlese funnel for approximately 48 h
for adult and larval weevil extraction into 70% ethanol.
Berlese funnels were constructed of galvanized sheet metal
(30.5-cm diam) with an inside platform constructed of 0.64
cm (one-quarter inch nominal size) mesh poultry netting
located 27 cm from the top. A light fixture with a single 60-
W incandescent bulb was placed on top of the funnel and a
mason jar (pint or quart capacity) filled with 70% ethanol
was attached to the funnel below the platform to collect and
preserve extracted salvinia weevils. After weevil extraction,
giant salvinia samples were placed into paper bags and dried
in a forced air oven at 55 C for 48 h to obtain dry wt.
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Figure 1. Map of northern and central Louisiana survey sites.

Salvinia weevils extracted into mason jars were sorted and
identified through a dissecting microscope to quantify adult
and larval weevils kgﬁ1 dry wt of giant salvinia. Dried,
floating fronds were separated from submersed fronds (i.e.,
roots), and floating fronds were mailed to the Pennsylvania
State University Agricultural Analytical Services Laboratory
(University Park, PA) and analyzed by combustion method
with an Elementar Vario Max C/N Analyzer' to determine
the percent of dry wt total nitrogen content.

Statistical analyses

Data were analyzed using Statistica® (version 12) software
and included ANOVA, Student-Newman-Keuls or Tukey’s
multiple comparison/range tests, and Pearson product-
moment correlation analyses. A separate two-way ANOVA
was performed for each of the following dependent
variables: 1) adult weevil densities, 2) larval weevil densities,
and 3) plant nitrogen content, in relation to the categorical
predictors 1) sampling site, and 2) sampling date. Because
not all sites were sampled during both years of data
collection, a separate two-way ANOVA was conducted for
each year of data collection. Correlation analysis was used to
examine the relationship between plant nitrogen and 1)
adult weevil densities yr ', and 2) larval weevil densities yr_1
using data averaged by site and sampling date. Statements of
significance made throughout text refer to o < 0.05. To
meet parametric assumptions of normality, nitrogen data
were log transformed.

RESULTS AND DISCUSSION

During 2013, significant differences were detected for
adult weevil densities among sites (P < 0.001) and sampling
dates (P < 0.001), but no interaction (P = 0.120) between
sampling site and date was detected (Figures 2a and 2b).
Average adult weevil density at Upper Big Break (Turkey
Creek Lake) was 1,361 adult weevils kgfl, which was, on
average, 6-fold greater than all other sites (Figure 2a).
Average adult weevil densities at Canal Lake Boat Road
(Saline Lake), Big Green Break (Caddo Lake), and Gravel Pit
(Lake Bistineau vicinity) were not significantly different and
ranged from 162 to 318 adult weevils kg™ ' (Figure 2a). Adult
weevil densities increased over time, possibly reflecting a
combination of multiple weevil releases and reproduction
at field sites (Figure 2b). Adult weevil densities collected in
July and August were significantly greater than those
collected in May and June (Figure 2b).

Larval weevil densities differed significantly among sites
(P < 0.001), but not sampling dates (P = 0.264) in 2013
(Figures 3a and 3b). Differences among sites followed the
same trend as adult weevil densities. Upper Big Break had,
on average, 10-fold greater larval weevil densities than the
remaining three sites (Figure 3a). For the remaining three
sites, mean larval weevil densities ranged from 116 to 480
larvae kgﬁ1 with no significant difference among sites. It is
important to note that each site received approximately the
same quantity of weevils during three consecutive releases,
yet Upper Big Break had significantly greater adult and
larval weevil densities than the other sites had.
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Figure 2. Mean [+ standard error (SE)] of adult weevils kg™ (giant salvinia
dry wt) per site (A) and per sampling date (B) in 2013. Means with the same
letter are not significantly different according to Student-Newman-Keuls
test (= 0.05, n=>5). Two-way ANOVA, site: P < 0.001, FF=25.212; sampling
date: P < 0.001, F = 6.555, interaction: P = 0.120, F = 1.649.

A significant interaction (P < 0.001) was detected
between site and sampling date for plant nitrogen content
in 2013 (Figure 4). Plants collected at Upper Big Break had
significantly greater nitrogen content than other sites had
during May, June, and July (2.28 to 3.19% dry wt N) and all
but one site (Big Green Break) in August (Figure 4). Samples
from Canal Lake Boat Road had less nitrogen content than
other sites during May and June (1.02 to 1.05% dry wt N)
and were significantly less than all sites, except one (Gravel
Pit) in July. During May and June, nitrogen content was
significantly different among the sampling sites. Differences
decreased after the June 2013 sampling date because
nitrogen content decreased at Upper Big Break and
increased at Canal Lake Boat Road.

When trends were examined from May through August
2013 for each site individually, nitrogen content remained
mostly stable and unchanged (Figure 4). Nitrogen content at
Big Green Break and Gravel Pit did not change from May
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Figure 3. Mean [* standard error (SE)] larval weevils kg71 (giant salvinia dry
wt) per site (A) and per sampling date (B) in 2013. Means with the same
letter are not significantly different according to Student-Newman-Keuls
test (0= 0.05, n=5). Two-way ANOVA, site: P < 0.001, F'=14.839; sampling
date: P=0.264, F = 1.358, interaction: P =0.319, FF = 1.186.

through August 2013. At Upper Big Break, other than
experiencing a peak in June, nitrogen content did not
significantly differ between May, July, and August. Plant
nitrogen content increased in July and August at Canal Lake
Boat Road, but overall, was valued among the lowest of all
sites.

The combined results of adult and larval weevil density
and plant nitrogen content suggest a relationship between
nitrogen and weevil population growth because plants with
higher nitrogen content typically produced increased weevil
densities. A correlation analysis was conducted to examine
the association between weevil densities and nitrogen
content at field sites. Adult and larval weevil density were
significantly correlated to plant nitrogen content (P < 0.05,
adult r = 0.55, larval r = 0.63). For data collected during the
growing season of 2013, it was determined that both adult
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and larval weevil densities increased as nitrogen content
increased.

During 2015, an ANOVA detected a significant interac-
tion (P < 0.001) between site and sampling date for adult
weevil densities (Figure ba). Adult weevil densities were not
significantly different among sites or dates during the
beginning of the sampling period in June and July. That
result was expected because weevil releases had just begun
and limited successful salvinia weevil overwintering was
detected from salvinia weevil releases during 2014. That
trend continued throughout the sampling period for Canal
Lake Boat Road, with no changes in adult weevil density and
adult densities among the lowest detected from June
through October (37 to 54 adults kg71 dry wt). Adult weevil
densities at Fence Blind (Turkey Creek Lake) were also low
for most of the sampling period and did not significantly
increase until the final sample collection in October. Weevil
densities at the two Caddo sites (Bonham’s Arm and Big
Green Break) reacted rapidly to weevil releases and
displayed significantly greater adult weevil densities in both
August and October (921 to 1492 adult weevils kg™' dry wt).
At the last sampling date in October, adult weevil densities
at the two Caddo sites were, on average, 1.5- and 36.0-fold
greater than at Fence Blind and Canal Lake Boat Road,
respectively.

ANOVA also detected a significant interaction (P <
0.001) between site and sampling date for larval weevil
densities in 2015 (Figure 5b). At the first sample in June, all
sites contained low larval densities and were not signifi-
cantly different. Larval densities at Canal Lake Boat Road
followed the same trend as adult weevil densities, and
despite multiple weevil releases, there was no statistical
change in larval densities from June to October (b to 138
larvae kg7l dry wt). For all other sites (Big Green Break,
Bonham’s Arm, and Fence Blind), larval weevil densities
increased from June to July at similar rates and were not
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different. Larval weevil densities decreased from July to
August at both Fence Blind and Big Green Break, and
consequently, Fence Blind was not significantly different
than larval densities recorded at the site with the lowest
weevil densities (Canal Lake Boat Road). Larval densities at
Bonham’s Arm continued to increase from July to August
and peaked at 2,742 larvae kg '. When sampled in October,
larval weevil densities were not different among any sites.

A significant interaction (P < 0.001) between site and
sampling date was also detected for plant nitrogen content
in 2015 (Figure 5c). In general, Fence Blind, Canal Lake Boat
Road, and Big Green Break followed trends similar to 2013,
with nitrogen content not changing much at individual sites
throughout the sampling period (Figure 4 and b5c). In
contrast to that trend, nitrogen content at Bonham’s Arm
significantly decreased throughout the sampling period
(Figure b5c). Nitrogen content at Canal Lake Boat Road
was significantly lower than all other sites and ranged from
1.35% to 1.73% dry wt in June and October, respectively.
Nitrogen content at Fence Blind did not change throughout
the sampling period and remained at a midrange of 1.98 to
2.20% dry wt. Big Green Break also contained midrange
nitrogen content throughout the sampling period of 2.04 to
2.47% dry wt, which was significantly greater than that at
Fence Blind only in June. Nitrogen content at Bonham’s
Arm significantly decreased throughout the sampling
period from 3.35% to 2.05% dry wt but was significantly
greater than all other sites from June through August.

Despite some similarities between data collected in 2013
and 2015, a significant correlation was not obtained for
adult or larval weevil densities and nitrogen content in 2015
(P < 0.05, adult »r=0.10, larval r =0.41). Several data trends
could have contributed to the inability to detect a
significant correlation. At Bonham’s Arm, nitrogen content
decreased throughout the season as weevil density increased
(Figures ba-c). Additionally, although nitrogen content was
statistically different among high (Bonham’s Arm), low
(Canal Lake Boat Road), and midrange (Big Green Break
and Fence Blind) sites for most of the sampling period, adult
and larval weevil densities greatly overlapped among sites
and were not statistically different regardless of nitrogen
content (Figures 5a and bb).

Despite the absence of consistent results between the 2 yr
of this study, general trends in giant salvinia nitrogen
content and its affect on salvinia weevil density can be
identified. During 2013, giant salvinia at Upper Big Break
contained greater nitrogen content than all other sites
during May, June, and July and more than all but one site
during August. Differences among sites were the greatest in
June, with Upper Big Break containing 2.17% more dry wt
nitrogen than the lowest site, Canal Lake Boat Road.
Consequently, Upper Big Break had 6-fold greater adult
and 10-fold greater larval salvinia weevil densities. That
cause and effect of increased plant nitrogen content
resulting in greater weevil densities was consistent with
the findings of Sands et al. (1986), in which a 0.5 increase in
the percentage of dry wt nitrogen increased salvinia weevil
growth rate by 15%.

Results at Canal Lake Boat Road provide evidence of the
opposite effect of reduced plant nitrogen content resulting
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in low salvinia weevil densities. At Canal Lake Boat Road,
plant nitrogen content was lower than all other sites during
all sampling dates during 2015. Increased nitrogen contents
at Big Green Break, Fence Blind, and Bonham’s Arm ranged
from 0.31 to 2.0% more dry wt nitrogen than found at Canal
Lake Boat Road. Furthermore, despite repeated salvinia
weevil introductions, adult and larval weevil densities did
not change over time at that site. At all other sites, adult
weevil densities increased over time, and larval densities
experienced an increase from June to July. Although various
other unknown factors could have led to reduced salvinia
weevil density at Canal Lake Boat Road, results suggest
nitrogen may have been a limiting factor.

Finally, at most individual sites, nitrogen content varied
little over time. Field sites typically contained plants in the
tertiary growth stage that covered 100% of the water
surface for the duration of the study. Available nitrogen was
likely used by the dense plant stand to maintain plant
growth and replenish used nitrogen, thus limited changes in
plant nitrogen content were detected. If that trend is typical
in water bodies with vast giant salvinia infestations, future
plant nitrogen sampling methods can be substantially
reduced in frequency.

Several research projects are currently being undertaken
to increase understanding of the effects of nitrogen and
temperature on salvinia weevil density at field sites. At
Saline Lake, LA, a controlled and replicated study was
initiated to monitor the effect of nitrogen amendments to
salvinia weevil density after a single salvinia weevil release
occurrence at enclosed field plots (J. G. Nachtrieb et al,
unpub. data). By standardizing salvinia weevil density and
manipulating plant nitrogen, this study aimed at specifically
determining the direct effect of plant nitrogen content on
salvinia weevil success at field sites. An additional study is
being conducted at 13 enclosed field plots across Louisiana
to monitor plant nitrogen, salvinia weevil density, and
temperature year-round. That study will monitor the
relationship between plant nutrition and weevil density
and will evaluate the weevil’s ability to overwinter. Through
these projects, we expect a better understanding of the
environmental parameters affecting weevil establishment in
the southern United States.
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