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Abstract: Tadpole shrimp (Triops longicaudatus) has become a major pest for California rice farmers.
Currently, management relies solely on the insecticide lambda-cyhalothrin. However, resistance to
this pyrethroid was confirmed in 2016, thus identifying an effective and practical biological control
method for TPS is a priority. Field trials were conducted from 2017 to 2018 to: (1) evaluate the
efficacy of the predatory fish Gambusia affinis and the predatory beetles, Laccophilus maculosus (Say)
and Tropisternus lateralis (Fabricius), in controlling TPS, (2) test the efficacy of several inoculation
rates of Gambusia affinis at controlling TPS and (3) to explore early indicators of TPS activity and
damage as monitoring tools. Both Gambusia affinis and the predatory beetle treatments were not
significantly different from the commercial standard (lambda-cyhalothrin). Both four and five
Gambusia per 1 m? controlled TPS as well as lambda-cyhalothrin, and we observed that Gambusia
affinis was able to reproduce in the field. Water turbidity was significantly correlated with TPS
counts (R=0.85, N=20, P<0.0001 (2017); R=0.58, N =30, P =0.0007 (2018)). The number of dislodged
seedlings was less reliably correlated with TPS count; in 2017 correlations were significant (R = 0.84,
N =20, P <0.0001), however, in 2018 correlations were not significant (R = 0.18, N = 30, P = 0.35).
With further refinement water turbidity could play a valuable role in monitoring TPS populations.

Keywords: Tadpole shrimp; Triops longicaudatus; Notostraca; biological control agent; Gambusia
affini; Laccophilus maculosus Say; Tropisternus lateralis Fabricius

1. Introduction

The tadpole shrimp (Triops longicaudatus (LeConte); TPS) is a small vernal pool crustacean. TPS
have been a part of the California rice ecosystem since the industry’s inception during the gold rush
[1,2]. Adapted to vernal pools, TPS are opportunistic omnivores, grow very quickly, and can reach
sexual maturity in as few as 6-7 days [3,4]. They are a well-established biological control agent for
mosquitoes [5-9], and in many areas their eggs are commercially available for inoculating rice fields
and other ponds to manage local mosquito populations [4,10].

However, over the past several decades TPS’ status has changed from being a sporadic pest [11]
to a significant pest for California rice farmers. TPS damages rice by feeding directly on germinating
rice seeds and seedlings, by stirring up silt that reduces the photosynthetic capacity of rice seedings
while growing underwater, and by dislodging rice seedlings through their swimming and burrowing
behaviors [12-14]. In California, over 90% of rice is aerial/direct seeded [15,16], meaning rice basins
are flooded before seeding. Depending on the size of the rice basin, it can take 1-4 days to flood a
field [17]. Once fields are flooded, pre-germinated rice seeds are aerially dropped over the fields [17].
What ensues is essentially a growth race between the TPS and the young rice seedling. TPS eggs hatch
soon after flooding, giving them a head start over the rice seedlings. Tadpole shrimp grow very
quickly, up to several millimeters in a day [18]. If the young rice seedling is unable to grow fast
enough to establish a firm root system before the TPS is large enough to uproot it, TPS can demolish

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202406.1252.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 June 2024 d0i:10.20944/preprints202406.1252.v1

2

entire fields, requiring farmers to reseed. If reseeding is required, young rice seedlings also face the
challenge of depleted available oxygen soil levels, leaving insufficient oxygen for adequate seedling
growth [19]. When reseeding, growers are advised to completely drain the field, and aerate the soil
before reflooding, which often reduces yield due to delayed planting and a shortened growing season
[17].

TPS has become an increasing problem for farmers over the past decade as changes in rice
cultivation have affected farmers” management of TPS populations. The Connelly-Areias-Chandler
Rice Straw Burning Reduction Act of 1991 mandated that rice straw burning in the Sacramento Valley
be reduced to a maximum of 25% of total acreage burned by 2001 [20,21]. Prior to this mandate, nearly
all rice fields were burned in the fall to remove excess straw waste following harvest. In 1999, 13% or
farmers’ fields were burned post-harvest, [21]; currently, less than 10% of farmers’ fields are burned
following harvest [22]. Rice straw is resistant to decay [23], and reduced burning has resulted in straw
accumulation in fields. It is suspected that copper sulfate, traditionally used to control TPS, has
become less effective, because it binds to the organic matter resulting from the surplus straw
[11,14,20,24] and has consequently been replaced by pyrethroids [25]. For the past decade
pyrethroids, primarily lambda-cyhalothrin, have been used as the sole management strategy for TPS
in California rice [25]. Thus, it is not surprising that in 2016 farmers noticed possible resistance of TPS
to lambda-cyhalothrin after several applications at label rate failed to control TPS in their fields within
a single growing season [26]. Resistance was confirmed in laboratory bioassays using field-collected
individuals, when five times the label rate of lambda-cyhalothrin failed to kill TPS [26]. Given
growing concerns over resistance, an alternative management strategy must be developed. The
alternative strategy should ideally: (1) have reduced impact on the rice production environment, (2)
be practical, sustainable and economical, and (3) manage mosquito as well as TPS populations. Here
we report tests to develop a sustainable biological control strategy for TPS in rice.

TPS Biology

Understanding TPS biology is requisite to developing an informed biological control
experiment. TPS” basic morphology has changed little over the last 50 million years or more, leading
to their common characterization as “living fossils” [27,28]. Believed to have evolved for vernal pool
life to escape predation from fish [29], TPS have evolved a strategy for coping with unpredictable
weather/rain events. As a type of bet-hedging strategy, a portion of TPS eggs from every brood goes
into a diapause that is broken after varying numbers of wetting-drying cycles [30]. That is, some eggs
will hatch following the initial flooding event, while others require several flooding and drying
events before being triggered to hatch [31-33].

TPS Monitoring

Currently, prophylactic pesticide spraying for TPS is common, as there are no adequate
monitoring protocols to assess TPS populations accurately until the crop is damaged; this likely
contributes to the development of insecticide-resistant populations. Sampling of TPS populations is
challenging due to their small size and the transparency of young immature stages, making them
nearly invisible in field conditions. Additionally, since TPS are adapted to vernal pool environments,
they can reach damaging stages within five days of egg hatch under typical field conditions.
Consequently, harmful populations can appear suddenly and unexpectedly in commercial rice fields,
uprooting seedlings and causing water turbidity. These sampling difficulties are further exacerbated
by older TPS stages exhibiting increased photonegativity, with adults spending more time near the
rice paddy floor in flooded fields [34]. Taking soil samples and performing egg counts as a sampling
method presents its own challenges, as TPS eggs exhibit a staggered diapause, and that staggered
diapause can change due to environmental cues (i.e.,, dissolved oxygen, available food, water
temperature)[32]. Thus, it is unknown which eggs will hatch the following season and which will
remain dormant. Furthermore, the establishment of TPS as a “pest” is dependent on it’s growth rate,
thus, we cannot rely only on TPS egg counts to establish a threshold, but must take into account
factors (e.g., temperature, food availability) that may affect their growth rate. The challenges in
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monitoring TPS field populations prompted us to seek an early-season indicator of TPS activity,
aiming to minimize the reliance on prophylactic sprays.

Field studies conducted in 2017-2018 examined (1) the efficacy of Gambusia fish and predatory
beetles (Laccophilus maculosus and Tropisternus lateralis) as biological controls of TPS, and (2) the
relative efficacy of different initial Gambusia affinis inoculation rates, and (3) the utility of a water
turbidity score or a count of dislodged seedlings as monitoring techniques for TPS in California rice.

2. Materials and Methods

Field experiments were conducted in 2017- 2018 at the Rice Experiment Station in Biggs,
California. The 2017 field trial compared the efficacy of Gambusia affinis and two predatory beetles
(Laccophilus maculosus and Tropisternus lateralis) to the industry standard pesticide lambda-cyhalothrin
and an untreated control, while the 2018 field trial, examined the efficacy of different inoculation
rates of Gambusia affinis in controlling TPS.

2017. Field Trial: Efficacy of Gambusia Affinis and Predatory Beetles at Controlling TPS

A randomized complete block design consisting of five replications of four treatments was
deployed June 15, in an untreated rice field at the Rice Experiment Station in Biggs, CA. Treatments
consisted of mosquito fish (Gambusia affinis), a combination of predatory beetles (three adult
Laccophilus maculosus Say and two adult Tropisternus lateralis (Fabricius)), an untreated control, and
the industry standard pesticide (lambda-cyhalothrin) at a rate of 75.7 ml per ring. Gambusia utilized
in this study were laboratory reared to adulthood from stream populations and averaged roughly 4
cm, and beeltes were collected from light traps deployed at the Rice Experiment Station in Biggs, CA
during spring months. Aluminum rings, 1 m? in area, acted as experimental plots within the field.
The entire experiment occupied a 7 x 9 m grid in the field. Aluminum rings effectively captured TPS,
preventing them from moving in or out of the ring. No TPS were added or removed from rings during
the experiment, thus this study embraces the full, natural spatial heterogeneity in TPS densities. Both
L. maculosus and T. lateralis beetles are naturally occurring in rice fields throughout the season, and
were capable of flying in and out of aluminum rings. Five beetles were consistently observed in
designated beetle treatment rings throughout the study, suggesting that none emigrated from the
ring during our study. Rings were deployed in a research field that had a high density population of
TPS the previous season. Each ring was seeded with rice variety M206 at a commercial rate of 10.8
g/ring one day after flooding (DAF). Treatments were applied 2 DAF, with the exception of lambda-
cyhalothrin, which was applied at a commercial rate (0.139L/ ha) prior to flooding. The number of
surviving TPS per ring was recorded 3, 5, 7, and 9 DAF.

2018. Field Trial: Comparing Different Application Rates against Previous Successful Rate

The 2018 study was initiated on June 13, and consisted of six treatments, including four
application rates of Gambusia fish (1, 2, 4, and 5 fish/ring), an industry standard pesticide (lambda-
cyhalothrin at a commercial rate of 0.139L/ha), and an untreated control. Gambusia utilized were
laboratory reared adult fish, that roughly averaged 2 cm in length. All treatments were replicated
five times and arranged in a completely randomized block design. Aluminum rings (1 m?) were used
as experimental units and seeded with rice variety M206 at a commercial rate of 10.8 g/ring one DAF.
Application rates and timings of applications were chosen based on their performance in the 2017
study. All treatments were applied 2 DAF flooding, except for the lambda-cyhalothrin, which was
applied prior to flooding the field at the same rate that was used in the 2017 trial. Surviving numbers
of TPS per ring were recorded 5, 7, 9, and 11 DAF.

Assessing Monitoring Practices

During the 2017 field trial, dislodged seedlings and water turbidity per ring were recorded 3, 5,
7, and 9 DAF. The mean of these four measurements was used in subsequent statistical analyses.
During the 2018 field trial dislodged seedlings and water turbidity were recorded once at 8 DAF. In


https://doi.org/10.20944/preprints202406.1252.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 June 2024 d0i:10.20944/preprints202406.1252.v1

both trials turbidity was scored on a scale of 1-4 in increments of one, with 1 representing completely
clear water and 4 representing a nearly opaque solution.

Statistical Analysis

Both trials were analyzed using the SAS 9.4 statistical package (SAS Institute Inc., 2016, Cary,
NC). Analysis of variance (ANOVA) was performed to test for significant differences among
treatments. Tukey’s HSD tests were used for pairwise comparisons among the treatments. Upper
Dunnett’s comparisons were performed to contrast treatments with the negative control (lambda-
cyhalothrin). Lower Dunnett’s comparisons were performed to contrast treatments with the positive
(untreated) control. Simple Pearson correlations were computed to examine the linear relationships
between the number of dislodged seedlings, water turbidity, and the number of surviving TPS. In
the 2017 trial, TPS counts, turbidity readings, and number of dislodged seedlings were averaged
across all sampling dates for each ring (i.e., 3, 5, 7, and 9 DAF) and means were used to compute all
correlations. In the 2018 trial, turbidity was measured 8 DAF and these values used to compute
correlations.

3. Results

There were significant differences among treatments in TPS counts for the 2017 field study
(ANOVA, F = 12.69, df = 3, 11, P = 0.0007). Tukey’s HSD and the lower Dunnett’s test both
demonstrated that all treatments were significantly different from the untreated control (Figure 1),
suggesting that both predatory beetles (L. maculosus and T. lateralis) and Gambusia fish have potential
as biological control agents. The Gambusia treatment had zero surviving TPS across all replications
and sampling dates.
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Figure 1. TPS densities following treatment applications in the 2017 field trial at the UC Davis Rice
Experiment Station, in Biggs, CA. Bars with the same letter are not significantly different at a=0.05
according to Tukey’s HSD.

There were significant differences among treatments in TPS counts for the 2018 field trial
assessing the efficacy of different application rates of Gambusia spp. (ANOVA, F=4.82, df=5, 20, P =
0.0047). Suppression of TPS improved in a step-wise fashion as the application rates of Gambusia were
increased (Figure 2). Dunnett’s test found significant differences (e = 0.05) between the four fish, five
fish and lambda-cyhalothrin treatments when compared to the untreated control.
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Figure 2. TPS densities following varying inoculation rates of Gambusia spp. against a positive
(untreated) and negative (lambda-cyhalothrin) control in the 2018 field trial at the UC Davis Rice
Experiment Station, in Biggs, CA. Bars with ** denote treatments determined to be significantly
different (a0 = 0.05) than the Untreated control by Dunnett’s test.

In the 2017 field trial, both turbidity and dislodged seedlings were highly correlated with TPS
counts within rings (Pearson correlation, R = 0.85 (turbidity), R = 0.84 (dislodged seedlings), N = 20,
P < 0.0001; Figure 3). In the 2018 field trial, turbidity was significantly correlated with TPS counts
within the rings, but the relationship was more variable (R = 0.58, N = 30, P = 0.0007); however,
dislodged seedlings counts were not significantly correlated with TPS counts (R = 0.18, N =30, P =

0.35; Figure 3).
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Figure 3. Linear regressions between TPS counts, dislodged seedling counts, and turbidity scores
across 2017 and 2018 field trials. A) Correlation between mean dislodged seedlings and TPS counts
(R=0.84, N =20, P <0.0001) in the 2017 study. B) Correlation between mean turbidity scores (scale 1-
4) and TPS counts for the 2017 study (R = 0.85, N = 20, P <0.0001). C) Correlation between mean TPS
counts (5, 7, 9 and 11 DAF) and dislodged seedlings 8 DAF (R = 0.18, N = 30, P = 0.35) in the 2018
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study. D) Correlation between mean TPS counts (5, 7, 9, and 11 DAF) and turbidity rankings (scale 1-
4) 8 DAF (R=0.58, N =30, P =0.0007) in the 2018 study. Points were jittered to avoid excessive overlap.

4. Discussion

The biological control treatments tested here generated effective control of TPS in both the 2017
and 2018 studies. Gambusia affinis consistently controlled TPS as effectively as lambda-cyhalothrin at
a rate of five fish per 1 m2. All Gambusia deployed in the field were sexually mature adult fish that
averaged 4 cm in size in 2017 and 2 ¢cm in 2018. We observed juvenile Gambusia affinis (which are
substantially smaller than the adult fish) in several of the rings when we were taking TPS counts,
indicating that Gambusia had already successfully reproduced. A combination of three L. maculosus
and two T. lateralis adult beetles were also as effective as lambda-cyhalothrin at controlling TPS.
Gambusia produced complete control of TPS in the 2017 trial across all replicates and were as effective
as the lambda-cyhalothrin treatment.

Although both biological control treatments proved effective in the 2017 season, the
unpredictable occurrence of predatory beetle populations and the inefficiency of current collection
methods makes them a less practical and predictable biological control method for TPS in rice. We
were unable to collect sufficient numbers of adult beetles from light traps to include them in the 2018
field study, and commercial sources of these natural TPS enemies are not available. Alternative
methods of collecting and/or rearing these beetles could prove useful in the future. Additional studies
examining different combinations of biological control agents would be helpful in gaining greater
insight into the dynamics of these organisms with TPS in the rice fields. Incorporating treatments
such as immature stages of L. maculosus and T. lateralis and different treatment rates and timings could
help meet this objective.

Considerations for the Use of Gambusia in Rice Paddies

Gambusia is especially suited as a biological control agent in rice fields due to several
characteristics: (1) Gambusia are remarkably resilient and tolerant of poor water quality, including
wide ranges in pH, alkalinity, and total water hardness [35-38], (2) they birth live young, thus
requiring no specific environment for eggs, (3) they can live, grow and thrive under a large variety
of conditions, including rice fields, (4) they can live and reproduce in environments with other
predators, such as backswimmers, water bugs, some water beetles and crayfish, which are all present
in rice fields, (5) they can be easily reared; the Sacramento-Yolo Mosquito Vector-Control District
maintains 23 ponds for rearing Gambusia year round, producing several thousand pounds of
mosquito fish per year, and (6) there is generally no negative affect of Gambusia on the rice ecosystem;
at a stocking rate of 0.22 kg/ha (approximately 100 per acre), Gambusia had no significant effect on
copepods, ostracods, corixids, dragonflies, belostomatids or aquatic beetles within the rice ecosystem
[39].

Given these characteristics of Gambusia, there are still several factors that must be considered for
effective use of Gambusia to control TPS. These factors include: application rate, timing of the
application, fish size at application, current weed management strategies, and commercial
availability of Gambusia. These factors are addressed in order below.

Gambusia are commonly applied for mosquito control at rates from 100 to 1000 fish per acre (0.2
to 2.0 pounds per acre) [40,41]. In the 2017 field study, we arbitrarily chose five Gambusia affinis per
ring. The results of the 2018 field study suggests that using fewer than four fish per ring is likely not
effective for managing TPS. Our rate of four Gambusia per 1 m? is equivalent to ca. 2,080 Gambusia per
ha (or 10 pounds per acre), which is over five times the highest rate that vector control facilities use
to control mosquitoes. Further studies are required to determine the most economically effective
inoculation rate at the field level for effective TPS control, especially given that the Gambusia won't
be confined by the rings and will be free to reproduce in field environments.

Timing is another consideration if Gambusia are to be used to control TPS. Gambusia are
commonly introduced to rice fields 15 to 25 DAF for mosquito control. Farley and Younce (1977)
found that Gambusia had the best population growth and mosquito control when introduced to rice
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fields 15 to 25 DAF, as there was insufficient food in the fields when Gambusia were introduced earlier
[42]. These studies were conducted when TPS was classified as a sporadic pest [11,12]. As previously
mentioned, TPS hatch almost immediately upon flooding, and Gambusia would likely have to be
applied within one or two DAF to prevent serious TPS damage. Our studies suggest TPS infested
fields would be able to support early applications of Gambusia.

Control of TPS by Gambusia may also be affected by fish size. We did not measure fish before
introducing them into the rice fields in the 2017 and 2018 studies; however, in the 2017 study fish
were noticeably larger than those used in the 2018 study. We observed no TPS in the rings in 2017
(larger Gambusia) and a mean of 3.27 + 1.10 TPS per ring in 2018 (smaller Gambusia) for the rate of five fish
per ring. Prey size selection is positively correlated with Gambusia size, as Gambusia choose the largest
prey they can successfully capture [43,44]. Future studies should explore the effects of Gambusia size
at time of inoculation on TPS control.

A common weed management strategy in California rice is the post-sowing, early season
draining of fields for herbicide applications. In these cases, fish would not be an applicable
management strategy for TPS; draining the field effectively eliminates any TPS pest pressure.
Remaining herbicides are usually applied 35-45 DAF, once TPS are no longer a problem for farmers.
The effect of these herbicides on Gambusia survivorship could be more closely examined if sustained
Gambusia populations throughout the growing season are desired by farmers. Not all vector control
and mosquito abatement facilities stock, rear and use Gambusia. The vector control agencies in
California’s main rice growing counties (Butte, Glenn, Colusa, and Yolo) are funded differently, some
by property taxes, and others through benefit assessments. Many of the smaller districts that are
located in large rice growing counties do not currently have the resources for a Gambusia program as
large as the Sacramento-Yolo District’s program. Providing Gambusia across the counties will require
coordination, resources and infrastructure if farmers and these facilities are going to collaborate to
simultaneously control TPS and mosquitoes in rice fields. Farmer cooperatives may be an option to
consider.

Improved monitoring methods for TPS could reduce the need for prophylactic sprays. In both
studies, turbidity was strongly correlated with TPS counts, however, in 2018 this relationship was
somewhat more variable. Dislodged seedlings counts were also strongly correlated with TPS counts
2017, but not in 2018. Stronger correlations in 2017 could be due to earlier-season sampling (counts
were averaged across 3, 5, 7, and 9 DAF) compared to 2018 (8 DAF only). Field turbidity
measurements could be taken with a Secchi disk device (United Scientific Suppliers. INC., Waukegan,
IL) for more precise measurements, and drastic changes in turbidity from one day to the next could
be indicative of rising TPS populations. Wind can also contribute to turbid water within rice fields.
This should be taken into consideration when relying on turbidity measurement as part of a
monitoring system for TPS in rice.

Summary

The effectiveness of Gambusia affinis as a biological control for both mosquitoes and TPS, coupled
with their commercial availability, suggest that Gambusia offers farmers the attractive option of
controlling two important pests with a single agent. Improvements in developing a monitoring
protocol and introduction of Gambusia to the rice agroecosystem could also help farmers by
mitigating the growing resistance problem in TPS populations.
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