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Aquatic insects are essential components of healthy stream ecosystems, contributing to 

nutrient cycling, trophic dynamics and other ecological functions. Aquatic insect 

species, particularly those in the orders Ephemeroptera, Plecoptera and Trichoptera 

(EPT taxa) are however, extremely sensitive to insecticide contamination. Given that 

urban and agricultural use of synthetic pyrethroid insecticides are increasing, there is 

concern that aquatic contamination by these compounds may pose a risk to aquatic 

insect species. The overarching hypothesis of this research is that specific aquatic 

insect life history attributes may increase their susceptibility to synthetic pyrethroid 

insecticides, through an exacerbation of toxic effects and/or enhancement of exposure. 

The goals of this work were (a) to determine if egg morphology affects esfenvalerate 

sensitivity, (b) to ascertain the impact of dietary exposure to esfenvalerate among 

different functional feeding groups, (c) to determine the effect of esfenvalerate 
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intoxication on larval caddisfly case maintenance, and (d) to establish the effects of 

late-stage esfenvalerate exposure on emergence. Four different aquatic insect species 

were utilized during the course of these studies; Cinygmula reticulata McDonough 

(Ephemeroptera: Heptageniidae), Hesperoperla pacifica Banks (Plecoptera: Perlidae), 

and Brachycentrus americanus Banks (Trichoptera: Brachycentridae) were used in the 

majority of the experiments. Baetis sp. (Ephemeroptera: Baetidae) egg clutches were 

utilized as a surrogate for the difficult-to-obtain C. reticulata eggs. Esfenvalerate 

toxicity testing with aquatic insect eggs indicated that 48h esfenvalerate exposures 

ranging between 0.07 and 0.5 µg/L caused significant Baetis sp egg mortality. 

Exposure to lower concentrations immediately preceding hatch resulted in behavioral 

aberrations in first instar mayflies. The gelatinous clutch structure of caddisfly eggs 

proved to be the most susceptible egg morphology tested, with significant within-

clutch mortality occurring following esfenvalerate exposures of 0.035 µg/L. No toxic 

effect was observed in H. pacifica eggs exposed to up to 1.0 µg/L esfenvalerate. 

Esfenvalerate-contaminated food caused adverse effects in both C. reticulata and B. 

americanus insects, but not in H. pacifica nymphs. A significant decrease in growth 

was observed in small C. reticulata nymphs reared on 0.05 µg/L esfenvalerate-

exposed algae, and a decrease in egg production in final-instar nymphs reared on 0.1 

µg/L esfenvalerate-exposed algae. Diet items exposed to esfenvalerate concentrations 

ranging between 0.5 to 1.0 µg/L induced case-abandonment in fourth-instar B. 

americanus larvae. None of the aquatic insect species differentiated between 

esfenvalerate-contaminated and clean food sources during feeding. 48h waterborne 
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expozsures of 0.05, 0.1, 0.2, and 0.4 µg/L esfenvalerate also caused fourth-instar 

larvae to abandon cases, and impaired their ability to rebuild these protective 

structures. Finally, C. reticulata emergence was disrupted by esfenvalerate exposures 

ranging from 0.005 to 0.015 µg/L, resulting in significant mortality. B. americanus 

pupal exposures of 0.05, 0.1, and 0.2 µg/L esfenvalerate significantly reduced 

successful adult emergence and resulted in decreased egg weight of emerged females. 

A comparison of life stage esfenvalerate sensitivities of C. reticulata and B. 

americanus reveals that analogous life stages did not exhibit the same relative 

susceptibilities, with final-instar nymphs the most sensitive C. reticulata life stage 

tested, and egg clutches as the most sensitive B. americanus life stage. 
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Effects of Esfenvalerate on Native Macroinvertebrates Representative of Pacific 
Northwest Streams 
 
 
Chapter 1: General Introduction 

 

Maintaining the health of freshwater systems has been established as a critical 

endpoint for many biological assessments, as a result of the economic importance of 

healthy waterways and the relative ease with which they are contaminated. Globally, 

funds spent on water resource management and aquatic ecosystem restoration exceeds 

$100 billion per year (Bonada et al. 2006). Since aquatic ecosystem restoration is a 

costly process, development of effective, low-cost biomonitoring tools is essential. In 

the Pacific Northwest region, preserving the health of freshwater streams and salmon 

habitat holds not only economic value, but societal import as well (Nehlsen et al. 

1991).  However, new and more thorough biomonitoring and toxicological research 

methodologies are needed to adequately ensure protection of these ecosystems (Roni 

et al. 2002).   

Laboratory-based bioassays provide important information concerning aquatic 

organisms’ sensitivity to contaminants of concern. Insects are well-suited for use in 

these toxicological bioassays because of their (1) ubiquitous presence in many 

different environments, (2) relatively short life cycles, (3) importance to ecological 

processes, (4) high species diversity and variable life history strategies, and (5) wide 

range of sensitivities to xenobiotics (Rosenburg et al. 1986). Additionally, aquatic 

insect taxonomy and ecology have been extensively studied and cataloged, and field



 

sampling procedures are simple. Consequently, a wide number of described species 

potentially are available for use in bioassays, allowing researchers to use local or 

native insect species in toxicity studies.  

 Benthic invertebrates, including aquatic insects, are sensitive indicators of 

pollution and offer distinct benefits for use in environmental biomonitoring. Toxicity 

data for field-collected insect populations may be more realistic than that derived 

using laboratory-reared populations. Previous studies indicate that a 13- to 250-fold 

difference in susceptibility can exist between laboratory-derived and field-derived 

populations (Hoffman and Fisher 1994). However, native, non-standard insects have 

not been frequently used in toxicological bioassays, despite their widespread use as 

indicator species (Boxall et al. 2001). The headwater streams preferred by these 

insects are rarely proximate to laboratories. Further, only in exceptional cases are 

insect populations dense enough to allow for collection for and use in laboratory 

assays. In addition, obtaining specific life stages is more easily accomplished using 

laboratory-cultured populations, in which physical conditions and organism growth 

can be manipulated. Field-collecting various life stages demands intimate knowledge 

of the field site’s environmental conditions and the effect on seasonal cycling of 

aquatic insect populations. Consequently, the effects of insecticide exposure have not 

been established for many aquatic species. Widespread use of native aquatic insect 

species in toxicological bioassays has been precluded for several reasons. First, the 

economic importance of fish has encouraged the use of various fish species in such 

testing (Roni et al. 2002). Second, toxicological effects established for aquatic 
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vertebrates may inform human health studies (Warner and Jenkins 2007). Finally, 

aquatic entomology is a relatively obscure branch of entomology, and poorly 

understood organisms are difficult to adapt for use in bioassays systems.  

The diversity of field-sampled aquatic insects is widely used as a gauge of 

stream health. EPT (Ephemeroptera, Plecoptera, Trichoptera) taxa richness sampling 

is an easily implemented metric of stream health and production, and can be used to 

track water quality over time (Wallace 1996). The exceptional sensitivity of these 

aquatic organisms has been primarily determined by field observations; EPT richness 

and diversity are observed to be severely diminished in physically and chemically 

impacted streams. Members of these taxa tend to be intolerant of most pollutants, and 

community richness can also be impacted by abiotic habitat degradation, such as 

sedimentation, increased water temperatures, and alterations in flow rate (Lenat and 

Penrose 1996).   However, the mechanisms of these observed EPT sensitivities are not 

well understood, since these organisms are infrequently used in laboratory toxicity 

tests.  When non-standard species are used, typically only one or two life stages are 

evaluated (Boxall et al. 2001). However, susceptibility to toxicants changes over the 

life span of the organism, and certain life stages have proven more robust than others 

(Kammenga and Laskowski 2000). Similarly, survival at each life stage differently 

impacts the population’s reproductive output. An annual 30 percent reduction in first 

instar mayfly larvae may have no impact on population, whereas an annual 30 percent 

reduction in fecund females may cause severe population declines (Rose 1987). 
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1.1 Significance of sublethal endpoints in ecotoxicology 

 Although lethality is commonly utilized as an endpoint in ecotoxicological 

bioassays, a number of observable toxic effects occur prior to mortality. Further, when 

surface water contamination occurs at levels lower than lethal concentrations, acute 

mortality may not be a suitable endpoint for toxicological bioassays. Rather, bioassays 

with sublethal endpoints are better suited to gauging the impact of low-level 

contamination (Klaassen 1996). Increased reporting of no-observable-effect 

concentrations (NOECs) and lowest-observable-effect concentrations (LOECs) over 

LC50 values reflects a changing preference for sublethal endpoints in bioassays. 

However, the usefulness of laboratory-derived NOEC and LOEC values in setting 

“safe” environmental quality criteria is questionable. Standard laboratory toxicological 

bioassays typically utilize too few test concentrations and replicates to offer enough 

precision to determine an accurate NOEC or LOEC (Laskowski 1995). This problem 

may be compounded by the lack of core toxicological data for non-standard organisms 

and life stages, and by selection of inappropriate sublethal endpoints. For instance, 

acetylcholinesterase (AChE) inhibition is a commonly utilized biomarker of 

organophosphate exposure, but establishing a connection between AChE inhibition 

and higher-level effects is difficult. Also, establishing protective values to prevent 

impacts on fecundity will do little in the way of protecting if behavioral dysfunction 

caused by lower concentrations has the same impact on population dynamics. 

Impacts on population health can occur in response to lower exposures than 

those observed to impact individual survival (Haskell and McEwen 1998). When 
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considering the persistence of native organisms, maintenance of healthy populations is 

essential, and instances of individual debilitation are secondary unless they 

significantly alter population dynamics.  

Reduced fecundity, decreased growth, and behavioral changes are commonly 

reported sublethal responses, and each of these endpoints can directly impact 

population dynamics (Stenersen 2004). Chemical exposure can inhibit growth either 

through an increase in energy expenditure due to detoxification processes or through 

an inhibition of energy acquisition (Maltby 1999). Inhibition of growth has been 

shown to result in smaller, less fecund adults, and even minor growth defects can 

prevent an individual from attracting a mate (Hardersen 2000). Smaller organisms also 

have been shown to be more vulnerable to disease (Bernard and Lagadic 1993). 

Decreased growth rates can inhibit the production of antipredator morphologies, 

increasing availability to predators (Sakamoto et al. 2006). Similarly, altered behavior 

caused by toxin-induced neurological dysfunction has decreased individuals’ abilities 

to escape predators (Relyea 2003). Decreases in frequency of courtship behaviors, 

nest-building attempts, and offspring protection have been observed in a number of 

fish species following exposure to aquatic pollutants (Jones and Reynolds 1997).  

 Predicting the impact of contaminants on field populations is difficult using 

laboratory-based tests conducted on one life stage of one species (Haskell and 

McEwen 1998). Sensitivity to chemicals not only varies among species, but also 

between life stages of a single species (Stuijfzand et al. 2000). Similarly, different life 

stages exhibit different contributions to population viability and a healthy rate of 
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increase, e.g. newly hatched versus reproductive adults (Stark and Banks 2004). 

Consequently, the susceptibility of a population could be defined not only as 

sensitivity to the contaminant of concern, but as the risk of exposure for those life 

stages that contribute the most to population viability. Bioassays utilizing non-

standard organisms, life stages, and toxicological endpoints will assist in determining 

the risk posed to aquatic populations by emerging insecticides. 

 

1.2 Synthetic pyrethroid use and insecticidal modes-of-action 

 The 1996 decision by the U.S. Environmental Protection Agency to begin 

phasing out the use of organophosphate insecticides resulted in an increase in the 

application of synthetic pyrethroid insecticides. Data from the California Department 

of Pesticide Regulation indicates that pyrethroid useage nearly doubled between the 

early 1990s and 2003, with the more toxic compounds comprising a greater percentage 

of total use (Amweg et al. 2004). Main uses for pyrethroids include structural pest 

control in urban areas, and agricultural pest control in row crops and orchards (Oros 

and Werner 2005). A number of pyrethroid insecticides have been detected in 

agricultural runoff entering field-adjacent streams (Weston et al. 2004, Werner et al. 

2002). Permethrin and bifenthrin were also detected in aquatic systems located in 

urban landscapes, indicating that non-agricultural pyrethoid uses can contribute 

significantly to pyrethroid contamination of surface waters (Weston et al. 2005). Since 

these compounds have been shown to move into aquatic environments, aquatic 

organisms, including sensitive stream insects, may be at risk from this contamination. 
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 Synthetic pyrethroid insecticides are chemically-synthesized analogs of natural 

pyrethrin compounds produced by pyrethrum flowers (Casida 1980). These elicit 

physiological effects by inhibiting or delaying the normal closing and inactivation of 

the voltage-gated sodium channels that control nerve signal transmission. (Bloomquist 

1996). Channel inactivation is caused by allosteric interactions between the pyrethroid 

insecticide molecules and sodium channel activation receptors, and the binding site is 

similar to that of some organochlorine insecticides, such as DDT. In fact, knockdown-

resistant flies (Musca domestica) exhibited a cross-resistance to DDT and pyrethroid 

insecticides, indicating a common site of action (Williamson et al. 1993). 

 Pyrethroid insecticides are separated into two classes, type I and type II, based 

on binding affinity and physiological effects. Type I pyrethroids increased the closing 

time of sodium channels in crayfish giant axons from 30 �sec to 200 �sec, resulting in 

a repetitive firing of nerve fibers and a series of short sensory bursts (Bloomquist 

1996). Intoxication is characterized by whole-body tremors, termed the T syndrome 

(Soderlund and Bloomquist 1989). Type II pyrethroid compounds delay the normal 

closing of sodium channels by almost 1 minute, causing a slow depolarization and 

inactivation of the nerve (Bloomquist 1996). This effect is transmitted as prolonged 

sensory bursts. Type II pyrethroid intoxication events are distinguished by writhing 

convulsions and salivation (CS syndrome). The enhanced toxicity of the Type II 

pyrethroids may result from the presence of a �-cyano-3-phenoxybenzyl moiety which 

might increase affinity for the sodium channel binding site, producing the severe toxic 

effects (Soderlund and Bloomquist 1989). 
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 Synthetic pyrethroid toxicity does not result solely from actions on the sodium 

channel. Pyrethroid compounds have been shown to inhibit the normal activation of 

other neuronal ion channels, including T- and L-type calcium channels and potassium 

channels (Narahashi 1996). Exposure also suppresses mitochondrial magnesium-

dependant ATPase (Hassall 1990). Further, synthetic pyrethroids have a tendency to 

accumulate in lipid stores, where exposure has caused lipid peroxidation, protein 

oxidation, and resulted in depleted reduced glutathione stores (Zlotkin 1999). 

Onset of behavioral symptoms is extremely rapid, most likely resulting from 

the affects on the peripheral nervous system.  Mucsa domestica paralysis (termed 

“knockdown”) occurred within minutes of exposure to a number of pyrethroids (Scott 

and Georghiou 1984). The progressive sequence of symptoms has been characterized 

as follows: 1) minor tremors, 2) inability to maintain balance, 3) limb paralysis and 

contraction, 4) whole-body convulsions, and 5) total paralysis (Alzogaray and Zerba 

1997). As a result of these impacts on motor control and function, normal insect 

behavior can be altered after very low pyrethroid exposures. Such insecticide-induced 

behavioral changes may increase predation risk, interfere with prey location, and 

prompt risky avoidance behaviors.  

 Because pyrethroid insecticides disrupt peripheral nerve function, insect 

neurosecretory organs can be important secondary targets of toxic effects. The 

repetitive nerve firing symptomatic of pyrethroid exposure has been shown to 

stimulate the release of many stored neurohormones (Soderlund and Bloomquist1989). 

Permethrin-exposed ticks (Hyalomma dromedarii) enhanced attachment responses and 
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prolonged feeding. Changes in tick neuroendocrine organs indicated that permethrin 

stimulated release of hormones governing salivary gland activity, causing the 

increased feeding response (Mohamed et al. 2000). Similarly, sublethal cypermethrin 

exposure induced premature vitellogenesis in the tick Amblyomma hebraeum by 

stimulating the release of the normal vitellogenesis-inducing factor and the 

vitellogenic hormone (Friesen 2003). This premature vitellogenesis following 

pyrethroid exposure inhibited future egg development.   

Sublethal deltamethrin exposures induced a release of the hypertrehalsemic 

hormone (HTH) in the locust Locusta migratoria , and resulted in stimulation of the 

glycolytic pathway. Carbon dioxide production was also increased, and the affected 

insects entered into a hyperglycemia-like state (Alaloui et al. 1994).  Authors 

suggested that depolarization of insect nerves stimulated the corpus cardiaca, causing 

a rapid release of stored hormones. Similarly, exposure to permethrin increased the 

amount of the adipokinetic hormone (AKH) in the hemolymph of fire bugs 

(Pyrrhocoris apterus); AHK triggers the mobilization and breakdown of stored 

triacylglycerol into diacylglycerol (Kodrik and Socha 2005, Nation 2002). While 

recovery from the effects of HTH and AKH was rapid, altering levels of molting 

hormones could result in incomplete formation of the new integument or incomplete 

separation from the old exoskeleton. Both of these are potentially fatal (Dhiadialla et 

al. 1998)  

Research also indicates that pyrethroid exposure impacts insect hydrocarbon 

synthesis. Sublethal exposure to the synthetic pyrethroid d-Phenothrin reduced 
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Tribolium infestans total de novo lipid biosysnthesis to 60% of controls. Internal lipid 

biosynthesis was found to be 25% of controls 24 hours after exposure (Juarez 1995). 

Integumental phospholipid synthesis was also significantly inhibited by sublethal d-

Phenothrin exposure, and triacylglycerol and free fatty acid levels were also reduced. 

Insecticide-induced decreases in hydrocarbon biosynthesis may impact affect chitin 

formation, which essential in the development of adult structures, and may further 

impact egg formation and fecundity in adult females (Juarez 1994a). 

 

1.2.1 Chemical behavior of synthetic pyrethroids. 

 Synthetic pyrethroids are extremely lipophilic, and in aqueous environments 

these insecticides exhibit strong adsorption affinities for organic substances. 

Laboratory-derived logKoc values for seven different pyrethroid compounds ranged 

between 5.1 and 5.5 (Laskowski 2002). Typically, compounds exhibiting this degree 

of lipophilicity are highly available for uptake across biological membranes, and 

therefore pose a risk to aquatic organisms. High partition coefficients also indicate a 

potential to bioaccumulate in exposure organisms. However, unlike organochlorine 

insecticides, which exhibit similarly high partition cofficients, pyrethroid compounds 

are rapidly metabolized and eliminated (Muir et al 1994).   

 The lipophilic affinity of synthetic pyrethroids primarily impacts 

environmental transport and availability for cuticular uptake. An analysis of synthetic 

pyrethroid phase distribution in stream water indicated that a high proportion of mass 

was adsorbed to suspended solids in the water column, with smaller proportions 
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adsorbed to dissolved organic matter and in the freely-dissolved phase (Liu et al. 

2004). This preferential distribution towards adsorption on suspended solids has been 

shown to decrease pyrethroid toxicity to the water column invertebrate, Ceriodaphnia 

dubia (Yang et al. 2006). Presumably, adsorption to organic material prevents 

cuticular uptake. However, there is evidence that particulate-associated pyrethroids are 

still bioactive (Schulz and Liess 2001), indicating that dietary uptake of pyrethroids 

may be a significant route-of-exposure for aquatic insects.  

 

1.3 Implications of aquatic insect life history to pyrethroid susceptibility  
 

Only recently have toxicologists begun exploring the potential contribution of 

population biology concepts to ecotoxicology. A species’ life history has been shown 

to greatly impact recovery time following toxicant exposure (Stark et al. 2004). 

However, it is plausible that life history strategies not only influence recovery rates, 

but also the impact of exposure to toxicants. For instance, an organism that requires 

complex behaviors for survival (e.g. web-spinning spiders) may experience greater 

risk from exposure to a behavior-altering chemical than organisms with simpler life 

histories. Considering the wide range of life history strategies of aquatic insects, it is 

possible that specific strategies increase sensitivity to certain contaminants.  

 Given the increase in pyrethroid use over the last 15 years and the multiple 

impacts on insect physiology and function, aquatic insects, particularly the sensitive 

EPT taxa, may be at risk from inadvertent surface water contamination. Further, 

certain life stages may be at increased risk, since sensitivity and metabolic capacity 
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changes over the life cycle of an organism (Stuijfzand et al. 2000). Many aquatic 

organisms have precisely timed life cycles, in which specific life stages are present at 

the same time period annually. This ensures that both adults and aquatic nymphs enjoy 

optimal environmental conditions for growth and survival (Merritt and Cummins 

1996). Theoretically, since both exposure and effects are seasonally timed, it may be 

possible to consider life-stage specific sensitivities in conjunction with data on the 

timing of surface water contamination to determine whether the most susceptible life 

stages of aquatic invertebrates are at risk. 

There is, however, a dearth of knowledge concerning the impact of sublethal 

pyrethroid exposures on aquatic insect fitness. The extreme behavioral and 

physiological impacts of pyrethroid intoxication may severely reduce aquatic insect 

fitness and survival. While species diversity and richness of these organisms are a 

commonly used index of stream health, this method cannot be used to pinpoint causes 

of population decline without effects and exposure data. Defining aquatic insect 

sensitivities to pyrethroid exposure will help identify the sources of observed 

population declines and may assist in the implementation of remediation efforts. 

Native Pacific Northwest EPT species were used during the course of these 

studies: the mayflies Cinygmula reticulata and Baetis sp (eggs utilized as a surrogate 

for C. reticulata eggs), the caddisfly Brachycentrus americanus, and the stonefly 

Hesperoperla pacifica. These insects are representative of three different aquatic 

insect orders, and all exhibit diverse morphologies, feeding strategies, life spans, and 

behaviors (Table 1.1). Cross-species comparison of susceptibilities will help establish 
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if certain life history traits increase risk of exposure or magnitude of effects. 

Understanding the fluctuation of sensitivity over the life span of an aquatic insect will 

assist in pinpointing the most sensitive life stages. In conjunction with information on 

the timing of surface water pyrethroid contamination, remediation efforts may be 

timed to protect the most vulnerable or demographically crucial aquatic insect life 

stages.  

 

1.3.1 The egg morphology and biology of aquatic insects 

Whereas embryonic toxicity has been considered for other aquatic organisms 

including several amphibian and fish species, almost no research has been performed 

to evaluate the susceptibility of aquatic insect eggs to environmental contaminants. 

Theoretically, the egg stage could be vulnerable to toxic insult, since embryos have 

limited energetic resources, potentially inadequate metabolic capacity for toxicants, 

and no behavioral compensation mechanisms (McKim 1985, Kocan and Landolt 1984, 

Goulden et al. 1987). In addition, pyrethroids are likely to be available for uptake 

across the egg membrane, given their high partition coefficients. Therefore, although 

later life stages may exhibit the capacity to metabolize and eliminate pyrethroids, 

embryos may lack this capacity. 

All insect eggs must absorb both water and oxygen from the surrounding 

environment to support the growing insects; however, oviposition in aquatic 

environments necessitates special adaptations to fulfill these needs (Hinton 1981). As 

a consequence, aquatic insect eggs exhibit unique morphologies that may affect 
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sensitivity to water-bourn contaminants. While deposition in aqueous systems 

provides eggs with excess liquid water, developing embryos must be protected from 

excess water influx. A rigid shell controls the internal hydrostatic pressure of the egg, 

preventing water influx (Zeh et al. 1989). More importantly, the slow rate of oxygen 

diffusion in water versus air requires morphological adaptations to facilitate oxygen 

uptake. Without a plentiful supply of oxygen, development would be retarded, and 

may result in embryo death. Air filled columns called aeropyles span the width of the 

chorion, facilitating oxygen uptake from the water (Hinton 1981). In some cases, an 

aeropyle system may not be able to provide the developing insect with enough 

oxygen; as a result, some shells contain an air-filled catacomb-like structure between 

the inner vitellogin membrane and the rigid outer chorion, which functions as a 

plastron (Rosciszewska 1991).  

Also, because aquatic systems are dynamic (scouring floods, drought, 

sedimentation), eggs oviposited in these systems must be protected from potentially 

fatal environmental changes that could occur during development (Peckarsky and 

Taylor 2000). This can be accomplished either by egg attachment devices that anchor 

individual eggs, or by specific oviposition behaviors or another type of parental 

energetic involvement (e.g. trichopteran production of gelatin to contain eggs). 

Examples of attachment devices include the knob-terminated coiled threads (KCTs) 

on the surface of many ephmeropteran eggs and the articulated attachment disc present 

on plecopteran eggs (Dominguez and Cuezzo 2002, Stark et al. 1987). Both devices 

function as anchors that fasten eggs to the substrate, but allow for movement with 



 15 

flow. This not only minimizes the impact of physical shock (Rosciszewska 1991), but 

may also assist in oxygen uptake. Similarly, adult clutch placement allows females to 

plant eggs in favorable sites with stable flow and minimal physical volatility (e.g. 

large rocks that resist rolling) (Peckarsky and Taylor 2000). 

 Ultimately, egg survival is ensured by a combination of adult oviposition 

behaviors and the specific morphology of the chorion, which allows normal 

development in aquatic environments (Peckarsky and Taylor 2000, Hinton 1981). 

These adaptations can be specific to insect type and different insects will utilize a 

unique set of behaviors and morphologies to ensure maximum recruitment and 

survival. While these different life history strategies have allowed for successful insect 

proliferation/propagation in aquatic environments, the variable strategies of chorion 

morphology, egg clutch structure, and oviposition behavior may impact the 

susceptibility of insect eggs to water-bourn contaminants, such as pyrethroid 

insecticides. Specifically, the uptake of esfenvalerate may be affected by factors such 

as chorion thickness, presence/ absence of gel matrix, and gestation period. It is 

important to gauge the sensitivity of this life stage in order to more completely 

understand the impact of insecticide contamination on aquatic ecosystems. Identifying 

susceptible egg life history strategies also may assist in pinpointing remediation 

efforts.  

The aquatic insect eggs used to gauge esfenvalerate susceptibility were 

selected for comparisons of effects across life stages, as representative of several 

different species, and for ease of collection. Brachycentrus americanus eggs, similar 
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in morphology to many trichopteran egg clutches, could be collected from the field. 

Hesperoperla pacifica adults were field-collected and induced to lay eggs in the 

laboratory. Baetis sp mayflies deposit eggs in readily collected sheets. Baetis sp. eggs 

were utilized as a surrogate for C. reticulata eggs, which cannot be field-collected or 

laboratory-cultured. Both Hesperoperla and Baetis eggs are similar in choronic 

structure to a number of other plecopteran and ephemeropteran species. 

 

1.3.1.1 Ephemeropteran egg biology  

Ephmeropterans exhibit two primary oviposition behaviors. The majority of 

mayflies oviposit directly into the water by dipping the tip of their abdomen into the 

water and releasing eggs either as a mass or a few at a time (Smith 1935). The eggs 

disperse singly, floating downstream and attaching to submerged rocks and woody 

debris. The spring-shaped KCTs allow the egg to cling to rocks and other submerged 

debris (Dominguez and Cuezzo 2002). This wide dispersal of eggs may improve 

individual survival since small-scale or localized adverse environmental conditions 

would be less likely to affect all eggs (Peckarsky and Taylor 2000). Additionally, 

dispersal of eggs prior to hatching may be advantageous for less mobile mayfly 

nymphs (such as C. reticulata), as it would reduce the proximity of hatchlings and 

prevent competition for resources. 

A smaller number of ephemeropterans, possibly just the genus Baetis, oviposit 

eggs in clutches on partially submerged rocks and wood detritus (Smith 1935). The 

Baetis female lands on a submerged object and crawls underwater, perhaps 
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preferentially along the downstream surface. Both wings and hydrofuge hairs trap air 

allowing for spiracular respiration underwater (Hinton 1981). Eggs are deposited in a 

tombstone-shaped sheet on the rock surface, and the female dies. 

Although this oviposition strategy requires intensive parental energy input, 

clutch placement allows the female to select a site less prone to scouring or with less 

sun exposure (Peckarsky and Taylor 2000). Also, placement on the surface of a 

submerged object may minimize or prevent encounters with egg predators. Further, as 

Baetis nymphs are adept swimmers, post-hatch dispersion is easily accomplished. 

Although the anchoring devices of ephemeropteran eggs are diverse enough to 

be of use in identifications/phylogenetics of the order, mayfly chorionic structures 

appeared similar (Fig 1.1). Eggs contain an inner vitellogin layer surrounding the 

embryo, and a harder shell-like outer layer comprised of the endochorion and 

exochorion. Oxygen uptake is facilitated by aeropyles that connect the inner 

membrane to external water flow (Gaino and Rebora 2005). Development times vary 

with species, but the eggs of most multivoltine species hatch within four to five weeks 

of ovipostioning and those of univoltine species within two to three months, 

depending on water temperature (Dobrin and Giberson 2003). For instance, Baetis 

vegans egg maturation occurs within eleven days when laboratory-cultured at room 

temperatures, but the species requires 28 days before hatching in a cooler water 

system (Needham et al. 1935).  
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1.3.1.2 Plecopteran egg biology  

Like most mayflies, Perlid stoneflies oviposit in streams by producing egg 

masses externally and then depositing them directly into the water flow. Females often 

carry the masses for some time prior to oviposition; eggs are held together by a thin 

membrane (Rosciszewska 1991). After deposition, this membrane breaks and 

individual eggs scatter in the flow and attach to submerged debris (Stark et al. 1987). 

This strategy disperses the eggs, which is crucial to preventing post-hatch sibling 

cannibalism.  

Hesperoperla pacifica eggs are ovoid, and like many perlid eggs, the shell is 

comprised of two distinct layers: a thin vitellogenin membrane immediately 

surrounding the embryo, and a harder, articulated outer layer comprised of hexagonal 

segments. (Rosciszewska 1991, Fig. 2.1). Presumably, this hard covering protects the 

egg from mechanical damage during development, and its dark brown coloration may 

act as camouflage. The two layers are separated by a cavernous system (plastron) 

containing a number of aeropyles capped by a gelatinous covering (Hinton 1981). 

Presumably, this covering prevents flooding of the plastron system, but permits the 

diffusion of oxygen to the developing embryo.  The attachment disc, a thick 

proteinaceous gelatin, occurs at one pole.  

Many stonefly eggs undergo long developmental periods: in two different 

laboratory studies, hatching initiated after incubation of more than 90 days in 15°C 

water. Warmer temperatures lengthened developmental time (Miller 1939). The 

extended time devoted to embryonic growth could put these eggs at increased risk of 
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multiple esfenvalerate exposures, as compared to those aquatic insects with shorter 

embryonic developmental times. 

 

1.3.1.3 Trichopteran egg biology  

Excepting a few species, almost all trichopteran species oviposit eggs inside 

gelatinous clutches (Hinton 1981, Fig. 1.3). Females produce the jelly in the accessory 

gland, and analysis indicates that it is comprised almost completely of polysaccharides 

(Unzicker 1968). Brachycentrus sp. jelly, for example, was found to contain mannose, 

galactose, glucose, n. acetyl glucosamine, and n-acetyl galactosamine. (Middleton 

1977). Gelatinous egg clutches are common among aquatic and semi-aquatic animals: 

in addition to trichopterans, amphibian, gastropod, fish, and dipteran species oviposit 

eggs inside gelatinous clutches. 

The gelatinous matrix appears to confer several fitness advantages to the 

developing egg. Primarily, the matrix prevents encounters with egg predators, all but 

negating predation-caused egg mortality (Willis and Hendricks 1992). The jelly may 

also protect developing embryos from bacterial and fungal infection. It has also been 

suggested that the presence of the gel matrix may provide shelter from short-term 

physical stressors, such as desiccation and UV light exposure (Peckarsky and Taylor 

2000). However, packaging eggs inside jelly further exacerbates embryos’ difficulties 

in obtaining oxygen, as dissolved oxygen must diffuse first through the gel and then 

into the egg (Seymour 1995). As a result, the relative amount of gel per egg must be 

great enough to provide each embryo with enough oxygen to develop properly. 
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Incubating Tripneustes gratilla  sea urchin eggs in artificial agarose gel masses of 

variable size indicated that larger gel masses provided a greater oxygen supply, and 

eggs in smaller masses experienced higher mortality than those embedded in a greater 

amount of gel (Lee et al. 1998). Therefore, a greater amount of gel and increased adult 

energetic input is essential for optimal development. Developing embryos also exhibit 

behavioral mechanisms to improve oxygen uptake from the surrounding gel. 

Amphibian embryos have been observed spinning and rotating inside the shell to 

circulate the perivitelline fluid and increase oxygen uptake from the surrounding gel 

(Seymour 1995). Late-stage Brachycentrus embryos were observed engaged in similar 

behaviors during the course of these experiments. 

Because oxygen is more limited for eggs embedded deeper in the gel, growth 

of the innermost embryos may lag behind that of those closer to the surface. In fact, in 

the Brachycentrus egg clutches observed here, the outermost eggs hatched first, 

followed by the innermost eggs one to two days later. This hatching asynchrony may 

discourage sibling competition or cannibalism post-hatch. After hatching, neonate 

larvae remain in the gelatinous matrix for a short time, usually about a day, taking 

further advantage of the protection from predators. When the young larvae crawl to 

the surface of the gel, diatoms and periphyton adhered to the outside provide an initial 

food source (Reich 2002). Small bits of plant material accumulate on the surface after 

oviposition, which can be used by newly emerged larvae to construct their first cases. 

Thus, by the time the young larvae leave the egg mass, they have been provided with 

food and a means of building a protective case. 
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1.3.1.4 Sensitivity of aquatic insect eggs to insecticide contamination  

Little research has been performed on the susceptibility of aquatic insect eggs 

to waterborne insecticide contamination, and results have indicated a wide range of 

sensitivities among different types of eggs. Eggs of the burrowing mayfly Hexagenia 

rigida (Ephemeroptera: Ephemeridae) proved slightly sensitive to methoxychlor, with 

LC50 values for eggs ranging from 60 to 120 µg/L, depending on water source utilized 

in each bioassay (Friesen 1979). Conversely, organochlorine insecticides proved 

highly toxic to Triaenodes tardus (Trichoptera: Leptoceridae) eggs. Exposure to 0.1 

µg/L dichloro-diphenyl-trichloroethane completely prevented successful hatching, and 

higher concentrations resulted in embryo mortality (Belluck 1981). Further, significant 

behavioral effects including lethargy were observed in T. tardus neonate larvae 

hatched from eggs exposed to 0.01 µg/L DDT. 

Considering that exposure to organochlorine insecticides induced both lethal 

and sublethal effects in aquatic insect eggs, waterborne synthetic pyrethroid 

insecticides might pose a similar risk, given their similar mode-of action and chemical 

behavior.   

 

1.3.2 Aquatic insect functional feeding groups  

After eclosion from eggs, aquatic insects immediately begin feeding. Because 

the reproductive stages are short-lived, with many adults unable to feed, it is essential 

that sufficient energy reserves are acquired and stored during the feeding aquatic life 
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stages. Because of the diversity of food sources exploited by aquatic insects, they are 

frequently classified by their specific food gathering method, or functional feeding 

group (Rawer-Jost et al. 2000). These feeding strategies are closely linked to stream 

production. Small heterotrophic streams are characterized by large allochthonous 

energetic input (e.g. leaf fall from nearby trees), and so many insects in these systems 

feed on terrestrial-derived organic matter. Conversely, autotrophic stream systems are 

characterized by high levels of primary production, including algal, diatom, and 

macrophyte growth (Cummins and Klug 1979). Many aquatic insects in these 

autochthonous-dominated streams are adapted for feeding on living plant and algal 

material, a far richer food source than terrestrial inputs. Other insects take advantage 

of upstream processing, feeding on suspended particles carried in the water column.  

Scrapers, like C. reticulata mayflies, feed on periphyton by scraping algal 

fragments off rocks and submerged debris (Fig. 1.4). As a food source, algae have a 

higher nutritional content than the detrital fragments, providing significantly more 

calories per gram (Cummins and Wuycheck 1971). Although scrapers primarily feed 

on algae, the insects do ingest detritus particles and sediment that has settled onto the 

algae-covered surfaces (Madsen 1972). In smaller headwater streams, the relative 

amount of detrital matter in scraper diets may be greater than in larger streams, 

possibly because allochthonous leaf input dominates in these systems. Filter feeders 

such as B. americanus larvae collect food directly from the water column, feeding on 

fine detrital particles and small invertebrates. Larvae situate themselves facing the 

stream flow and trap suspended food items with their legs, equipped with many 



 23 

specialized hairs to assist in food collection (Gallepp 1974, Fig. 1.5). However, 

Brachycentrus larvae do not actively search for food items and out-of-reach potential 

prey are ignored (Murphy 1919). Consequently, this strategy requires little to no 

energy be expended in locating food sources, and filter feeders may be more selective 

in choosing food items. Active predatory insects, such as H. pacifica nymphs, not only 

exploit a extremely nutrient-rich food source, but enjoy a wide selection of potential 

prey items (Fig. 1.6). Subsequently, plecopteran predators routinely exhibit preference 

for certain prey species, usually those that provide the most energy gain for the least 

amount of predatory exertion (Peckarsky et al. 1994). 

Feeding strategy can dictate aspects of life history, including life span and life 

cycle timing. For example, leaf-shredder insects usually exhibit slow growth as a 

result of the poor nutrient content of leaves. Life cycles are timed so that the major 

growth period occurs during fall and winter when autumnal leaf fall provides a 

plentiful food source (Anderson 1979). Because feeding strategies and life history are 

strongly linked to food quality and growth rates in aquatic insects, these organisms 

may respond differently to pyrethroid-contaminated food sources, depending on 

functional feeding group. 

 

1.3.2.1 Potential for insect sensitivity to trophic esfenvalerate exposures  

Considering the hydrophobicity of pyrethroids, a large percentage of the mass 

that enters surface waters will be adhered to fine particles or adsorbed to dissolved 

organic material (Liu et al. 2004). While particulate-adsorbed insecticides are 
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unavailable for insect cuticular uptake, bound pyrethroids may become incorporated 

into insect food sources. Increasing the amount of suspending sediment in the water 

column decreased the toxicity of several pyrethroids to Ceriodaphnia dubia, most 

likely by reducing the bioavailable freely dissolved fraction (Yang et al. 2006). 

However, pyrethroid-spiked sediments induced invertebrate drift and decreased total 

emergence and survival after introduction into artificial stream systems (Schulz and 

Liess 2001). This suggests that particle-associated pyrethroids are still available for 

insect uptake, possibly through ingestion of contaminated particles. 

Although there is no evidence to suggest that pyrethroids will bioconcentrate 

or biomagnify within a food web, there is still the risk that consumption of pyrethroids 

along with food items may cause toxic effects in aquatic insects. Dietary exposure to 

pyrethroids has been shown to cause adverse effects in terrestrial pest insects. 

Egyptian cotton leafworm larvae (Spodoptera littoralis) reared on diet containing the 

synthetic pyrethroid cyfluthrin exhibited decreased growth through an insecticide-

induced feeding inhibtition (Bernard and Lagadic 1993). Affected larvae also 

experienced a reduction in the efficacy of conversion of ingested food. Ultimately, 

dietary consumption of cyfluthrin delayed development and reduced adult body 

weight, even after larvae were transferred to clean food and an increased feeding rate 

was observed.  

 Delayed development and inhibited growth would adversely impact aquatic 

insect population vitality. Aquatic insect life cycles are seasonally constrained to 

ensure that terrestrial adults emerge into favorable environmental conditions that 
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promote maximum fecundity and dispersal (Merritt and Cummins 1996, Brittain 

1990). However, stressed insects may delay emergence in order to complete aquatic 

growth, even though this may increase the risk of emerging into unfavorable terrestrial 

conditions and decrease the likelihood of locating a mate (Corkum et al. 1997). In 

addition, size at emergence contributes to reproductive output, as it positively 

correlates with fecundity. Alternately, smaller individuals may emerge during the 

normal time period as a smaller adult with reduced reproductive output (Sibley et al. 

2001, Taylor et al. 1998). Hemimetabolous insects, in particular, exhibit a wide 

natural variation in adult size, suggesting that stressed insects do not delay emergence 

(Brittain 1990). Links have been established between diminished larval growth and 

reduced adult size for holometabolous aquatic insects as well. Chironomus tentans 

larvae reared with differing amounts of available food exhibited size differences at 20 

days that correlated with eventual adult sizes (Sibley et al. 1997).  

Although consumption of pyrethroid-poisoned food may disrupt of the normal 

nymphal/larval growth cycle, propensity to consume contaminated food may vary 

across different functional feeding strategies. Whereas grazing mayflies increase 

consumption when confronted with a poor quality food source, both filter feeders and 

predators may select for non-contaminated sources. Consequently, degree of trophic 

pyrethroid exposure may be determined by food selectivity and functional feeding 

group. 
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1.3.3 Complex maintenance behaviors: B. americanus caddisfly case-building 
  

During the aquatic portion of their life cycles, certain caddisfly species alter 

their environment through construction of intricate portable cases that encircle and 

protect their bodies. The cases are composed of spun silk and small rocks, plant 

material, or sand, and are so meticulously constructed that they are extremely helpful 

in identifying specimens (Merritt and Cummins 1996).  Two primary hypotheses 

explain the essential function of the caddis case: 1) the case both camouflages the 

insect from potential predators and provides a physical barrier that prevents predation 

attempts, and 2) the case acts as a respiration aid, and allows the insect control over 

respiration rate (Williams et al. 1987). However, additional ecological advantages are 

associated with case-building, including improved larval mobility and increased 

current resistance (Hansell 2005, Otto and Johansson 1994). Ultimately, the caddis 

case relieves some of the selection pressures that would normally act upon caddisfly 

larvae. 

Creating a localized habitat (such as a protective case) to improve survival is 

referred to as niche construction (Hansell 2005). Because selection pressures are 

altered by construction of a protected niche, it is probable that such animals become 

evolutionarily dependant on construction behaviors. In fact, case-building caddisfly 

larvae exhibit softer bodies and lack defensive abdominal setae observed on free-

living caddisfly species (Merritt and Cummins 1996). The different morphologies of 

case-making and free-living caddis species suggest that case-making caddis larvae are 

dependant on their case for survival.  Consequently, if a caddis larva is deprived of the 
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ability to build or retain this specialized structure, it will be extremely vulnerable to 

predation and physical damage. 

 Despite its dependence on the case for survival, a caddis larva will abandon its 

cases during times of severe duress, and it is thought that this action represents a final, 

desperate attempt to avoid a deadly situation (Dobson et al. 2000). Many caddis larvae 

have been observed abandoning their cases when subjected to very low oxygen 

environments, even though the case is thought to improve respiration (Otto 1983), and 

both extremely cold and hot water temperatures have been shown to elicit this reaction 

as well (Dobson et al. 2000).  In addition to adverse environmental conditions, 

physical threats also induce case-abandonment. For example, Trichostegia minor 

larvae fled their cases during a simulated bird attack (repeating grasping with forceps), 

while Glyphotaelius pellucidus larvae remained inside their cases, utilizing them as a 

defense (Otto 1983). Researchers theorized that the difference in behavior may have 

resulted from disparities in case strength:  T. minor larvae construct flimsy cases that 

provide little protection against an avian predator, whereas G. pellucidus cases are 

much sturdier. Burial of the encased larvae has also been shown to cause affected 

insects to leave their cases. Dobson, et al proposed that the cases prevented the larvae 

from crawling out of the substrate, and abandonment improved insects’ chances of 

escaping to the substrate surface (2000). 

 Case-less larvae can rebuild cases, but the process is complicated and 

energetically costly. Silk production, in particular, depletes larval energy stores. 

Experiments on the neurological system of a net-spinning caddisfly (Tachet 1978) 
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indicated that spinning behaviors are controlled by specific sections of the nervous 

system. Surgical removal of the frontal ganglia and the sixth abdominal ganglia did 

not affect construction of the net or retreat. However, removal of each of the thoracic 

ganglia resulted in insects that could produce silk, but not engage in coherent building 

behaviors. Excision of the supraesophogeal ganglia produced larvae incapable of 

producing silk, even when mechanically stimulated to do so. Interestingly, larva with 

excised second abdominal ganglia produced retreats that were significantly shorter 

than retreats built by control insects. This research indicates two things:  

1) both silk production and spinning behaviors are controlled by 

specific parts of the nervous system, the supraesophogeal and 

thoracic ganglia, respectively, and 

2) abdominal ganglia assist in sizing of retreat dimensions. 

Caddisflies stripped of their cases build at a faster than normal rate, first 

constructing a sloppy provisional case similar in structure to that of newly hatched 

larvae (Gorter 1929). Limnophilus flavicornis Fabr. (Trichoptera: Limnophilidae) 

larvae deprived of their cases initially rebuilt provisional cases without biting or 

cutting any of the plant material. Since precise shaping and placement of plant 

material within a case requires time, larvae instead formed rough cases from materials 

at hand, and then transitioned into more precise building behaviors (Gorter 1929, Fig 

1.7).  As such, insects preferred building with softer materials, such as algae strands, 

to pine needles and leaf fragments since the soft algae was easily molded around the 

body. Often, the building of the provisional case was accomplished within 24 hours, 
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but rebuilding a normal case took nearly ten times as long (Gorter 1929). 

Consequently, loss of the case can severely impact not only the immediate survival of 

caddisfly larvae, but may also have long-term impacts on energy acquisition and 

allocation abilities. 

 

1.3.3.1 Case maintenance behaviors as a target of sublethal pyrethroid exposure 
  

Although the abiotic conditions that induce case-abandonment are well-

documented, case-abandonment as a symptom of insecticide poisoning has not been 

studied. However, during a mesocosm-level study, Anderson observed B.americanus 

caddisfly larvae responding to sublethal fenvalerate exposures by abandoning their 

cases (1982). Considering the impact synthetic pyrethroids have on the peripheral 

nervous system, exposure to sublethal concentrations of esfenvalerate may aggravate 

the insect, causing it to crawl out of its case. Once deprived of a case, the caddis larva 

is susceptible to a number of threats, including predation and crushing.  

Since exposure to neuro-active insecticides has been shown to alter the 

behavior of a number of different animal species, it is plausible that niche 

construction, specifically case-building, may be altered in the presence of such 

compounds. The net-spinning ability of the free living caddisfly Hydropsyche siltalai 

(Trichoptera: Hydropsychidae) was diminished following exposure to fenvalerate. 

Affected insects constructed nets containing fewer silk strands and larger gaps 

(Wendt-Rasch et al. 1998). Ultimately, since synthetic pyrethroids disrupt insect 
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behavioral homeostasis, exposure to non-lethal esfenvalerate concentrations may 

interfere with trichopteran case maintenance, reducing both insect survival and fitness.  

   

1.3.4 The biology of pre-adult semi-aquatic insect life stages 

 The transition from the immature aquatic stage to the winged adult form is a 

critical and often risky life stage for aquatic insects. Not only are individuals more 

vulnerable to predators during the rise to the surface-air interface, but newly aerial 

adults are at risk of becoming waterlogged and drowning (Jakob and Suhling 1999). In 

order to maximize successful emergence, both hemimetabolous and holometabolous 

stream insects exhibit a number of behavioral and physiological adaptations that allow 

for underwater development of adult features followed by a quick escape to the 

surface (Merritt and Cummins 1996). Aquatic insects undergo rapid and complex 

growth prior to emergence, often under energetically-limited conditions, since many 

late-stage insects cease feeding before initiating formation of adult structures 

(Edmunds and McCafferty 1988). Further, adult morphology and longevity is 

dependant on the accumulation of resources during the aquatic life stages. Stressed 

nymphs and larvae typically emerge as smaller adults which exhibit reduced flight 

ability and shortened life spans (Stevens et al. 1999, Corkum et al. 1997). Since the 

reproductive adult stage tends to be brief (a few days to a couple weeks in most cases), 

ovary development and egg production occur prior to emergence (Merritt and 

Cummins 1996).  
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 Hemimetabololous insects, such as stoneflies and mayflies, do not pupate, and 

instead undergo a final ecdysis into the winged adult form (Fig 1.8). These insects 

must molt at the water’s surface or entirely out of the water to avoid drowning. 

Conversely, holometabolous insects exhibit complex physiological changes during the 

transition from larvae to adult. During pupation, larval features degrade and adult 

structures are developed (Stevens et al. 2000). Because of this radical transformation, 

insects are nearly defenseless, and many conceal themselves for the duration of the 

developmental period. Case-making caddisflies utilize their portable refuges as 

protective cover and camouflage during pupation (Wiggins 1998). Like the caddis 

larvae, pupae can also improve respiration by altering the rate of water flow through 

the case by undulation (Wiggins 1989). After development, the insect swims to the 

surface where it emerges into the terrestrial environment, similar to the 

hemimetabolous mayflies and stoneflies. 

 In both cases, the immature insect is most vulnerable to predators during this 

stage. In fact, emerging insects are available to both aquatic and terrestrial predators, 

including robber flies, water striders, and birds (Jakob and Suhling 1999). 

 

1.3.4.1 Hemimetabolous emergence in C. reticulata and H. pacifica 

 Many mayfly emergences are triggered by environmental cues, including 

changes in temperature, light, and water flow (Brittain 1982). In most temperate 

climates, emergence is limited to the period between late spring and fall, since summer 

emergences allow for optimal environmental conditions for adult survival, mating, and 
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oviposition. Daily timing of emergence can also be influenced by wind speed, 

precipitation, and turbidity (Brittain 1982). Prior to emergence, C. reticulata mayflies 

float to the stream surface with the assistance of air stored under the exoskeleton. 

While floating at the surface, an ecdysal suture splits along the back, and the winged 

insect frees itself from the final nymphal skin. It is essential that the process is rapidly 

completed since surface-floating insects are extremely vulnerable to fish predation 

(Edmonds and McCafferty, 1988). Subsequently, any delay or lengthening of the 

emergence process increases the amount of time the mayfly is exposed to predation.  

Adult mayflies are non-feeding, and are dependant on energy reserves stored 

during the nymphal stage. The short exsistance of mayfly adults is devoted to dispersal 

and reproduction. Dispersal capacity of the mature mayfly is limited because adults 

are fragile, short-lived and not suited for long-distance flight (Brittain 1982). 

Consequently, any reduction in adult fitness (e.g. decrease in thorax and wing size, 

reduced energetic stores) may further impact dispersal strength. Further, because adult 

lifespan is so short, any additional reduction in longevity may diminish reproductive 

success if an individual cannot survive long enough to mate or oviposit. 

Like mayflies, stoneflies are hemimetabolous, transitioning directly from 

nymph to adult. However, because of their large size and weight, pre-emergent 

nymphs are physically unable to employ the float-and-emerge technique utilized by 

the lighter mayfly nymphs. Rather, the large stonefly nymphs crawl out of the water 

onto submerged rocks and woody debris, and perform their final ecdysis there. The 

nymphal skin splits along the dorsal ecdysal suture, and the adult wiggles out. As with 
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the mayflies, this process must be performed quickly to avoid predation during this 

vulnerable time. Emerging stoneflies are available to insectivorous birds, as well as 

smaller scavengers, such as ants or spiders, that may inhabit the submerged debris. 

 Pre-emergent mayflies and stoneflies may be more susceptible to insecticide 

exposure as a result of the energetic demands placed on the insect at the life stage. 

Reductions in adult lifespan, alterations of adult morphology, and disruptions of 

emergence are all potential impacts of late-stage insecticide exposure. Because 

pyrethroids can impact both muscle control and hormone levels, ecdysis, particularly 

that of nymph to adult, may be especially sensitive to the physiological effects of 

esfenvalerate. Successful ecdysis occurs through a conjunction of precisely-timed 

endocrine cascades and a series of controlled muscle movements. Ecdysis-associated 

hormones initiate the formation of the new exoskeleton, mediate the separation of the 

old exoskeleton from the new, and even control molting-related behaviors. These 

behaviors are comprised of a series of muscular contractions and expansions that help 

free the insect from the old exoskeleton. Consequently, exposure to low levels of 

esfenvalerate may interfere with these emergence processes, either prolonging the 

length of emergence time or preventing emergence altogether.   

 

1.3.4.2 Holometabolous emergence in B. americanus  

Case-making caddisfly larvae initiate pupation by attaching the case to 

substrate and spining a silken membrane over the open end, sealing itself inside (Fig. 

1.9). The membrane prevents the entry of midge larvae and other predators, but allows 
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for the free flow of water around the developing pupa (Wiggins 1989). After silking 

itself inside the case, the caddisfly enters a pre-pupal or diapause phase, during which 

the larva is non-feeding and quiescent, but has not yet initiated the larval-pupal 

ecdysis (Wiggins 1996). The period of time spent in the pre-pupal phase varies among 

species. 

Once pupation begins, the insect is contained within a pupal skin, a transparent 

membrane with a number of schlerotized hooks. These structures allow the insect to 

perform slight movements within the case by gripping onto the interior silk lining of 

the case, allowing the pupa to force water through the case (Wiggins 1989). The 

behavior facilitates oxygen uptake by drawing in oxygenated water, and is essential 

for pupal survival since the membrane that protects the insect from predators is also a 

barrier to water flow. The pupae also are equipped with setae used to brush off 

particles trapped on the membrane, preventing fungal and algal growth; if the insect is 

unable to perform these behaviors, the membrane will become clogged and the insect 

will be oxygen-deprived (Wiggins 1998). 

When pupal development is completed, the adult caddisfly must exit the case 

and travel to the water’s surface without becoming waterlogged. Fully developed 

caddisfly pupae use schlerotized mandibles to cut through the silk membrane, freeing 

themselves from the cases (Wiggins 1989). Brachycentrus americanus pupae slice the 

membrane along the edges of the case, in an almost perfect circle. When the insect 

emerges from the case, it is still contained in the pupal skin, but exhibits adult features 

and is known as a pharate adult. The pupal skin is a waterproof integument that 
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protects the adult features from water damage, and decreases the drag during 

swimming. The mesothoracic legs are free-moving and covered with dense setae; 

these are used to propel the insect from the substrate to the surface (Wiggins 1996). 

There, the insect sheds the pupal membrane and the fully-formed adult insect flies 

away, usually within les than a minute after surfacing. 

 

1.3.4.3 Potential sensitivity of pre-emergent insect life stages to synthetic 

pyrethroids  

Pre-emergent aquatic insects may be highly susceptible to esfenvalerate 

exposures because of the rapid physiological changes experienced during this stage. 

Whereas growing nymphs and larvae can increase food intake or delay growth to cope 

with toxic effects, pupae and last-instar nymphs develop using limited energy reserves 

(Brittain 1982, Wiggins 1989). Diversion of these reserves to detoxicification and 

behavioral recovery may disrupt emergence, either by delaying the process or by 

arresting it altogether. Exposure also may result in altered adult morphology and 

decreased fecundity (Sakamoto et al. 2006, Madden et al. 1992). Toxicological 

research on some agriculture-associated insect species indicates that pupal emergence 

may be a sensitive life stage for important predators. Successful eclosion of Nephaspis 

oculatus pupae exposed to bifenthrin was reduced to less than 40% of control pupae, 

and the pupal life stage was determined to be more susceptible to insecticides than 

larval stages (Liu and Stansly 1996).  
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Further, synthetic pyrethroids have been shown to impact normal endocrine 

function and hydrocarbon biosynthesis—both essential processes for successful adult 

emergence (Merritt and Cummins 1996). Synthetic pyrethroid exposures induce 

inappropriately-timed releases of the hormones that govern both energy mobilization 

and ovary development (Alaloui et al. 1994, Friesen and Kaufman 2003). Exposure to 

sublethal esfenvalerate concentrations might alter the progression of the hormone 

cascades that govern the ecdysis and pupation processes in insects. Neurological 

dysfunction resulting from synthetic pyrethroid exposure may also interfere with the 

specific behaviors required for successful ecdysis.
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Table 1.1: Variable life history strategies of C. reticulata mayflies, H. pacifica stoneflies, and B. americanus caddisflies. 

Insect species Functional feeding group Life cycle Egg morphology Aquatic Life Span Instars Emergence Technique 

Cinygmula 
reticulata 

(Mayfly) 
 
 

 
Scraper/ grazer 

 
Slow seasonal? 

Ovoid , 0.17 mm, thin 
chorion, less than 1 
month development 

 
9 months? 

 
Indeterminate 

 
Hemimetabolous 
surface emergence 

Brachycentrus 
americanus 

(Caddisfly) 
 

 
Omnivorous filtering 
collector  

 
Slow seasonal 

Ovoid, encompassed by 
gelatin-matrix, thin 
chorion, 1-2 months 
development 
 

 
10 months? 

 
5 

 
Holometabolous 
pupation followed by 
surface emergence 

Hesperoperla 
pacifica 

(Stonefly) 

 
Predator 

 
Non-seasonal 

Ovoid with distinct 
poles and attachment 
disc, thick chorion,  4+ 
months development 

 
~ 3 years 

 
Indeterminate 

 
Hemimetabolous 
riparian emergence 
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Fig. 1.1: Baetis sp. neonate nymphs hatching from eggs. Unlike most ephemeropteran species, 
Baetis mayflies oviposit eggs in clutches. However, the chorion morphology is similar to other 
species. Mayflies eggs have a thin chorion that promotes oxygen uptake and facilitates rapid 
embryonic development. Actual egg length is 0.17 mm. 
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Fig. 1.2: The H. pacifica egg morphologies allow the embryo to 
develop undisturbed for months prior to hatch. The chorion is thick and 
rigid, protecting the developing embryo. An articulated attachment disc 
is visible on the left pole. Eye spot and larval articulation is visible in 
pictured egg, indicating that egg is close to hatch. Actual length of egg 
is 0.275 mm. 
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Fig. 1.3: B. americanus eggs develop within a gelatinous clutch. This strategy is common 
among trichopterans, as is protects developing eggs from dessication, predators, and fungal 
infections. Actual length of eggs is 0.2 mm. 
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Fig. 1.4: Scraper mayflies exhibit morphologies that facilitate feeding on 
periphyton-covered surfaces. C. reticulata nymph head and mouthparts are 
dorsoventrally flattened, which allows for maximum contact with the food source. 
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Fig. 1.5: B. americanus larvae filter food particles from the water 
by outstretching legs into flow. Hairs on the legs help trap organic 
material (see insert). Larvae will also prey on other insects, if 
these come into contact with their legs. 
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Fig. 1.6: A H. pacifica nymph attacking a B. americanus larva. These nymphs 
are voracious predators that regularly consume smaller aquatic invertebrates. 
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Fig. 1.7: A B. americanus larvae rebuilding a case. Larvae select, cut 
and shape plant material into a striated, chimney-like case. 
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Fig. 1.8: Hemimetabolous insects, like C. reticulata mayflies, transition directly from nymph 
stage to a terrestrial winged stage. This process is very delicate and requires the rapid 
separation of the new winged form from the nymphal exoskeleton to prevent drowning or 
predation. 



 

 

46 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1.9: B. americanus larvae pupate inside the larval case. The larva retreats into the 
case, enclosing itself inside by spinning a silk membrane across the opening. Openings 
in the screen allow for the free flow of water and oxygen into the case (visible above). 
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Abstract- We investigated Baetis sp. (mayfly), Hesperoperla pacifica (stonefly), and 

Brachycentrus americanus (caddisfly) susceptibility at the egg stage to esfenvalerate, 

a synthetic pyrethroid insecticide. Eggs or gravid females were collected at sites near 

Corvallis, OR, USA and the Metolious River at Camp Sherman, OR, USA for static 

exposures under controlled conditions for temperature and light. Eggs were exposed to 

esfenvalerate for 48h at concentrations ranging from 0.025 to 4.0 µg/L. No effect on 

mortality or post-hatch growth was detected in H. pacifica eggs exposed to 

esfenvalerate concentrations of up to 1.0 µg/L. However, exposure to 0.07 µg/L 

esfenvalerate caused a significant increase in Baetis sp egg mortality, and exposure of 

near-eclosion eggs to lower concentrations (0.025 and 0.05 µg/L esfenvalerate) 

resulted in behavioral effects and reduced survivorship in newly hatched Baetis 

nymphs. Early-stage B. americanus eggs were ten times more sensitive to 

esfenvalerate when removed from the gelatinous clutch prior to exposure, an 

indication that the gelatin affords protection from toxicant exposure. However, 

exposures of near-hatch B. americanus clutches to esfenvalerate concentrations 

ranging between 0.035 and 0.2 µg/L resulted in significant clutch death within 

clutches resulting from behavioral aberrations of first-instar larvae.  
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INTRODUCTION 

Although commonly considered a robust life stage, the eggs of aquatic 

organisms may be uniquely susceptible to water-bourn contamination. Previous 

studies have shown that the chorion of aquatic eggs does not prevent uptake of toxins 

from the water column. Uptake of water-bourn contaminants has been observed in the 

eggs of several aquatic and semiaquatic organisms, including amphibians, fish, and 

salamanders (Greulich and Pflugmacher 2004, Black et al. 1983). The eggs of both 

large-mouth bass (Micropterus salmoides) and rainbow trout (Salmo gairdneri) 

absorbed aromatic hydrocarbons from the water column (Black et al.1983). Enclosure 

of embryos within a gelatinous matrix, such as those found surrounding many 

amphibian eggs, is similarly unable to prevent uptake of contaminants into the eggs. 

More than 150 ng of 14C-labeled cypermethrin was detected in yellow-bellied toad 

(Bombina variegate) embryos following 24h exposure at a concentration of 0.4 �g/L 

(Greulich and Pflugmacher 2004). Triaenodes tardus caddisfly egg masses, which are 

also encased in a gel matrix, were also shown to accumulate a number of pesticides 

including DDT, dieldrin and diflubenzuron (Belluck and Felsot 1981).  

Aquatic eggs and egg clutches may lack the capacity to either avoid or 

metabolize the surface water contaminants that they absorb. Unlike later life stages, 

eggs lack compensatory behavioral mechanisms (e.g., avoidance drifting) that might 

protect them from exposure. Metabolic capacity also fluctuates over the course of 

embryonic development, decreasing to levels as low as those recorded for newly 

hatched larvae (Kocan and Landolt 1984). Further, the finite energy resources 
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available to developing embryos may prevent them from overcoming toxin-induced 

energy depletions (Goulden et al. 1987).  

Previous research has indicated that aquatic embryos can be damaged by low 

concentrations of agrochemicals, although the effects may be delayed.  Exposure to a 

number of different insecticides has been shown to cause delayed hatching, larval 

deformities, slowed growth, and decreased time to metamorphosis (Greulich and 

Pflugmacher 2003, Bridges 2000, Rohr et al. 2003). For example, Rana arvalis 

embryos exposed to 0.1 �g/L �-cypermethrin exhibited decreased length at 

metamorphosis and metamorphosed earlier than controls (Greulich and Pflugmacher 

2003). Embryonic exposure to carbaryl resulted in developmental deformities in 

southern leopard frog tadpoles (Rana sphenocephala) and significantly decreased 

mass at metamorphosis (Bridges 2000). In addition, behavioral effects including 

hyperactivity were observed in Bufo arenarum toad tadpoles that had been exposed to 

dieldrin as embryos (Gauna et al.1991).  

Although the sensitivity of fish and amphibian eggs has been documented for a 

range of pesticides, the susceptibility of aquatic insect eggs to pesticides has not been 

studied extensively. Embryos of the fly Paratanytarsus parthenogeneticus (Diptera: 

Chironomidae) exposed to fenitrothion, an organophosphate insecticide, displayed 

difficulty in hatching and delayed larval mortality (Anderson 1983). Suppressed and 

delayed hatches were observed in Hexagenia rigida (Ephemeroptera: Ephemeridae) 

eggs following chronic exposures to 0.5 and 1.0 mg/L methoxychlor (Friesen 1979). 

Hydrophobic insecticides, including DDT, were extremely toxic to Triaenodes tardus 

caddisfly egg masses, disrupting embryonic development in the low ppb to ppt 
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concentration range (Belluck 1981). Uptake into the egg mass was rapid, with 

measured bioconcentration factors of 80 to 300 at 96h of exposure. Bioconcentration 

factors were shown to increase with the octanol-water partitioning coefficient (Kow), 

suggesting that Kow for these compounds may be predictive of bioconcentration 

potential. Like DDT (log Kow ~6), esfenvalerate (log Kow 7.2) is hydrophobic and will 

partition to lipophilic surfaces (i.e. detritus, dissolved organic matter, sediment) in 

aquatic systems (Liu et al. 2004). Similarly, esfenvalerate should partition to the 

epidermal layers of insect eggs. McKim et al. report that chemical transport across 

trout gills can be predicted from Kow and molecular size (1985). Their findings suggest 

that pesticides like DDT and esfenvalerate cross biological membranes by passive 

diffusion, necessary for bioconcentration. 

Synthetic pyrethroid use has increased within the last fifteen years as 

organophosphate insecticides have been phased out of use. Pyrethroid insecticides 

induce toxicity by binding to voltage-activated sodium channels (Soderlund and 

Bloomquist 1989). This prevents channel closing and inactivation, resulting in 

prolonged nerve activity. In post-embryonic developmental stages, this leads to 

excitatory behavioral responses including twitching, muscle spasms, and ataxia 

(Casida 1983). The secondary effects of pyrethroid intoxication also include decreased 

hydrocarbon production and uncontrolled release of hormones, both of which could 

affect embryonic development (Freisen 2003, Juarez 1994). 

Synthetic pyrethroids are extremely toxic to the aquatic insect orders most 

sensitive to pollution, the Ephemeroptera, Plecoptera and Trichoptera (collectively 

termed the ‘EPT’ taxa) (Liess and Schulz 1996, Johnson et al. 2008, Beketov and 



 

 

52 

Liess 2005, Kreutzweiser and Sibley 1991). However, little is known about the 

toxicity of synthetic pyrethroids to the eggs of these orders. Understanding how 

pyrethroid surface-water contamination might impact this life stage of the sensitive 

EPT taxa will assist in defining the overall susceptibility of these organisms to water-

born insecticide contaminants.  

Aquatic insects are highly diversified, and their egg morphologies are similarly 

varied (Hinton 1981). We selected the eggs of three species that are representative of 

the diversity of egg morphology within the EPT taxa. The stonefly Hesperoperla 

pacifica exhibits a long embryonic development, and its eggs have a thick, extremely 

hard chorion which contains a chamber of air.  The rigidity of the shell helps protect 

the egg from shock and physical crushing during the four months of development 

(Stark et al. 1987), and the air chamber promotes oxygen uptake across the thick 

chorion (Hinton 1981). Conversely, the eggs of the mayfly Baetis sp. And the 

caddisfly Brachycentrus americanus both exhibit thin chorions (Hinton 1981). The 

developmental time for the eggs of these species is about a month, and the rapid 

oxygen consumption required for development is facilitated by a thinner chorion. 

Further, like many caddisfly species, B. americanus egg clutches are sequestered 

inside a gelatinous matrix which is similar to that of many amphibians. While this 

confers additional protection against damage and predation, the gel slows oxygen 

uptake and there is some evidence that the gel may act as a sink for lipophilic 

contaminants (Belluck 1981). 

The experiments described here were conducted to determine the susceptibility 

of eggs from three aquatic insect orders to esfenvalerate, a synthetic pyrethroid 
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insecticide, and to determine the extent to which egg or egg clutch morphology 

impacts susceptibility. We determined whether exposure resulted in significant egg 

mortality for Baetis sp. mayfly, B. americanus caddisfly, and H. pacifica stonefly 

eggs, and whether or not it occurred in a concentration-dependant manner. We 

determined whether timing of exposure affected post-hatch behavior, survivorship and 

growth for Baetis sp. mayflies. In addition, we considered the impact of B. americanus 

egg clutch morphology on the susceptibility of developing embryos to esfenvalerate, 

and whether the timing of exposure impacted egg mortality and either post-hatch 

fitness or survivorship.  

MATERIALS AND METHODS 

Chemicals 

Analytical grade esfenvalerate (ChemService, West Chester, PA) was used 

throughout this investigation. Methods of dilution to obtain experimental 

concentration are described in Johnson et al. (2008), as are nominal concentrations 

verification methodologies. Each esfenvalerate concentration used during the course 

of these experiments was verified using this methodology with duplicate samples 

analyzed for each treatment concentration. Grand mean of percentage of esfenvalerate 

recovered during analysis was 90.85 (standard deviation: 22.9). 

 

 

Baetis sp. egg mortality following exposure 

 Baetis sp. mayflies are the only ephemeropterans that deposit eggs in clutches, 

rather than scattering them in the stream flow (Hinton 1981). Following fertilization, 
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female Baetis alight on submerged rocks or woody debris and crawl beneath the 

water’s surface, where they oviposit rows of eggs in a characteristic tombstone 

formation (Smith 1935). Parental site selection improves survival for eggs and newly 

hatched larvae, and maximizes their growth potential (Peckarsky and Taylor 2000).  

 Baetis egg clutches were collected from June through November 2006 from 

three pristine sites: Rock Creek and Soap Creek near Corvallis, OR, and the Metolius 

River at Camp Sherman, OR. Eggs were field-identified during collection. Clutches 

were scraped off rocks using an X-acto knife (Elmer’s Products, Columbus OH, USA) 

placed into a container of source water, and kept chilled during transport to the 

laboratory.  The age of the eggs was estimated using the diagram in Needham, et al 

(Fig. 6, p 91); only eggs that showed initial morphological differentiation were used in 

the mortality bioassays. A total of ten egg clutches were utilized during this bioassay, 

and were exposed according to methodology described in Table 1 (test 1). Following 

exposure, replicates were each transferred to 100x50 crystallizing dishes (Kimax 

Brand, Gerreshiemer Glass Inc., Vineland, NJ, USA) containing chilled, aerated well 

water, and allowed to hatch. Both unhatched eggs and incomplete eclosures were 

classified as egg mortality, which was expressed as percent of the total number of eggs 

per replicate. 

 Percent egg mortality was averaged by esfenvalerate concentration and 

compared using an ANOVA procedure followed by a Tukey-Kramer multiple 

comparison to distinguish between exposure levels (GraphPad Prism version 5.00, 

GraphPad Software, San Diego California USA, www.graphpad.com). 
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Baetis sp. survival and growth following late-term egg exposure 

 Preliminary studies indicated that esfenvalerate exposure closely preceding 

hatch induced behavioral aberrations in newly hatched nymphs. To investigate this, 

egg clutches were collected as above, but only developed eggs (e.g. defined as being 

less than five days preceding hatch) were utilized in the bioassays. To accommodate 

inaccuracy in the designation of egg clutch age, a total of 15 egg clutches that 

appeared to be two to three days from hatching were utilized during this bioassay. 

These clutches were exposed according to the methodology descried in Table 1 (test 

2). At the conclusion of the exposure period, three clutches (comprising nine total 

replicates) were shown to have been at the correct developmental stage (e.g. within 

48h of hatching). Only these correctly-aged egg sheets were used in the statistical 

analysis, resulting in three replicates per test concentration. Egg sheets were each 

transferred to 300mL rectangular plastic food storage containers (14.5cm x 9.5cm), 

containing 100 ml chilled well water within a water bath (10 ± 2°C). Diatoms 

collected during August 2006 from the Metolius River, OR, and frozen were supplied 

as a food source. Disposable 9” glass pipettes affixed to air bubblers were positioned 

in containers to create a current. Eggs were allowed to hatch for 24h at which time the 

dead hatchlings were counted and removed, and the number of hatchlings exhibiting 

abnormal behaviors (inability to swim and inability to return to an upright posture) 

was also recorded. Dead neonates were also counted and removed at 48h and 62h. 

Surviving mayflies were allowed to feed for 14 days, and then head width and length 

were measured (± 0.005mm). 
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 Mean percentage post-hatch mortalities at each esfenvalerate test concentration 

were compared using an ANOVA procedure followed by a Tukey-Kramer multiple 

comparison (GraphPad Prism, version 5.00). Mean two-week mayfly nymph 

measurements at each esfenvalerate test concentration were compared using the same 

statistical method. 

 

H. pacifica egg mortality and post-hatch growth following exposure 

 Like most stream insects, Hesperoperla pacifica females scatter eggs by 

ovipositing directly into the stream flow. Dispersing individual eggs across a wide 

habitat may minimize the risk of massive embryo death as a result of adverse 

environmental conditions, which may occur with an egg clutch (Hinton 1981). 

Hesperoperla pacifica eggs are ovoid with a shell comprised of two distinct layers, 

and are separated by the cavernous plastron system capped by a gelatinous covering. 

This covering prevents flooding of the plastron system, but permits the diffusion of 

oxygen to the developing embryo (Hinton 1981).  An attachment disc comprised of 

proteinaceous gelatin anchors the egg to submerged surfaces (Rosciszewska 1991). 

To obtain these eggs, adults were collected from riparian vegetation along the 

Metolius River and transported back to the laboratory. Insects were placed in a 

modified oviposition chamber (Bjarnov and Thorup 1970) and fed a mixture of honey 

and water, which was applied to the interior walls and screen lid using a paint brush. 

Females were examined daily for evidence of external egg clutches, and if found, 

females were removed from the chamber with forceps and allowed to lay eggs into a 

400 mL beaker containing chilled, aerated well water (10 ± 2°C).  
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 Adult and egg collection was repeated three times during September 2006. At 

each time, eggs were collected over a period of four days, pooled, and then separated 

into six approximately equal groups. Egg groups were exposed according to the 

methodology described in Table 1, (test 3). Following the 48h exposure period, egg 

groups were then removed from spiked water, counted, and each transferred to 7.5 x 

10 cm mesh bags containing stainless steel shower curtain hooks as weights. The bags 

were suspended in an aquarium containing 20L of filtered well water (water filtered 

using a Katadyn Hiker Pro Filter, Katadyn Produkte AG, Switzerland), and provided 

with a bubbler for aeration and water circulation. The aquarium was placed back into 

the cold room (11 ± 2°C).  An antifungal agent (Para Guard, Seachem Laboratories, 

Madison, GA, USA) was added three times a week to the water, which was changed 

weekly. Eggs were held in this system for 18 weeks, at which point they were 

transferred out of the bags into individual 400ml beakers containing 200ml water to 

facilitate closer observation. The beakers were kept in a chilled water bath (10 ± 2°C) 

and provided constant aeration, and the eggs were recounted. Hatching commenced 

approximately 20 weeks after egg laying, and continued over 6 weeks. This 

developmental period was similar to those reported for a number of other perlid 

stonefly species (Hynes 1941). 

 During the hatching period, 24 newly hatched stoneflies were randomly 

selected from each treatment group, and transferred to individual wells in 

Fisherbrand® 96-Well DeepWell Polypropylene Microplates (Fisher Scientific). Trays 

were placed in a chilled water bath (10 ± 2°C) to maintain cold water temperatures in 

the wells. The water was replaced every third day. Three to five newly hatched Baetis 
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sp mayflies were pipetted into each well every four days as a food source. The 

stoneflies were allowed to feed for three weeks, at which time lengths and head widths 

were measured (± 0.005mm). 

Numbers of unhatched eggs were counted and expressed as a percentage of 

total for each treatment replicate. Average numbers of unhatched eggs were compared 

by test concentraion using an ANOVA procedure followed by Tukey-Kramer multiple 

comparisons to differentiate between treatment levels (GraphPad Prism version 5.00). 

Average H. pacifica nymph head width and lengths were compared by test 

concentration using the same statistical procedure. 

 

B. americanus early-stage egg mortality following exposure 

Much like Baetis females, B. americanus females oviposit egg clutches on 

partially submerged rocks (Hinton 1981). Caddisfly eggs are suspended in a globular 

gelatinous matrix, similar to those of amphibians. The gelatin is generated in the 

female accessory gland, and is deposited with eggs on partially submerged stream 

debris (Unzicker 1968). B. americanus-produced gelatin is largely composed of 

sugars, including mannose, galactose, glucose and sialic acid (Middleton 1974).  

Gelatinous clutches sequester the eggs from most predators and can prevent 

desiccation during short periods of drought (Hinton 1981). Following hatch, larvae 

crawl through the gel, emerging onto the outer rind. The movement of the larvae 

eventually breaks apart the gel, allowing the inner-most larvae to escape the gel more 

easily (Middleton 1974). Debris adhered to the gel surface can provide both case-

building materials and an initial food source (Reich 2002). 
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 In order to correctly field-identify egg clutches, pre-reproductive B. 

americanus individuals were laboratory-reared, mated and allowed to produce egg 

clutches. B. americanus pupae were collected from the Metolius River in March 2006, 

transported to the lab, and allowed to emerge. Adults were transferred to oviposition 

chambers (Bjarnov and Thorup 1970) and female oviposition behavior and egg clutch 

characteristics were observed and recorded. Like B. americanus larvae, the eggs of 

this species are a characteristic bright green color, enabling them to be identified and 

collected from the field, forgoing the need to collect pupae and rear adults.  

To determine whether the gelatin clutch protects eggs during early embryonic 

development, both intact B. americanus clutches and eggs dissected from gel were 

separately exposed to esfenvalerate. Clutches were collected August through 

September 2006 from the Metolious River. These were gently removed from rocks 

using an X-acto knife and forceps, placed into a container containing source water, 

and kept chilled during transport to the laboratory. Early- stage B. americanus eggs 

were exposed to esfenvalerate according to the methodology described in Table 1 

(tests 4 and 5). Eggs had been removed from gel by slicing open the clutch and gently 

scraping eggs out of the gel. Following exposure periods, each replicate (intact clutch 

or group of extracted eggs) was removed to a 100x50 crystallizing dish containing 

chilled aerated well water in a water bath (11± 2°C). Eggs were allowed to hatch and 

egg mortality recorded for each replicate. 

Average percent mortalities of intact egg clutches and extracted eggs were 

compared by test concentration using an ANOVA procedure followed by a Tukey-
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Kramer multiple comparison to distinguish between exposure levels (GraphPad Prism 

version 5.00). 

 

B. americanus survival and growth following late-term egg exposure 

B. americanus egg clutches were collected as described above in April 2007. 

Clutches were held in chilled, aerated well water in the laboratory until eye spots 

developed (about 7 days prior to hatching).  Clutches were exposed according to 

methodology described in Table 1, entry 6. 

Each egg clutch was then transferred to a 100x50 crystallizing dish containing 

chilled aerated well water in a water bath (11± 2°C), and allowed to hatch. Upon hatch 

initiation, sand substrate, diatoms and finely ground black cottonwood (Populus 

trichocarpa) leaves were added to the dish. Over the first five post-hatch days, 

numbers of dead larvae, surviving larvae, and number of larvae that built cases was 

recorded for each egg clutch. In addition, incidences of Saprolegnia water mold 

infections within egg clutches was recorded for each test concentration. 

After the initial five day period, 50 surviving larvae representing the four test 

concentrations were randomly selected and removed to each of four clean100x50 

crystallizing dishes containing chilled aerated well water in a water bath (11± 2°C).  

Sand substrate, diatoms and finely ground black cottonwood (Populus trichocarpa) 

leaves were added to each dish. Larvae were allowed to grow for two weeks, at which 

time head capsule widths were measured. 

A logistic regression was performed on the proportions of egg clutches per test 

concentration exhibiting Saprolegnia mold infection. Numbers of larval survival, 
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larval mortality, and larval case-building were converted to average values for each 

test concentration and compared using an ANOVA procedure followed by Tukey-

Kramer multiple comparisons to differentiate between treatment levels (GraphPad 

Prism version 5.00). The same endpoints were compared for clutches exhibiting 

Saprolegnia infection and those not exhibiting mold growths to determine if presence 

of mold in clutch impacts hatchling larvae survival or case-building. Head width 

measurements for two-week old larvae converted to average values for egg clutch test 

concentration and analyzed using an ANOVA procedure followed by Tukey-Kramer 

multiple comparisons to differentiate between treatment levels.  

 

RESULTS 

Baetis sp. egg mortality following exposure 

 Hatching success was significantly suppressed following 48-hour exposure to 

0.07 �g/L esfenvalerate, with about 17% of embryos either not hatching or 

experiencing failed eclosure (Fig. 2.1). Exposure to 0.5 �g/L esfenvalerate resulted in 

about 95% hatch failure. Mortality was significantly differentiated between all 

exposure levels (p<0.05, ANOVA). Egg mortality observed in the solvent control 

ranged between 2 and 3 percent, and was similar to that observed in controls without 

solvent. This may constitute a natural background level of egg mortality arising from 

unsuccessful fertilization (Peckarsky and Taylor 2000).  Incidences of failed eclosion 

increased with exposure concentration, and ranged from partial emergence from the 

chorion to near complete emergence (Fig. 2.2). In several cases, newly hatched 

nymphs remained affixed to chorion by a single leg or cercus.  Dead eggs began to 
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decay within four days of hatch, but had no effect on the overall hatch success of 

clutch. 

 

Baetis sp. behavioral effects following late-stage exposure 

 Normal neonate behaviors were significantly affected by esfenvalerate 

exposure immediately prior to hatch. Nymphs emerging from egg sheets incubated for 

48 hours in 0.025 and 0.05 �g/L esfenvalerate exhibited decreased swimming ability 

when agitated with a pipette. Hatchlings also displayed leg tremors and an inability to 

maintain equilibrium, behavioral symptoms commonly associated with sublethal 

pyrethroid exposures. Post-hatch mortality was increased following both exposures 

over those observed in control groups (p< 0.05, Fig 2.3). Insects from unexposed egg 

clutches experienced about 8 percent mortality within two days following hatch. 

Esfenvalerate exposures of 0.025 and 0.05 �g/L resulted in three-day post-hatch 

mortality rates of 30% and 55%, respectively (p<0.05, ANOVA). The temporal 

succession from the rate of larvae exhibiting behavioral effects followed by similar 

percentages that exhibit mortality suggests that post-eclosion mortality is a 

consequence of the inability to recover from initial sublethal impairment. 

 Hatched nymphs underwent one to two molts during the two weeks following 

hatch initiation. Two-week measurements of nymph length and head width showed no 

difference in post-hatch growth rates following egg exposures, indicating that such 

exposures had no long-term impact on nymph performance (p> 0.05, ANOVA). 
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H. pacifica egg mortality and post-hatch growth following exposure 

There was no  effect of esfenvalerate exposure on the hatching success of H. 

pacifica eggs; in all cases, numbers of hatched eggs did not differ significantly 

between treatments and controls (p> 0.05, ANOVA). Similar to Baetis sp eggs, the 

unsuccessful hatching rates in control replicates were about 2 percent. There was also 

no significant effect on the timing of hatch initiation, duration, or magnitude over the 

6-week hatching period. Three-week nymph length and head width measurements 

indicated no significant difference in size between nymphs hatched from control and 

exposed eggs (p> 0.05, ANOVA). H. pacifica egg esfenvalerate exposures had no 

effect on post hatch growth rates.  

 

B. americanus egg mortality following exposure 

 During early stages of B. americanus egg development, the gelatinous matrix 

may shield developing embryos from esfenvalerate exposures. Eggs removed from the 

gel prior to exposure exhibited mortality similar to that observed in Baetis sp. mayfly 

eggs, with significantly increased embryonic mortality following exposures of 0.07 

�g/L esfenvalerate, and near 100% mortality after exposure to 0.5 �g/L esfenvalerate 

(Fig. 2.4). However, intact egg clutches displayed a significantly decreased sensitivity 

to esfenvalerate. Significant egg mortality occurred only in clutches exposed to 2.0 

and 4.0 �g/L esfenvalerate (p<0.05, Fig. 2.4).  
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B. americanus survival and growth following late-term egg exposure 

Late-stage B. americanus egg clutches (e.g. those containing embryos with eye 

spots and other larval features) were extremely sensitive to low-level esfenvalerate 

exposure. Concentrations as low as 0.035 �g/L increased the incidence of molding of 

egg clutches, and 80 percent of clutches exposed to 0.2 �g/L esfenvalerate displayed 

significant molding (r2=0.7383, p < 0.05 Fig. 2.5). Although larvae within the clutches 

appeared to hatch normally at first, the insects contained within the gel were lethargic, 

and many failed reach the gel matrix surface and escape. A significant number of 

hatched larvae died trapped within the gelatinous clutch. Under normal conditions, 

hatched larvae were able to escape the gel within a day of hatch. The trapped dead 

larvae provided a substrate for Saprolegnia water mold within the clutch (Fig 2.6). 

Post-hatch survivorship was significantly depressed for escaped larvae from 

molded clutches (p<0.01, Fig. 2.7). All B. americanus larvae from molded clutches 

died within five days of hatch initiation, while survivorship from non-exposed 

clutches was greater than 95 percent five days post-hatch. Case-building behaviors 

were significantly depressed for larvae hatched from molded clutches; less than 2 

percent of free-living larvae constructed cases, compared with greater than 80 percent 

for larvae that hatched from control clutches (p<0.01, Fig. 2.7). Larvae from exposed 

but non-molded clutches exhibited post-hatch survivorship and case-building rates 

similar to those of control insects. This suggests that impacts on larval survival and 

fitness result from the secondary toxic effects of clutch molding. 
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DISCUSSION 

 Susceptibility to toxicants varies over the life cycles of organisms (Stuijfzand 

et al. 2000). However, most aquatic toxicity tests utilize older nymphs and larvae, and 

little is known about the sensitivity of other life stages (Boxall et al. 2001). Aquatic 

insect embryos have remained largely overlooked as a potentially susceptible, and 

ecologically relevant, life stage. While insects eggs are considered to be more robust 

and resilient to toxic insult than other life stages, a number of their attributes suggest 

that this may not always be the case. Developing eggs readily absorb chemicals from 

their environment, but may lack the metabolic capacity and behavioral compensation 

observed in juveniles (Belluck and Felsot 1981, Kocan and Landolt 1984). In addition, 

previous research with the eggs of other aquatic organisms indicates that embryonic 

insecticide exposure may result in long-term impacts on fitness (Greulich and 

Pflugmacher 2004). 

Insects evolved in terrestrial environments before secondarily colonizing 

freshwater environments, and as a group, aquatic insects contain representatives of 

several different insect orders. Initial terrestrial diversification and later adaptations to 

diverse freshwater habitats have resulted in highly variable aquatic insect life history 

strategies (Merritt and Cummins 1996). Aquatic insects have developed variable 

morphologies for food acquisition, respiration, and osmoregulation. While these life 

history strategies may maximize survival in a non-impacted system, they may 

differentially impact an organism’s ability to resist to anthropogenic contaminants. 

Eggs, in particular, required adaptations to promote oxygen uptake in the low oxygen 

aquatic habitats and specialized structures to prevent bursting under high hydrostatic 
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pressures (Hinton 1981). Specific morphological adaptations such as egg attachment 

devices and oviposition site selection by gravid females also work to protect eggs from 

scouring, burial in sediment, and predation (Peckarsky and Taylor 2000). Differences 

in developmental time, egg shell structure, and clutch type however may impact both 

esfenvalerate uptake into eggs, and embryonic sensitivity to this insecticide. 

 Timing of exposure relative to egg development is crucial in determining 

susceptibility to esfenvalerate. Esfenvalerate exposures during the last stages of Baetis 

sp embryonic development resulted in behavioral aberrations following hatch, 

including inability to swim and pronounced leg tremors. These impacts were not 

observed after early-stage exposures. Exposure timing may also explain the lack of 

response in H. pacifica eggs, since exposure occurred during the first week of the 20-

week developmental period  During the earlier stages of B. americanus embryo 

development, the gelatin is protective, increasing the egg LC50 by a factor of ten over 

that of eggs removed from the gelatin prior to exposure. However, late-stage 

esfenvalerate exposures resulted in massive B. americanus embryo death, apparently 

because the gelatinous matrix trapped dead and dying larvae which then decay, killing 

the remaining embryos (Fig. 2.8). It is important to note that these exposure regimes 

are short-term; chronic exposure to pyrethroids may have significant effects on egg 

hatchability as well. 

 While ovipositing eggs within gelatin prevents predation and desiccation under 

normal conditions, this life history strategy increases susceptibility to esfenvalerate. 

Hatched larvae contained in exposed clutches exhibited significantly decreased 

movement. It is crucial that larvae in gelatinous clutches retain a maximum range of 
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motion, because the collective movement of newly hatched larvae agitates the gel and 

increases its fluidity. Weakening the gel improves the probability of larvae escaping 

the clutch (Middleton 1974).  

More crucially, these behavioral impacts often prevented the initial larval hatch 

from escaping the gel. Eggs adjacent to the surface hatch first because of a gradient of 

oxygenation within the clutch. Gelatin impedes embryonic oxygen uptake from 

surrounding water, and the deeper an egg is embedded within the gel, the less oxygen 

it receives (Lee et al. 2001). Consequently, gelatinous caddisfly clutches undergo a 

staggered hatch, with the outer eggs hatching first. When the clutch is pre-exposed to 

esfenvalerate, the initial hatch of larvae exhibits behavioral indications of pyrethroid 

intoxication, including lethargy and paralysis. It is this impairment that limits the 

ability of larvae to escape the gelatin, increasing the probability of significant larval 

death within the matrix. The decay by molds most likely prevents sufficient oxygen 

from reaching the innermost embryos, subsequently increasing the clutch mortality. 

Lack of oxygen during the final days of development may also explain the post-hatch 

impacts on survival and case-building (Fig. 2.8). 

Because of the recent increase in both agricultural and urban synthetic 

pyrethroid usages, it is essential to understand how these compounds affect sensitive 

aquatic organisms. Agricultural use of synthetic pyrethroids in California, a state with 

pesticide-use reporting, nearly doubled between 1991 and 2002, and non-agricultural 

usage increased five-fold in the same period (Oros and Werner 2005, Amweg et al. 

2004). In addition, newer, more toxic pyrethroid compounds have become 

increasingly popular, making up a greater percentage of total agricultural pyrethroid 
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usage (Amweg et al. 2004). Little is known however, about the sublethal impacts of 

synthetic pyrethroid contamination on the different life stages of native, non-target 

aquatic species (Oros and Werner 2005). Surface water insecticide contamination 

tends to occur in a seasonal cycle, associated with use and precipitation (Larson et al. 

1997), and aquatic insect life cycles are similarly correlated with seasonal cycles. 

Identifying the overlaps of timing of pesticide use and sensitive life stages will provide 

insights into the mechanisms of insecticide-induced aquatic insect population declines 

and may assist in regulatory decision making, including timing of mitigation and 

remediation efforts.  

 

 

 



 

 

69 

Table 1: Experimental design for determining the sensitivity of aquatic insect eggs to esfenvalerate. Baetis sp. egg clutches were divided and each portion 
assigned to one exposure level. B. americanus clutches were exposed whole, one clutch comprising one replicate. Groups of 150 to 200 eggs comprised 
individual replicates for loose H. pacifica eggs and B. americanus eggs removed from gel clutch. Exposures were carried out in 500 ml well water obtained from 
Sinnhuber Aquatic Research Laboratory near Corvallis, OR held at 11 ± 2 °C and provided constant aeration. Exposure duration was 48h.  

 
Test 

 
Egg bioassay 

 

 
Replicates 

 
Esfenvalerate exposures µg/L (number of replicates) 

 
Exposure containers 

1 Baetis sp. mid-stage eggs, mortality 10 clutches each divided into 4 
sheets of 200-300 eggs; 

distributed among 4 
concentrations 

0 (10) 0.07 (10) 0.2 (10) 0.5 (10) — — — 500 ml flasks 

2 Baetis sp. late-stage eggs, delayed 
effects 

3 clutches each divided into 3 
sheets of 200-300 eggs; 

distributed among 3 
concentrations 

0 (3) 0.025 (3) 0.05 (3) — — — — 500 ml flasks 

3 H. pacifica eggs, mortality 
 

Eggs from 12-15 females pooled 
and then divided into 24 groups 

of ~200 

0 (3) 0.07 (4) 0.2 (4) 0.5 (4) 1.0 (3) 2.0 (3) 4.0 
(3) 

500 ml beakers 

4 B. americanus early-stage clutches, 
mortality 

15 intact clutches exposed as 
replicates 

0 (3) 0.07 (3) 0.2 (3) 0.5 (3) 1.0 (3) — — 500 ml flasks 

5 B. americanus early stage eggs (no 
gel), mortality 
 

Eggs removed from 7 clutches; 
exposed in groups of ~150 

0 (3) 0.07 (3) 0.2 (3) 0.5 (3) — — — 500 ml flasks 

6 B. americanus late-stage clutches, 
delayed effects 

24 ntact clutches exposed as 
replicates 

0 (5) 0.035 (6) 0.07 (7) 0.2 (6) — — — 500 ml flasks 
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Fig. 2.1: Baetis sp. mayfly egg mortality following esfenvalerate 
exposure. Mortality is represented as a combination of dead eggs and 
failed eclosures. Variable slope dose-response curve was calculated 
using GraphPad Prism 5. Error bars represent 95% confidence intervals. 
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Increasing exposure

mortality hatched

Figure 2.2: Pictorial depiction of Baetis sp egg mortality following esfenvalerate 
exposures. Examples of hatched and dead eggs are given in the figure. Esfenvalerate 
exposures, from left to right, are 0, 0.07, 0.2 and 0.5 µg/L. 
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Fig. 2.3: Baetis neonate mortality during two days following hatch. 
Exposures were timed to occur during the final stages of embryonic 
development. Hatched larvae also exhibited indications of 
esfenvalerate-induced behavioral effects, including knock-down. 
Exposure concentrations of 0.025 and 0.05 �g/L produced 
significantly high mortality versus controls (p < 0.05, ANOVA). 
Error bars represent 95% confidence intervals. 
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Fig. 2.4: The effect of gelatin on the sensitivity of B. americanus eggs to 
esfenvalerate.  Eggs were exposed for 48 hours mid-development either 
as an intact clutch or removed from gel matrix. Percent mortality is 
expressed as the number of unhatched eggs out of total exposed. 
Variable slope dose-response curves were generated by GraphPad Prism 
5 software. Error bars represent 95% confidence intervals. 
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Fig. 2.5: Regression line of proportion Saprolegnia-infected B. 
americanus egg masses as a function of esfenvalerate exposure. 
Actual proportions are as follows: 0 �g/L esfenvalerate = 0/5; 
0.035 �g/L = 2/6; 0.07 �g/L = 4/7; and 0.2 �g/L = 5/6. 
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Fig. 2.6: Post-hatch effect of esfenvalerate exposure in B. americanus eggs. Clutches 
exposed to esfenvalerate were more likely to develop extensive mold growth (above), 
versus unexposed clutches (below). 
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Fig. 2.7: Delayed effects to larvae following large-scale clutch death. 
Larvae that escaped gel were observed over five days. Percentage of 
response represents total number out of emerged larvae.  Both survivorship 
and case-building were significantly reduced for larvae from molded clutch 
(right). Error bars represent 95% confidence intervals. 
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Mortality following late-stage esfenvalerate exposure

1) Initial hatch of embryos closest to 
gel surface begins

2) Exposure to esfenvalerate causes lethargy and decreased 
range of movement in newly hatched larvae

3) Insufficient movement allows gelatin to retain firmness; 
impacted larvae unable to crawl out of gelatinous mass

4) First hatch of larvae die within gelatinous mass; 
Saprolegnia mold growth on dead larvae tissue spreads 

throughout clutch

Still-developing 
embryos die from lack 

of oxygen

Hatched larvae are oxygen 
stressed, resulting in high 

post-eclosion mortality 

Fig. 2.8: Proposed sequence of esfenvalerate exposure effects 
on B. americanus egg clutches. 
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Abstract: Given the chemical properties of synthetic pyrethroids, it is probable that 

compounds including esfenvalerate that enter surface waters may become incorporated 

into aquatic insect food sources. We examined the effect of dietary esfenvalerate 

uptake in aquatic insects representing different functional feeding groups.  We utilized 

three field-collected aquatic insect species: a grazing scraper Cinygmula reticulata 

McDunnough (Ephemeroptera: Heptageniidae), an omnivorous filter feeder 

Brachycentrus americanus Banks (Trichoptera: Brachycentridae), and a predator 

Hesperoperla pacifica Banks (Plecoptera: Perlidae). Laboratory-cultured algae were 

pre-exposed for 24h to esfenvalerate concentrations of 0, 0.025, 0.05, and 0.1 µg/L 

and provided to two C. reticulata age classes, small and final-instar nymphs. 

Reduction in small nymph growth was observed following three weeks feeding on 

algae exposed to 0.05 and 0.1 µg/L esfenvalerate, and the highest dietary exposure 

reduced egg production in final-instar nymphs. The diet for B. americanus and H. 

pacifica insects consisted of dead third-instar Chironomus tentans larvae; these were 

pre-exposed to esfenvalerate concentrations ranging between 0.1 and 1.0 µg/L. 

Consumption of the larvae exposed to 0.5 to 1.0 µg/L esfenvalerate caused case-

abandonment and mortality in B. americanus caddisfly larvae. Although H. pacifica 

nymphs readily consumed esfenvalerate-exposed larvae, no adverse effects of 

consumption were observed during the course of this study. Further, there was no 

evidence of esfenvalerate-induced feeding deterrence in any of the species tested, 

suggesting that aquatic insects may not be able to distinguish between pyrethroid-

contaminated and uncontaminated food sources. 
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INTRODUCTION 

Within the past 15 years, both agricultural and urban uses of pyrethroid 

compounds have increased as they are being utilized frequently as replacements for 

organophosphate insecticides. Esfenvalerate has been detected in agriculturally-

associated streams in California at concentrations ranging between 0.1 and 0.8 µg/L 

(Werner et al. 2004). Significant sublethal effects have also been observed in aquatic 

insect species following exposures of less than 1 µg/L (Johnson et al. 2008, Liess and 

Schulz 1996), and the pyrethroid mode of action has been shown to impair several 

crucial insect physiological systems (Bloomquist 1997, Alaoui et al. 1994, Juarez 

1995). Consequently, there is concern that synthetic pyrethroid contamination of 

surface waters could significantly damage non-target aquatic insect communities and 

alter stream ecosystem function.  

Esfenvalerate’s low water solubility (2 ug/L) and high Kow (log Kow 7.2) 

suggests partitioning onto lipophilic surfaces (i.e. detritus, dissolved organic matter, 

sediment) (Liu et al. 2004). Because a significant portion of esfenvarerate in aquatic 

systems may be sorbed, dietary exposure pathways are of interest. Field sampling in 

agricultural headwater streams revealed particulate-associated fenvalerate 

contamination of up to 302 µg/kg following rain events (Liess and Schulz 1999). 

Adsorption to solids may decrease the fraction of pyrethroids bioavailable for cuticular 

uptake by aquatic invertebrates. Addition of 200 mg/L suspended solids into the water 

column was shown to increase pyrethroid LC50 values 2.5 to 13 times over that for 

sediment-free water in Ceriodaphnia dubia bioassays (Yang et al. 2006a). Uptake of 
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radiolabelled bifenthrin and permethrin by Daphnia magna was also significantly 

decreased following the addition of suspended solids into the water column.  

In addition to examining the impacts of aquatic exposure, it is important to 

consider other high probability exposure pathways that may be enabled by the 

hydrophobic properties of the pyrethroids. Although unavailable for cuticular uptake, 

particulate-associated pyrethroids may be available for dietary uptake. The 

introduction of fenvalerate-spiked sediments into microcosms induced invertebrate 

drift responses similar to those observed following aquatic insecticide contamination 

(Schulz and Liess 2001). Similarly, decreases in black-fly larva populations were 

observed following the introduction of particulate-associated DDT and temephos 

(Fredeen et al. 1953, Frost and Sinniah 1982). Since blackfly larvae feed on 

particulate matter filtered from the water column, these findings suggest that synthetic 

pyrethroids might be toxicologically active even when adsorbed to organic matter. 

Feeding studies performed with terrestrial insects demonstrate that pyrethroid 

insecticides are trophically bioavailable to a number of different insect species, and 

consumption can impair fitness significantly. Drosophila melanogaster larvae reared 

on diet containing cypermethrin exhibited decreased reproductive output at lower 

trophic doses, and decreased survival in the highest diet treatment (Mukhopadhyay et 

al. 2006). The accessory gland of the adult male flies, in particular, exhibited 

extensive damage following larval growth on cypermethrin-laced diet, and elevated 

heat shock protein gene expression was detected in trophically exposed males and 

females. Similarly, consumption of cyfluthrin-laced diet reduced weight gain and 

growth in Egyptian cotton leafworm (Spodoptera littoralis) larvae, and induced 
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several behavioral symptoms of pyrethroid poisoning, including knockdown (Bernard 

and Lagadic 1993). The author theorized that feeding on contaminated food decreased 

the efficiency of energy conversion, potentially as a result of diversion of energy to 

detoxification processes.  

Although particulate-bound pyrethroids may be bioactive following 

consumption by insects, each aquatic species may react differently to contamination of 

food sources. Field studies with zinc-contaminated periphyton revealed that aquatic 

insect colonization rates of zinc-contaminated biofilm varied by species, with the most 

sensitive species being found in the mayfly family Ephemerellidae and the dipteran 

families Taeniopterygidae and Simuliidae (Courtney and Clements 2002). The 

pyrethroids themselves exhibit repellant properties and a number of terrestrial 

arthropods have been shown to avoid areas contaminated with pyrethroid insecticides 

and to preferentially forage in non-exposed areas (Robb and Parrella 1985, Penman et 

al. 1981, Longley and Jepson 1996, Wiles and Jepson 1994). Aquatic insects may 

therefore display a range of sensitivities and modes of response to contaminated food 

sources, including those that contain pyrethroids. 

Three aquatic insect species representing different functional feeding groups 

were used during the course of these experiments: Cingymula reticulata 

(Ephemeroptera: Heptageniidae), a grazing mayfly; Hesperoperla pacifica 

(Plecoptera: Perlidae), a predaceous stonefly; and Brachycentrus americanus 

(Trichoptera: Brachycentridae), an omnivorous filter feeder. Using these insects, we 

determined whether membership within a particular functional feeding group impacted 

the extent of dietary esfenvalerate exposure. We also determined the effect of dietary 
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esfenvalerate exposure on C. reticulata growth and fecundity, and on B. americanus 

and H. pacifica behavior.  

 

MATERIALS AND METHODS 

Chemicals 

Analytical grade esfenvalerate (ChemService, West Chester, PA) was used 

throughout this investigation. Previous research on the affinity of pyrethroid 

insecticides for macrophytes indicates that the Kp (partition coefficient for plant 

material) values were extremely high, and absorption was determined to be almost 

irreversible (Hand et al. 2001). Consequently, food items were exposed in water 

samples containing different esfenvalerate concentrations. Methods of dilution to 

obtain experimental concentrations are described in Johnson et al. (2008), as are 

nominal concentrations verification methodologies. Each esfenvalerate concentration 

used during the course of these experiments was verified using this methodology with 

duplicate samples analyzed for each treatment concentration. Grand mean of 

percentages of esfenvalerate recovered during analysis was 71.43 (standard deviation: 

12.9).  

 

Dietary exposures of H. pacifica nymphs and B. americanus larvae to esfenvalerate  

 To ascertain whether predaceous aquatic insects alter their feeding habits in 

response to esfenvalerate-contaminated diet, field-collected H. pacifica nymphs and B. 

americanus larvae were laboratory-reared on diet that had been exposed to 

esfenvalerate.  Both were fed a diet of dead third-instar Chironomus tentans larvae 
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(San Francisco Bay Brand, Newark, CA, USA). Previous work with these insects 

indicated that they readily consume freshly killed larvae. Dietary exposures were 

carried out by the following methods. 

 Twenty thawed C. tentans larvae (dry weight ~30mg) were each transferred 

with forceps to 500ml flasks containing 500 ml chilled well water at each treatment 

concentration. Larvae were exposed at esfenvalerate concentrations of 0, 0.1, 0.2, 0.5, 

and 1.0 µg/L. The flasks were then sealed with aluminum foil and placed in a cold 

room (10°C ± 2°C). Aeration (supplied by disposable glass pipettes) provided systems 

with agitation and mixing. Larvae were exposed for 24h, removed from esfenvalerate 

solutions, and soaked in clean water prior to use in bioassays. 

Small H. pacifica nymphs (head width,3mm; body length, 9mm) and fourth-

instar B. americanus larvae were collected from the Metolius River, OR in April 2007, 

using a Surber sampler fitted with a 500-micron filter. Insects were field-identified 

during collection. Insects were held in chilled and aerated river water during 

transportation to the laboratory, where they were transferred to circulating tanks 

containing chilled (10-13°C), aerated well water from the Sinnhuber Aquatic Research 

Laboratory near Corvallis, OR. Test organisms were allowed to acclimate in 

laboratory tanks for at least 24h prior to bioassays.  

The stonefly (H. pacifica) nymphs were individually transferred to 100 x 50 

crystallizing dishes containing pebble substrate (width ~ 0.7-1.0 cm)) and chilled well 

water. The nymphs were starved for three days prior to feeding with contaminated C. 

tentans larvae.  Feeding was undertaken by presenting dead larvae ad lib with forceps 

in front of the nymph’s mouthparts, whereupon they would attack and consume the 
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offered prey items until satiated. Three stonefly nymphs were exposed to each dietary 

esfenvalerate concentration, and these were fed every 72h for 14 days.  

Twelve B. americanus larvae were transferred to each of 24 plastic rectangular 

containers (10.4 cm width x 14.5 cm length x 6.0 cm depth) containing 250 ml of 

chilled well water. These containers were placed in chilled water baths (10-12°C), and 

a circulating water flow was created by carefully placing air bubblers next to rock 

placed in the center of each container. Four replicate containers of B. americanus 

larvae were exposed at each of the six dietary esfenvalerate treatment concentrations. 

These caddisfly larvae would attack and consume the prey items when these were 

draped over their outstretched legs. Larvae were fed every 72h for 14 days, and the 

number of C. tentans larvae consumed per replicate was recorded. Container water 

was changed 12h after every feeding. 

Both the H. pacifica and B americanus test insects were observed while 

feeding to note whether exposed food was rejected during the feeding process. 

Rejection rates of C. tentans larvae, and the total number of larvae consumed per 

dietary treatment concentration were utilized as indicators of avoidance of 

esfenvalerate-contaminated diet. Insects were also observed for behavioral impacts 

and mortality caused by consumption of esfenvalerate-contaminated prey. 

Mean numbers of chironomid larvae consumed by H. pacifica nymphs and B. 

americanus larvae within each dietary esfenvalerate concentration were analyzed 

using an ANOVA procedure followed by a Tukey-Kramer post-test (GraphPad Prism 

version 5.00, GraphPad Software, San Diego California USA, www.graphpad.com). 

Cumulative B. americanus case-abandonment and mortality was averaged for each 
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dietary exposure concentration and compared using an ANOVA procedure followed 

by a Tukey-Kramer post-test (GraphPad Prism version 5.00).  

 

Avoidance of esfenvalerate-contaminated diet by C. reticulata nymphs  

 To determine whether esfenvalerate acts as a feeding deterrent for C. reticulata 

mayflies, medium-sized nymphs (head width, 2.5 mm; body length, 8 mm) were 

collected from the Metolius River in September 2006 using a Surber sampler fitted 

with a 500-micron filter. They were field-identified during collection, and 

identification was later verified in the laboratory.  Test organisms were allowed to 

acclimate in laboratory tanks for at least 24h prior to bioassays.  

The periphyton fed to C. reticulata nymphs was cultured in the laboratory, and 

was seeded from algae samples collected from the Metolius River, OR. Unglazed 

ceramic tiles (2.54 cm x 2.54 cm) were placed in large plastic containers of well water. 

Nutrients (Miracle-Gro® Liquid All Purpose Houseplant Food, Scotts Miracle-Gro, 

Marysville, OH, USA) were added (10 drops per liter of water) to support algal 

growth. Collected algal samples were then added to the water and placed near a 

window to adsorb sunlight. The experimental periphyton layer was grown as a thin 

covering on the tile surfaces, yielding approximately 25mg algae dry weight per tile 

after 20 days. 

 To expose the periphyton to esfenvalerate, four algae-covered tiles were each 

transferred to 1L capacity beakers containing 500ml chilled well water (10-12°C). 

Appropriate volumes of esfenvalerate stock solutions were added to beakers to create 

the desired esfenvalerate concentrations, and total acetone volume was 0.02 %. The 
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beakers were covered with aluminum foil and placed in a cold room (10°C ± 2°C) for 

24h. Following this exposure period, algal tiles were removed from the beakers using 

forceps and dipped twice in clean water, prior to immediate use in bioassays. 

To determine whether C. reticulata nymphs avoid esfenvalerate-contaminated 

periphyton, algae-covered tiles were exposed to 0 and 0.1 µg/L esfenvalerate. Two 

beakers (each containing four tiles) were exposed at each treatment concentration. Ten 

nymphs each were transferred to each of four 100x50 crystallizing dishes containing 

250 ml chilled well water. Each dish was supplied with two non-exposed algal tiles 

and two tiles from the 0.1 µg/L esfenvalerate treatment. Insect activity was observed 

daily for a seven-day feeding period to determine whether nymphs exhibited a 

preference for non-exposed algae. Following this, algae tiles were inspected for 

differences in periphyton coverage consumed during the bioassay. 

 

Impacts of dietary esfenvalerate exposure on C. reticulata growth  

Early-instar nymphs (length~ 2mm) were used to determine the impact of 

esfenvalerate-contaminated periphyton consumption on C. reticulata growth rates. 

Growth rates are more rapid during earlier developmental stages, and these insects 

were better suited for investigation of the growth endpoint. Insects were collected 

from the Metolius River in October 2006, and allowed to acclimate in laboratory tanks 

for at least 24h prior to feeding bioassay. 

Nymph length (±0.0005 cm) was measured using a Leica MZ12 dissecting 

scope (Leica Microsystems, Wetzlar, Germany) fitted with an ocular micrometer, and 

species identification was again verified at this time. This experiment was first run 
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once with three replicate dishes per algal treatment concentration, and then repeated 

with two replicate dishes per treatment concentration. Dietary esfenvalerate treatment 

concentrations were 0, 0.25, 0.5, and 0.1 µg/L. In preliminary studies, C. reticulata 

consumption of 0.2 µg/L esfenvalerate-exposed algae resulted in greater than 90% 

mortality. Each dish, containing ten insects, was provided with one esfenvalerate-

exposed algal tile, and held in a chilled water bath (10°C ± 2°C), with aeration 

provided by disposable 23-cm pipettes connected to air pumps. Algal tiles and water 

were replaced every five days for the duration of the experiment. During the course of 

this bioassay, the amount of food in the nymphs’ guts was observed for each dietary 

treatment concentration to estimate whether feeding rates were similar across 

treatment concentrations. After 21 days, insects were removed from dishes and insect 

length was measured again.  

 Mean insect lengths as a percentage of initial length were calculated for each 

replicate dish, and these values were used to provide treatment means for analysis. The 

results were analyzed using an ANOVA procedure followed by a Tukey-Kramer 

multiple comparison test (GraphPad Prism version 5.00) 

 

Final-instar Cinygmula sp. trophic exposure assay 

 To determine whether consumption of esfenvalerate exposed algae affects C. 

reticulata fecundity, final-instar nymphs were reared on exposed diet until emergence. 

Insects were field-collected from the Metolius River, OR in spring 2007 as described 

above. Proximity to emergence was gauged by visual inspection of wing pad length 

and darkness of body coloration during field collection.  
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Following a 24h acclimation period in circulating laboratory tanks, ten insects 

were transferred to each of 12 100x50 crystallizing dishes containing chilled water. 

Three replicate dishes were run for each algal esfenvalerate treatment concentrations 

of 0, 0.025, 0.05, and 0.1 µg/L. Algal tiles were exposed to the different insecticide 

concentrations as described above, with two beakers containing four tiles each being 

prepared at each esfenvalerate treatment concentration. The nymphs were provided 

with two treated tiles (or untreated control) per dish. Dishes were then placed in a 

chilled water bath (10 ± 2°C), provided with constant aeration, and were covered with 

screens to prevent the escape of emerged adults. The water was changed every two 

days, and the contaminated algal tiles were replaced every five days. Emerged adults 

were removed every two days and adult wing, thoracic and abdomen sizes were 

measured (±0.0005 cm). Female insects were dissected and the numbers of eggs 

counted. Six eggs per emerged females were randomly selected and egg length 

measured (±0.00005 mm).  

 The C. reticulata nymphs exhibited staggered emergence, and emerged 

females had fed on contaminated diet for a variable number of days prior to 

emergence. Consequently, female egg count was regressed against days feeding for 

within each algal treatment concentration (Graphpad Prism, version 5.00). Egg length 

was averaged by diet and emergence date and analyzed by an ANOVA procedure 

followed by a Tukey-Kramer post test to distinguish between treatment groups 

(Graphpad Prism, version 5.00). 
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RESULTS 

Effects of H. pacifica stonefly consumption of esfenvalerate-exposed diet 

 There was no evidence that H. pacifica nymphs were more likely to reject prey 

items that had been pre-exposed to esfenvalerate. Nymphs fed at all dietary treatments 

and consumed similar numbers of exposed C. tentans larvae (p> 0.05 ANOVA, Table 

1). Additionally, there was no evidence of toxicity arising from the four successive 

dietary exposures. Previous experiments indicated that H. pacifica feeding behavior 

was the most sensitive behavioral endpoint affected by waterborne esfenvalerate 

exposures (Johnson KR, unpublished data). Difficulty in feeding appeared to result 

from an abnormal distention of stonefly mouthparts, which possibly prevented 

coordinated prey attacks. Neither mouthpart abnormalities nor a decrease in feeding 

following initial dietary exposures were however observed in these bioassays. 

 

Effects of B. americanus caddisfly consumption of esfenvalerate exposed diet 

 Analysis of diet consumed by fourth-instar B. americanus larvae indicates no 

treatment concentration difference in the numbers of esfenvalerate-exposed C. tentans 

larvae consumed (p> 0.05, ANOVA, Table 1). This suggests that esfenvalerate had no 

feeding deterrence action in B. americanus larvae. There was also no difference in the 

numbers of prey items consumed per B. americanus larva over the course of the two 

week bioassay. Consequently, there was no indication of an esfenvalerate-induced 

feeding inhibition following initial dietary exposures at these exposure levels.   

 Results from this bioassay indicate that dietary esfenvalerate is bioavailable to 

B. americanus larvae. Both strong behavioral effects and mortality were observed in 
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the test larvae following dietary esfenvalerate exposures. Case-abandonment was 

observed following consumption of C. tentans larvae exposed to 0.2, 0.5, 0.75, and 1.0 

µg/L esfenvalerate (Fig. 1). This pronounced behavioral response has also been 

observed following waterborne esfenvalerate exposures (Johnson et al 2008). 

Mortality occurred only at the highest dietary treatment concentration, and constituted 

about 25 % of the total B. americanus response at this treatment. Neither case-

abandonment nor mortality was recorded for insects fed unexposed diet. Total 

cumulative effect (the sum case-abandonment and mortality) observed during the two-

week bioassay was significantly increased in the 0.75 and 1.0 µg/L esfenvalerate-

exposed diet treatments compared with controls ( p< 0.01, ANOVA, Fig. 1). 

Interestingly, maximum response levels were attained following the second dietary 

exposure, and the two additional feedings did not significantly increase response rates. 

 

Effects of C. reticulata mayfly consumption of esfenvalerate-exposed diet 

 There was no evidence that C. reticulata nymphs fed preferentially upon 

unexposed algae. When given the choice between esfenvalerate-exposed and 

unexposed diet, nymphs were observed spending equal time feeding on both diets. 

Further, no qualitative differences in gut contents were observed in the small nymphs 

utilized in the growth rate bioassay.   

 Consumption of esfenvalerate-exposed diet inhibited the growth of small C. 

reticulata nymphs. Insects reared on unexposed diet exhibited a 17% increase in 

length over the 21-day dietary exposure period. This was decreased to 8% and 4% 

respectively for insects that were reared on an algal diet pre-exposed 0.05 and 0.1 
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µg/L esfenvalerate, respectively (Fig. 2, p<0.05, ANOVA). Nymphs reared on 0.025 

µg/L esfenvalerate-exposed algae exhibited an 11% increase in length, which although 

less than the control insect growth was not statistically different (p> 0.05, ANOVA). 

There was no significant trend in insect mortality among dietary treatment 

concentrations. About 30% mortality occurred over the three-week bioassay period, 

distributed evenly between the treatments. 

 Dietary esfenvalerate exposure also negatively impacted egg production in 

final-instar C. reticulata nymphs. Since female emergence occurred over a 10d period, 

a series of linear regressions were performed to determine whether dietary 

esfenvalerate exposure duration affected the level of reduction in egg production (Fig. 

3). Significant deviation from linearity was identified only at the highest dietary 

exposure concentration (r2= 0.7089, p=0.0011).   

 The length of eggs produced by emerged females also varied significantly with 

dietary esfenvalerate exposure (Fig. 4). Egg dissected from females reared on 

esfenvalerate-contaminated diet for 10d were significantly smaller than those removed 

from insects reared on control diet for the same amount of time (p< 0.05, ANOVA).  

This is indicative of further impacts on C. reticulata fitness, because egg size is 

positively correlated with offspring survivorship and fitness (Scrimgeour 1994, 

Corkum 1997). 

 

DISCUSSION 

The extent of pesticide trophic uptake will be impacted by the complex and 

variable responses of different aquatic taxa to diet quality. Grazing herbivores, 
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including scraping mayflies, rely on poor quality food sources, with low caloric and 

nutritional content, and exhibit high rates of food consumption (Taghon 1981). 

Predators and omnivores, including filter feeder however exhibit decreased ingestion 

when confronted with food of low quality, and increase ingestion rates when food 

quality improves (Wallace and Cummins 1980). Foraging predatory stonefly larvae 

can also maximize energy consumption by selectively preying upon the most 

energetically profitable food items (Peckarsky et al. 1994).  

Aquatic insect food quality has been directly linked with fitness and survival 

parameters, such as adult body weight, length, and egg production (Peckarsky et al. 

2001, Scrimgeour and Culp 1994, Sibley et al. 2001). Decreased larval weight 

correlated with reductions in Chironomus tentans adult weight and fecundity (Sibley 

et al. 2001), and smaller individuals were shown more likely to succumb to disease 

and experience decreased fecundity (Peckarsky et al. 2001).  Mayflies reared on high 

quality periphyton exhibited larger sizes, higher fecundity rates, earlier emergence 

dates and larger eggs (Scrimgeour and Culp 1994). Toxic contamination, however, 

may decrease the quality of aquatic insect food sources, negatively impacting growth 

and fitness.  

 Given the chemical properties of synthetic pyrethroid insecticides, large 

proportions of these compounds will be found adsorbed to particulate and organic 

matter within aquatic systems (Liu et al. 2004, Yang et al. 2006b, Tinsley 2004). 

While particulate-associated pyrethroids are unavailable for cuticular uptake, there is 

evidence that adsorbed compounds still impact aquatic insect behavior (Liess and 

Schulz 1996, Liess and Schulz 1999, Schulz and Dabrowski 2001). Consumption of 
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particulate-associated DDT was shown to be toxic to blackfly larvae (Fredeen et al. 

1953), and the similar chemical properties of organochlorine and pyrethroid 

insecticides suggests that particulate-adsorbed pyrethroids may also be toxic. 

However, unlike DDT, synthetic pyrethroids indicate no tendency to bioaccumulate or 

biomagnify within aquatic systems (Muir et al 1994). Dietary pyrethroid exposure 

would most likely result in direct toxicity to the insect consumer, rather than the 

extensive food-web-level effects. 

 None of the aquatic insects used over during the course of these experiments 

rejected esfenvalerate-exposed food. This suggests that it is unlikely that aquatic 

insects will selectively reject pyrethroid-contaminated food, despite the evidence for 

feeding deterrence in terrestrial insect species (Cilgi and Jepson 1995). Considering 

pyrethroid chemical behavior and the lack of evidence for feeding deterrence, dietary 

exposure therefore may be a significant route of pyrethroid exposure for aquatic 

insects. 

 Toxic effects observed in both B. americanus larvae and C. reticulata nymphs 

indicate that adsorbed pyrethroid compound are biologically active following dietary 

exposure. Impacts on both C. reticulata growth and fecundity suggest that the 

consumption of esfenvalerate-contaminated diet altered energy uptake and allocation. 

A similar alteration in the scope for growth observed in S. littoralis larvae reared on 

cyfluthrin-laced diet was determined to be a result of toxic effects following 

consumption (Bernard and Lagadic 1993). The authors reported that changes in 

growth rates were caused by a pyrethroid-induced decrease in proficiency of food 

conversion into biomass.    
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Alterations in aquatic insect energy budgets immediately prior to 

metamorphosis may significantly change adult morphology and decrease fecundity. 

Inducing silk production in fifth-instar Odontocerum alicorne caddisfly larvae 

decreased the energy reserves carried into pupation. Emerged adults exhibited smaller 

wings and thoracies (Stevens et al. 2000). Similarly, the limited resources available for 

egg production are accumulated during the feeding juvenile stages (Rivero et al. 

2001). Consuming esfenvalerate-contaminated food sources appears to reduce the 

energy available for both growth and reproduction (Cilgi and Jepson 1995).  

The observed effects of dietary esfenvalerate exposure on C. reticulata egg 

production lend further support for the theory that energy allocation is impacted by 

such exposures. The correlation of reduction in fecundity with length of dietary 

exposure indicates that the length of exposure is also crucial. Similarly, the 

significantly smaller eggs produced following 10-day dietary esfenvalerate exposure 

also implies a reduction in available energy reserves. For mayflies, egg size has been 

shown to positively correlate with female fertility (Scrimgeour and Culp 1994). 

Hence, the decrease in C. reticulata egg size may be indicative of suppressed fertility 

and reduced survival of offspring. Further, larger and heavier eggs have been shown to 

sink faster following oviposition, which reduces the risk of egg predation (Corkum et 

al. 1997). Potentially, dietary esfenvalerate exposure could impact fitness into the next 

generation. 

Behavioral effects following dietary esfenvalerate exposure were much more 

pronounced for B. americanus larvae. Interestingly, the case-abandonment response 

observed during this experiment was also observed in response to waterborne 
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esfenvalerate exposure (Johnson et al. 2008). Further, the total B. americanus response 

peaked after the second feeding, and the two subsequent feedings did not significantly 

increase the total response. This lends further evidence that pyrethroids do not 

accumulate in biological systems, and suggests that a proportion of the B. americanus 

population may be able to metabolize and eliminate consumed esfenvalerate. 

Similarly, the lack of response in H. pacifica nymphs at all levels of dietary 

esfenvalerate exposures implies that this species may also have a high metabolic 

capacity for dietary esfenvalerate. 

It is important to note that the B. americanus and H. pacifica feeding 

experiments involved the use of several acute dietary exposures applied in succession, 

whereas C. reticulata dietary exposures are more appropriately characterized as 

chronic. This was intentionally designed. Establishing the long-term feeding rates of 

the mayfly nymphs was accommodated by the visibility of gut contents. Since gut 

contents are not observable in either the H. pacifica stonefly nymphs or the B. 

americanus larvae, quantifying the amount of exposed food consumed or rejected over 

the two-week bioassay was utilized as a determination of feeding deterrence. This was 

easily accomplished using chironomid larvae as prey items. Further, both B. 

americanus and H. pacifica growth rates are slow, and, in the case of the caddisfly 

larvae, difficult to measure. However, the impacts of chronic dietary esfenvalerate 

exposure on C. reticulata growth and fecundity may suggest that similar negative 

effects might be observed for B. americanus and H. pacifica insects experiencing 

chronic exposures.  
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In a field setting, the risk of dietary pyrethroid exposure will probably be 

greater for those insects whose diet is more likely to contain particulate matter. 

Scraper insects inhabiting headwater streams commonly consume detrital and 

particulate matter that has become associated with the periphyton (Anderson 1979). 

Filter-feeders, including blackfly larvae and several caddisfly species, extract and 

consume organic debris from the water column. Increases of B. americanus larval 

filtering activity was observed to correlate with increases in the concentration of 

particulate organic matter in the water column (Gallepp 1974b). Further, food 

ingestion rate of filter feeders has been shown to correlate positively with water 

velocity (Finelli et al. 2002), such as those reported during runoff events, potentially 

as a result of the corresponding influx of allocthonous food items. Consequently, both 

scraper and filter feeder insects would be more at risk of dietary pyrethroid exposures 

resulting from particulate-associated pyrethroid contamination. 

 Understanding the impact of dietary pyrethroid consumption on aquatic insect 

species is essential considering that a large percentage of pyrethroid contamination in 

surface waters will become sorbed to particulate and organic material. Sediment 

samples obtained from agriculturally-associated streams in California were found to 

contain pyrethroid concentrations that were determined to be toxic to the sediment-

dwelling invertebrates Hyalella azteca and Chironomus tentans (Weston et al. 2004). 

While most sensitive aquatic insect species are not sediment dwellers, many regularly 

consume potentially-contaminated particulate matter during feeding (Cummins and 

Klug 1979, Anderson and Cummins 1979). Dietary uptake therefore may be an 

important route of exposure for water column aquatic insects, and both chronic and 
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acute dietary pyrethroid exposures have the potential to significantly reduce the 

populations of exposed insects through a number of pathways.  
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 0.0 µg/L 0.1 µg/L 0.2 µg/L 0.5 µg/L 0.75 µg/L 1.0 µg/L 

H. pacifica 67 (28.9) 58 (14.4) 75 (25) 67 (14.4) 67 (14.4) 72 (14.0) 

B. americanus 74 (2.7) 60 (7.0) 67 (5.6) 70 (8.8) 67 (3.3) 63 (12.7) 

Table 3.1: Average percent of available esfenvalerate-exposed food items consumed by H. pacifica nymphs and B. 
americanus larvae. Standard deviations are reported in parenthesis. 
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Fig. 1: Total B. americanus larval responses to two-week dietary 
exposure to esfenvalerate. Line is variable-slope dose-response 
curve fitted by GraphPam Prism version 5.00 software. Error 
bars represent 95% confidence intervals of the means. 
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Fig. 2: Increase in C. reticulata mayfly length following a 3-week 
dietary exposure to esfenvalerate-exposed algae. Significant 
differences in growth are designated by letters (p< 0.05 ANOVA). 
Error bars represent 95% confidence intervals of the means. 
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Fig. 3: Effect of final-instar C. reticulata dietary esfenvalerate exposures 
on female egg production. Lines are linear regressions calculated using 
GraphPad Version 5.00 software. A significant impact on egg production 
was observed only in those insects reared on 0.1 µg/L esfenvalerate 
exposed algae. 
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Fig. 4: Average length of eggs dissected from emerged C. 
reticulata females reared on esfenvalerate-exposed algae for 10 
days. One asterisk designates significant difference from control 
(p< 0.05, ANOVA). Two asterisks designate p< 0.01, ANOVA. 
Error bars are 95% confidence intervals of the means. 



 

 

104 

 
Chapter 4: Esfenvalerate-Induced Case-Abandonment in the Larvae of the 

Caddisfly Brachycentrus americanus 
 

Katherine R. Johnson, Paul C. Jepson, Jeffrey J. Jenkins 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Environmental Toxicology and Chemistry 
Allen Publishing Services 
810 East 10th Street 
In Press 
 



 

 

105 

Abstract–Field-collected Brachycentrus americanus Banks (Trichoptera: 

Brachycentridae) larvae were used to investigate the relationship between 

esfenvalerate exposure and case-abandonment response, determine larval ability to 

construct a new case, and measure the change in predation risk to insects in rebuilt 

cases. We evaluated case-abandonment following four environmentally-relevant 

esfenvalerate exposures, 0.05, 0.1, 0.2, and 0.4 �g/L; 48-hour exposures to 0.2 and 0.4 

µg/L (nominal) esfenvalerate both resulted in over 60 % of larvae abandoning cases, 

and were statistically indistinguishable. Propensity to engage in building behaviors 

was significantly diminished in 0.2 and 0.4 µg/L esfenvalerate-exposed insects that 

had abandoned cases, with less than 20 % of exposed insects producing cases. Cases 

built by intoxicated larvae were characterized by a disorganized composition, and 

required half the pressure to crush versus cases built by non-exposed larvae. Pre-

exposing case-building material to 1 µg/L esfenvalerate also reduced the physical 

strength of rebuilt cases.  Larvae inhabiting weaker rebuilt cases and larvae without 

cases were significantly more susceptible to predation by second year Hesperoperla 

pacifica Banks (Plecoptera: Perlidae) stonefly nymphs than those in original cases. 

Overall, we concluded that small behavioral responses can have profound 

consequences for survival of species and reveal susceptible stages in life-cycles that 

can be overlooked by conventional approaches to ecological risk assessment. 
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INTRODUCTION 

Caddisflies (order: Trichoptera) are animal architects, and like nesting birds, 

web-spinning spiders, and burrowing moles (Hansell 2005), they defend themselves 

from predation and environmental extremes through the construction of a protective 

enclosure (Danks 2002). Many caddisfly species construct hard cases that protect them 

against predation and physical damage, and improve respiration capacity (Wiggins 

1996, Williams 1987). If they are deprived of the case or the ability to construct one, 

fitness and ultimately, survival are likely to be impaired (Hansell 2005). Given that 

exposure to certain neurotoxic insecticides can impact behavior, animal builders, 

including case-building caddisflies, may be uniquely susceptible to low levels of 

environmental contaminants if deprived of the ability to build or maintain the 

specialized structures that protect them. An apparently minor, sublethal pollutant 

impact that critically limits the effectiveness of construction, may therefore have 

significant consequences for the builder. It is necessary to understand the 

consequences of pollutant exposure for this important endpoint. This in turn, could 

result in better characterization of the potential for sublethal pollutant concentrations 

to affect population dynamics and community structure and function (USEPA 1992). 

Case-abandonment has been documented as a natural reaction to a number of 

abiotic stressors; however, this is an extreme escape response, employed only when 

the larva is severely threatened (Dobson et al. 2000). Several non-chemical stimuli, 

including low dissolved oxygen, drought (Otto 1983) extreme temperatures, and burial 

in sediment (Dobson et al. 2000) have been shown to provoke larvae into wriggling 

out of their cases.  Additionally, case-abandonment as a symptom of synthetic 



 

 

107 

pyrethroid poisoning has been previously observed (Anderson 1982), although not 

thoroughly investigated as a sublethal response to pyrethroid exposure. Further, 

because case-building behaviors are neurologically, not hormonally, controlled 

(Tachet 1978), exposure to a synthetic pyrethroid may also impact caddisflies’ ability 

to rebuild a case.  

Synthetic pyrethroids, like esfenvalerate, elicit toxic action by binding to 

voltage-activated sodium channels, preventing channel inactivation (Soderlund and 

Bloomquist 1989). Nerve activity is prolonged, resulting in excitatory behavioral 

responses including twitching, muscle spasms, ataxia, and burning or itching 

sensations (Haynes 1988). Use of these compounds is increasing in both agricultural 

and urban settings, and there is concern that this may pose a risk to non-target aquatic 

organisms (Weston et al. 2004, 2005). Esfenvalerate concentrations ranging between 

0.1 and 0.8 µg/L have been detected in agricultural runoff (Werner et al. 2004); 0.54 

µg/L fenvalerate was directly lethal to a variety of aquatic insects in experimental 

mesocosms (Woin 1998). Considering the increase in pyrethroid use and its high 

toxicity to aquatic insects, exposure to sublethal concentrations could induce 

behavioral responses that may lead to case-abandonment by caddisfly. 

Once deprived of a case, a caddisfly larva can rebuild an entirely new case, but 

this is an energetically costly process. Adults reared from larvae that were forced to 

rebuild cases exhibited smaller wings, abdomens, and thoraces when compared with 

adults reared from larvae with no rebuilding energy expenditures (Stevens et al. 1999). 

This suggests that larval case-rebuilding depletes energy reserves, adversely impacting 

adult reproductive fitness and longevity. 
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 In order to minimize the time and energy expenditure required to rebuild 

cases, caddisflies that have lost their original cases build rapidly and preferentially 

select softer materials for ease of shaping and cutting, usually resulting in poorly 

constructed, weaker cases (Gorter 1929). Inhabiting a weaker case increases a larva’s 

vulnerability to predators; for example, Limnephilus frijole Banks (Trichoptera: 

Limnephilidae) larvae with weaker cases were more likely to be consumed by a 

number of predators (Nislow and Molles 1993). 

Given that pyrethroid exposure can induce case-abandonment in B. americanus 

larvae and that neurological impact may impair recovery efforts, we examined 

insecticide-mediated case-abandonment and its consequences for fifth-instar 

Brachycentrus americanus Banks (Trichoptera: Brachycentridae) larvae exposed to 

the synthetic pyrethroid esfenvalerate. We determined whether case-abandonment is a 

behavioral response to sublethal esfenvalerate exposure, and whether or not it occurs 

in a concentration-dependant manner. We determined whether exposed larvae were 

less likely to engage in case-rebuilding behavior after transfer to a clean system, and 

we measured the force required to crush cases built by exposed and control insects as 

an index of susceptibility to predation. In addition, we determined whether pre-

exposure of case-rebuilding material to esfenvalerate would impact both likelihood 

and efficacy of case-rebuilding, and whether or not case-less larvae and larvae with 

rebuilt cases would be more vulnerable to predation.   
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MATERIALS AND METHODS 

Chemicals 

Analytical-grade esfenvalerate (ChemService, West Chester, PA, USA) was 

used during the course of this study. Stock solutions of 10, 1, and 0.1 �g 

esfenvalerate/ml acetone were prepared and diluted to test concentrations of 0.05, 0.1, 

0.2, and 0.4 µg/L esfenvalerate. Preliminary studies indicated that a 48-h exposure to 

0.4 µg/L esfenvalerate resulted in approximately 10% mortality for B. americanus 

larvae. 

Nominal concentrations of esfenvalerate in test solutions (0.05, 0.1, 0.2, and 

0.4 µg/L) were verified by gas chromatography/mass spectrometry (GC/MS electron 

ionization) using the method described in Runes et al. (2001). Briefly, duplicate 1-liter 

samples of the test water were fortified with analytical-grade esfenvalerate in 2 ml 

acetone in an amber bottle with a Teflon®-lined lid. Water samples (containing 1% 

methanol) were extracted using solid-phase extraction (SPE) C18 cartridges (500 mg, 

6-ml polypropylene reservoir; J.T. Baker, Union City, CA, USA). Solid-phase 

extraction cartridges were conditioned, and samples were passed through the SPE 

cartridges followed by elution with ethyl acetate. Samples were evaporated using an 

N-evap sample concentrator (Organomation, Berlin, MA, USA) to 400 µl followed by 

GC/MS analysis. 

Analysis of esfenvalerate was performed using a Hewlett Packard 6890 GC 

and a 5972 mass-selective detector (Hewlett Packard/Agilent, Wilmington, DE, USA) 

that was run in selected ion monitoring mode. Operating conditions were as follows: 

ionization voltage (70 eV), electron multiplier 2,100 V, and capillary interface at 
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280oC. Separation of the compounds was accomplished with a fused-silica capillary 

column of (5%-Phenyl) methylpolysiloxane (DB-5MS) of 0.25-um film thickness, 30-

m, and 0.25-mm interior diameter (J&W Scientific, Folsom, CA, USA). Helium was 

used as the carrier gas at a flow rate of 0.9 ml/min. The column temperature was set to 

85oC for 1min and then ramped at 25oC/min to 140oC. Further temperature ramps 

following this took place at 12oC/min to 260 oC, 2oC/min to 280oC and finally 

18oC/min to 310 oC.  The injector temperature was 280oC. The retention times for the 

two esfenvalerate peaks (first peak contains S,S and R,S isomers, and the second peak 

contains the S,R and R,R isomers) were 19.50 and 19.93 minutes, respectively. 

Quantification, as the sum of the isomer pair base peaks, was based on the response of 

the 264 ion of the internal standard, Benzo[k]fluoranthene-d12, whose retention time 

was 17.48 min. The ions monitored were 264 (base ion), 265, and 132 for 

Benzo[k]fluoranthene-d12, and 167 (base ion), 169, and 225 for esfenvalerate. 

Recovery was similar at all fortification levels and averaged 76 %. 

 

Case-leaving bioassay 

Field-collected B. americanus larvae were selected as test organisms because 

of their abundance in Northwest streams and their important contribution to stream 

processes and nutrient cycling (Vannote et al. 1980, Newbold et al. 1982). Fifth instar 

larvae (case length~ 15mm) were collected between January and August 2005 from a 

pristine site in the Metolious River (Camp Sherman, OR, USA) using a Surber 

sampler with a 500-micron filter. Individuals were identified in the field using case 

characteristics; B. americanus larvae cut and arrange plant material into a striated, 
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tapered, chimney-like case, with a square cross-section (Merritt and Cummins 1996, 

Pobst and Richards 1998)  

 The insects were held in chilled and aerated river water during transport to the 

laboratory, where they were transferred to circulating tanks containing chilled (10-13 

°C), aerated groundwater. Test organisms were allowed to acclimate in laboratory 

tanks for at least 36 h prior to bioassays.  

 The water used in the course of these experiments (both bioassays and holding 

tanks) was obtained from two local groundwater sources: one located at the U.S. 

Environmental Protection Agency Willamette Research Station (Corvallis, OR), and 

one located at the Sinnhuber Aquatic Research Laboratory (Corvallis, OR).  

The flask bioassay system developed by Peterson, et al. (2001) was modified 

to study case-leaving. A series of 250-ml Erlenmeyer flasks containing 249 ml 

groundwater was chilled to 11°C +/- 1°C in a cold room. Flasks were aerated using 9-

inch disposable Pasteur pipettes connected to aquarium pumps operating at 150 

L/hour. The risk of chemical loss via this airflow was considered negligible because of 

the low test concentrations and esfenvalerate’s low volatility. Teflon boiling chips 

were added to each flask to provide substrate for the larvae. 

 Each of the four test treatments (plus control) involved the use of five 

replicates, with 10 caddisflies per replicate flask. The experiment was repeated five 

times, and replicates pooled for run. The mean of the pooled run results is reported 

here. A total of 250 insects were used at each treatment level. At the start of each 

experiment, larvae were removed from holding tanks and distributed randomly among 

all treatment flasks. The number of larvae out of case was recorded at 2, 4, 8, 16, and 
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32 h after initial exposure and again at the end of the experiment (48 h after exposure 

began). Because the abandonment reaction could occur slowly over a couple hours, 

only those larvae completely out of their cases were counted as having left them. 

 Data were analyzed by an ANOVA procedure followed by a Tukey-Kramer 

multiple-comparison procedure to determine differences between treatment groups 

(GraphPad Prism, Ver 4.00, GraphPad Software, San Diego, CA, USA, 

www.graphpad.com). Statistics were performed for each assessment time to determine 

whether significant differences existed between treatment groups during the progress 

of the bioassay. 

�

Case-rebuilding assay 

 To gauge the ability of insects from different treatment groups to successfully 

rebuild cases after esfenvalerate exposure, case-less larvae were placed in a clean 

system and supplied with leaf detritus as rebuilding material. Three treatment levels of 

larvae were used (0, 0.2, and 0.4 �g/L), along with two exposure levels for the detritus 

(0 and 1 µg/L esfenvalerate), resulting in a 3x2 factorial design. 

Insects used in the case rebuilding study were provided with thawed whole 

Chironomus tentans larvae (San Francisco Bay Brand) in excess as food during the 

36-h acclimation period to prevent hunger-induced stress. Control insects were 

removed from cases by gentle prodding with larval forceps; insects that had 

abandoned their cases in the 0.2 µg/L and 0.4 µg/L esfenvalerate treatments were used 

in the rebuilding assay. 

To determine the effect of prior exposure of the case-building materials to 

pesticides on case rebuilding, detritus used for rebuilding was pre-exposed to 
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esfenvalerate. Leaf detritus was generated from whole black cottonwood (Populus 

trichocarpa) leaves collected from the forest floor along a pristine stream, Rock Creek 

(Corvallis, OR, USA) in February 2005. Leaves were frozen prior to use. Whole 

leaves were blended in groundwater for 20 s, the excess water was squeezed out, and 

the leaf detritus weighed to yield 10.5 grams wet weight of detritus per treatment.  

Control detritus was treated with 0.2 ml acetone alone. To contaminate the 

case building material, flasks containing the appropriate pesticide or solvent solution 

with the detritus were placed in a Burrell Wrist Action Shaker (Model 75, Burrell 

Scientific, Pittsburgh, PA, USA) for 24 h at 22°C. A static renewal procedure was 

performed 12 h into this mixing period. The detritus was then strained using a 500 

micron stainless steel mesh and placed in 1L beakers containing 500 ml aerated, 

chilled well water.  

Case-less insects were distributed randomly to appropriate beakers, with 10 

insects per beaker. Six replicates each were run for unexposed larvae/unexposed 

detritus, unexposed larvae/exposed detritus, and 0.2 �g/L exposed larvae/ unexposed 

detritus treatment groups; eight replicates were run for each of the remaining treatment 

groups. The larvae were allowed 96 hours to rebuild cases, and they then were 

separated into two groups, those with and without rebuilt cases, and counted. The 

counts were converted to proportion of rebuilt cases per beaker. Proportions of rebuilt 

cases were analyzed by ANOVA followed by a Tukey-Kramer multiple-comparison 

procedure to determine differences in the rates of case-rebuilding among insect 

treatment groups and between detritus treatments (GraphPad Prism, Version 4.00, 

GraphPad Software). 
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Impacts on case strength 

 Because the caddisfly case provides essential protection against predation, we 

calculated the pressure necessary to crush the case as an index of potential future 

predation risk. Following the case-rebuilding assay, larvae were removed from rebuilt 

cases, and cases were air-dried for 24 h. At this time, they were weighed, and width, 

length, and ordered length measured. Ordered length refers to the portion of the case 

in which the striated detritus patterning was clearly visible (Fig. 4.1). Forty-three cases 

were recovered from the unexposed larvae/unexposed detritus treatment group; 24 

were recovered from the unexposed larvae/ exposed detritus treatment group; 13 from 

the 0.2 �g/L exposed larvae/ unexposed detritus treatment group; five from 0.2 �g/L 

exposed larvae/ exposed detritus treatment group; 10 from the 0.4 �g/L exposed 

larvae/ unexposed detritus treatment group; and seven from the 0.4 �g/L exposed 

larvae/ exposed detritus treatment group. 

  Rebuilt cases were tested for structural integrity using a 1000 gram-capacity 

small-fruit penetrometer (UC Firmness Tester, Western Industrial Supply, San 

Francisco, CA, USA) which measures the weight needed to crush a small object. 

Cases were uniformly crushed along the horizontal axis, so that the sides collapsed 

outwards. Case strength was gauged in grams of crushing weight and then converted 

to kilopascals to correct for slight variations in case dimensions. 

The significance of differences in case strength across caddisfly and detritus 

treatment groups was determined by ANOVA and a Tukey-Kramer procedure 

(GraphPad Prism). The amount of ordered length within the rebuilt cases was analyzed 

using the same procedure to differentiate building efficacy between treatment groups.  
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Predation risk bioassay 

 To estimate the increased vulnerability to predation resulting from a weakened 

case, the ability to obstruct predation attempts was examined for stream-built cases, 

rebuilt cases, and for larvae with no cases. Stream-built cases are those that the insect 

forms slowly over its natural lifetime in the stream environment; rebuilt cases were 

those produced by larvae extracted from their cases and rebuilt with P. trichocarpa 

leaf material over a 96-h period, following methods used for the case-rebuilding assay.  

Predation risk to the three larval case classes was determined using second-

year Hesperoperla pacifica (Banks) (Plecoptera: Perlodidae) stonefly nymphs as 

predators. These occur in the same stream habitats as the B. americanus larvae and are 

readily collected. One stonefly nymph was placed in each of 30 100 x 50 mm 

crystallizing dishes containing Teflon substrate and 200 ml of untreated well water. 

Dishes were kept in a chilled water bath (11 ± 2°C) and aeration was provided using 

disposable 22.9 cm Pasteur pipettes. Stoneflies were starved for 4 d prior to 

experiment. Eleven predator nymphs were each provided with five caddisfly larvae in 

stream-built cases; seven nymphs with five caddisfly larvae in rebuilt cases; and 12 

with five larvae without their cases. Stonefly nymphs were allowed to feed for 5 d. 

Numbers of remaining larvae were recorded at one, four, 24, 48, 72, 96, 120 h. 

 Data from each assessment time were analyzed by ANOVA and a Tukey-

Kramer multiple comparison procedure to determine the significance of any difference 

in predation risk among treatments (GraphPad Prism). 
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RESULTS 

Case-leaving bioassay 

 A concentration-response relationship was observed for case-abandonment in 

the esfenvalerate treatments (Fig. 4.2). The maximum rate of case-leaving was 60 to 

65% of the treated insects. This rate was observed at esfenvalerate concentrations of 

0.2 and 0.4 �g/L, which were statistically similar. At the highest concentration, about 

10% of the treated insects died within their cases. None of the out-of-case larvae died; 

all the dead larvae that were observed were entombed within their cases. Rates of 

case-abandonment differed significantly and in a concentration-dependant manner (p< 

0.01: multiple-comparison ANOVA) between the control and the three lowest 

treatments.  

Case-abandonment behavior occurred soon after exposure began, and 

increased with exposure time and with increasing esfenvalerate concentration. The 

response occurred during the first 16h of exposure in all treatments (Fig. 4.3). 

 

Case-rebuilding assay 

Once out of their cases, larvae exposed to 0.2 and 0.4 �g/L esfenvalerate built 

70 to 75% fewer cases compared with control insects (p< 0.01: multiple-comparison 

ANOVA, Fig. 4.4). There was no significant difference between in the numbers of 

cases built by exposed insects. Although exposed larvae remained alive throughout the 

case-rebuilding assay, very few attempted to construct a new case and many exhibited 

impaired coordination. 
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Cases built by intoxicated larvae exhibited less ordering than those built by 

control insects, based on the amount of visible ordered striation of case-building 

material, which is characteristic of normal building for this species (Fig. 4.1). Control 

insects produced cases that were 39% ordered, whereas intoxicated insects (both 0.2 

and 0.4 �g/L esfenvalerate treatments) built cases with 16.6% and 13.4% ordering 

respectively (p<0.05, ANOVA). 

 

Case resistance to crushing as an index of predation risk 

All rebuilt cases required about 70% less weight to crush them compared with 

original cases, indicating that replacement cases do not offer the same level of 

protection against predation, as do original cases. More significantly, the cases built by 

the esfenvalerate-exposed larvae withstood only half the weight of control-built cases 

(p< 0.01: ANOVA), and the pressure required to crush the cases decreased with 

increasing esfenvalerate exposure concentrations (p>0.05, Fig. 4.5). Crushing data 

indicate that there was no significant difference in rebuilt case strength within the 0.2 

and 0.4 µg/L exposure groups. Additionally, cases rebuilt with esfenvalerate-exposed 

detritus required slightly less weight to crush, although this difference was not 

statistically significant. 

 The weights, lengths or widths of rebuilt cases did not differ significantly, 

indicating that the amount of material used for rebuilding cases was similar for all 

treatment groups. The disparity in case integrity between treatments may have arisen 

from differences in the placement and ordering of plant material, and from observed 

differences in the patterns of silk that the caddis larvae produce to hold the plant 
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material together. Silk patterns produced by larvae exposed to esfenvalerate displayed 

larger gaps, and contained fewer strands than those produced by control insects.  

 

Predation risk bioassay 

Compared with larvae in stream-built cases, larvae without cases were 

extremely vulnerable to stonefly predation. At each assessment time, stoneflies had 

consumed significantly more case-less larvae versus those with cases, and larvae in 

rebuilt cases had been preyed upon in greater numbers than those within stream-built 

cases (p< 0.01: multiple-comparison ANOVA, Fig. 4.6). 

Time to 50% predation-caused mortality was used as an index of the 

vulnerability of larvae to stoneflies. This time was less than one hour for larvae 

without cases, approximately 47 h for the larvae with rebuilt cases, and more than 120 

h for caddisfly larvae inhabiting stream-built cases. The substrate in the system 

consisted of white Teflon chips, and it is assumed that larvae in and out of cases were 

equally visible and equally available to predators, and therefore, that the difference in 

predation rate was not a result of variability in camouflaging abilities. 

 Visual observations were made for the first 2 h of the predation bioassay. The 

disparity in predation rates appeared to result from the differences in prey handling 

times between larval case categories. Stoneflies effortlessly consumed case-less 

larvae, eating several during the initial distribution process (which took place over less 

than 5 min).  Cases, both stream-built and rebuilt, provided a physical barrier against 

stonefly predation. Although stoneflies located these larvae during the distribution 

process, predation efforts were thwarted by the cases. Stonefly nymphs attacked the 
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cases with their mandibles, working along the length of the case and eventually tearing 

a hole through which the larvae could be extracted. Stream-built cases appeared to 

require more effort and time to tear apart than did the rebuilt cases. 

 

DISCUSSION 

Agricultural use of synthetic pyrethroids in California, USA, a state with 

pesticide-use reporting, nearly doubled between 1991 and 2002, and non-agricultural 

usage increased five-fold in the same period (Oros and Werner 2005, Amweg et al. 

2004). In addition, newer, more toxic pyrethroid compounds have becoming 

increasingly popular, making up a greater percentage of total agricultural pyrethroid 

usage (Oros and Werner 2005). However, extensive data gaps exist concerning the 

sublethal impacts of synthetic pyrethroid contamination on non-target, native aquatic 

insect species (Amweg et al. 2004). 

Without its case, a caddis larva is exposed to predators, adverse environmental 

conditions, and injury. By undulating their abdomens, the insects force water though 

the case at an increased rate (versus stream flow), thereby improving respiration in 

low oxygen water (Wiggins 996). In addition to enhancing oxygen uptake, caddisflies’ 

cases prevent physical damage to their soft abdomens and provide camouflage to 

shield the insect from potential predators (Williams et al. 1987). Because the caddis 

case imparts diverse fitness benefits, loss of the case could severely impact the insect’s 

chance of survival. 

Although few experiments have been performed on caddisfly case-

abandonment behaviors, this behavior has been recorded in the literature. Previous 
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research indicates that this behavior results in response to extreme environmental 

conditions. Dobson, et al. observed Potamophylax cingulatus Steph. (Trichoptera: 

Limnephilidae) larvae abandoning cases after the insects were buried in substrate, and 

speculated that this abandonment would improve the larvae’s chances of digging 

themselves out of the silt (2000).  Otto reported case-abandonment as a response to 

both extreme drought and to freezing temperatures, in response to very low levels of 

dissolved oxygen, and in response to simulated bird attacks (1983). Further, there is 

some previous evidence that case-abandonment occurs as a reaction to exposure to 

sublethal concentrations of synthetic pyrethroids (Anderson 1982). 

 The similarities between the case-abandonment behaviors described in the 

literature and those described here raises two possibilities: sublethal insecticide 

concentrations cause physically stressful environmental conditions similar to the ones 

described above, and case-leaving is a result of the insect’s attempts to escape; or the 

esfenvalerate mode-of-action causes a specific neurological dysfunction, inducing a 

case-abandonment response. The second explanation is more likely: if this were 

representative of a general reaction to exposure to low concentrations of chemical 

pollutants, this phenomenon would be observed for other neuro-active insecticides. 

However, we did not observe case-abandonment following sublethal exposures to two 

organophosphates and a carbamate, and this phenomenon may be unique to synthetic 

pyrethroids (Johnson K., Oregon State University, Corvallis, OR, USA, unpublished 

data).  

Experiments performed on the nervous systems of several different Trichoptera 

species indicate that case-building is neurologically, not hormonally controlled. 
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Whereas injection of juvenile hormone had no effect on case production, severing the 

connections between the larval thoracic and sub-esophogeal ganglia interfered with 

material selection/placement and silking behaviors (Tachet 1978, Dudziak 1950). 

Similarly, the removal of external sensatory appendages (e.g., anal hooks and thoracic 

hairs) resulted in cases that were twice as long as normal and cases constructed of ill-

fitting materials (Merrill 1965).While such studies involved the incision/removal of 

segments of the insect’s nervous system, it is probable that other forms of 

incapacitation to the nervous system (i.e., through exposure to certain neurotoxins) 

could produce a similar effect. These results lend credence to the theory that a 

behavior such as case-rebuilding could by adversely impacted by exposure to 

neurotoxic insecticides.  

Case-rebuilding is a time- and energy-intensive behavior, and larvae forced to 

rebuild a case preferentially select softer, more pliable materials that require less 

energy to cut and shape (Gorter 1929). Rebuilt cases also contain less silk at pupation 

compared with those built over the entire larval period (Stevens et al. 1999), also 

suggesting that a conservative use of silk may help preserve some energy stores. Both 

the selection of soft materials and the sparing use of silk should allow the larva to 

rebuild at a faster rate, but this also results in a weaker case with the increased 

predation risk that we recorded.  

Despite the evidence for compensatory behaviors, case-rebuilding constitutes 

an energetically-costly task, and depletions of larval energy resources can impact 

future adult morphology. Stevens, et al. demonstrated that inducing fifth-instar 
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Glyphotaelius pellucidus Retzius (Trichoptera: Limnephilidae) larvae to rebuild cases 

resulted in reduced wing, thorax, and abdomen size (1999, 2000).  

Pyrethroid exposure appears to exacerbate the case abnormalities caused by the 

rebuilding process. The detoxification processes a larva must perform to rid itself of 

the pyrethroid are likely to be energy-intensive, as is the case-rebuilding process, and 

the combination of the two stressors may increase the magnitude of case irregularities 

described above. This has been previously described: Wendt-Raisch, et al. found that 

exposing net-spinning caddisfly larvae Hydropysche siltala Dohler (Trichoptera: 

Hydropsychidae) to sublethal fenvalerate concentrations results in altered silk patterns 

similar to those that we observed (1999). 

We observed that esfenvalerate-exposed larvae exhibited further diminished 

capacities for material selection, resulting in cases comprised of ill-fitting plant 

materials compared with those constructed by non-exposed larvae. Energy depletions 

caused by case-rebuilding and pyrethroid metabolism and excretion, together with 

pyrethroid-induced alterations in silking patterns and material selection may explain 

why esfenvalerate-exposed larvae build weaker cases than non-exposed larvae. 

Once extracted from their cases, caddisfly larvae were extremely vulnerable to 

predation. Cased insects utilized their cases as a portable refuge from stonefly nymphs 

and predation rate was reduced, because the stonefly nymphs had to break apart the 

case before being able to feed. After encountering a cased insect, predator nymphs 

squeezed and worked the posterior portion of the case with their mandibles until 

breaking it apart. Often, nymphs lost their grip or evidently became disinterested 

before reaching this point.  
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 Previous studies indicate that case strength is directly related to predation risk. 

A number of aquatic predators, including the dragonfly nymph Oplonaeschna armata 

Hagen (Odonata: Aeshnidae) and the predaceous minnow Gila Pandora Cope 

(Cypriniformes: Cyprinidae) were more likely to consume caddisflies with weaker 

cases (Nislow and Molles 1993). Although predators utilized different tactics to 

separate a larva from its case, in both instances insects with stronger cases were more 

likely to escape predation. Additionally, Limnephilidae larvae with stronger and wider 

cases were more likely to survive encounters with predators. 

Ultimately, although a caddis larva may be able to recover and rebuild a case 

after pyrethroid-induced case-leaving, the new case will be softer and will not afford 

the same protection as the original case. Additionally, there is strong evidence that a 

reduction in larval energy resources (e.g., through energetically costly case-rebuilding) 

results in altered adult morphology. Depending on the life history of the caddisfly 

species, adults with reduced larval energy resources exhibit decreases in thorax or 

abdomen size, potentially reducing flight ability and fecundity (Stevens et al. 2000). In 

addition, sublethal fenvalerate concentrations were shown to delay and suppress 

normal Limnephilus lunatus caddisfly emergence up to 12 weeks after exposure (Liess 

and Schulz 1996). Consequently, sublethal pyrethroid exposure may have long-lasting 

effects on caddis fitness and survival, even into the adult stage. Additionally, the 

responses reported here occurred following short-term exposures; chronic exposure to 

synthetic pyrethroids may have an even greater impact on larval survival. 

Considering that the survival of case-making caddisfly larvae and other animal 

builders depends on maintaining their ability to construct protective microhabitats, 
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exposure to sublethal concentrations of behavior-altering neurotoxins that cause case 

abandonment may lead to population declines and shifts in community structure and 

function. Preventing, altering, or arresting habitat construction critically damages 

individual’s abilities to resist predation and a number of environmental stresses and 

animal builders may be uniquely susceptible to low concentrations of these 

environmental contaminants. 
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 Fig. 4.1: A non-exposed B. americanus larva during the 
rebuilding assay (top).Case (length=9.8mm) built by a 
non-exposed larva (middle). Case (length=11.1mm) built 
by 0.4 µg/L esfenvalerate exposed insect (bottom). 
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Fig.4.2:Total effect (case-abandonment and mortality) of 48-hour 
esfenvalerate exposures on B. americanus larvae. Mortality (10.71%) was 
observed only at the highest exposure (0.4 �g/L) and occurred solely among 
insects that remained inside their cases. Computer-fit curve is a variable 
slope sigmoidal dose-response curve (GraphPad Prism version 4.00, 
GraphPad Software, San Diego California USA, www.graphpad.com). Error 
bars represent 95% confidence intervals around the mean. 
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Fig. 4.3: Timing of the B. americanus case-abandonment response over 
the 48-hour exposure period. Only those larvae completely out of the 
case were counted at each time interval. Variable-slope sigmoidal dose-
response curve fitted by computer. Error bars are 95% confidence 
intervals around the mean. 
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Fig. 4.4: Effects of esfenvalerate concentration on the capability of B. 
americanus larvae to rebuild a case during the 96-hour recovery period. 
Any detrital structure built and inhabited by a larva was included in the 
count of cases. Error bars represent 95% confidence intervals around the 
mean. 

0.0 0.2 0.4
0.00

0.25

0.50

0.75

1.00

Unexposed detritus

Exposed detritus (1 µg/L)

Esfenvalerate concentration (µg/L)

P
ro

ba
bi

lit
y 

of
 r

eb
ui

ld
in

g
ca

se



 

 

129 

 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.5: Effect of insect and detritus esfenvalerate concentration on the 
strength of rebuilt cases. Strength was measured as grams of weight 
necessary to collapse the case, and then converted to kilopascals. Error 
bars represent 95% confidence intervals around the mean.  
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Fig. 4.6: Probability of B. americanus larvae survival when exposed to 
Hesperoperla pacifica nymph predation with three levels of case 
strength/protection: original case (�), rebuilt case (�), and no case (�).  
Error bars represent 95% confidence intervals around the mean. 
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Chapter 5: Impact of Aquatic Insect Life Stage and Emergence Strategy on 
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Abstract– We investigated the impact of aquatic insect life stage and emergence 

strategy on esfenvalerate sensitivity using field-collected Brachycentrus americanus 

Banks (Trichoptera: Brachycentridae) and Cinygmula reticulata McDunnough 

(Ephemeroptera: Heptageniidae) insects. Final-instar C. reticulata emergence was 

observed for one week following three environmentally-relevant 48h esfenvalerate 

exposures, 0.005, 0.01, and 0.015 �g/L. Emergence was significantly depressed 

following exposure to esfenvalerate and resulted from an increase in nymph mortality 

during the emergence process. This experiment was duplicated for late-instar C. 

reticulata nymphs, which were similar in size to the final-instar nymphs, but not near 

emergence. Late-instar C. reticulata mayflies were about five times less sensitive to 

esfenvalerate exposures as gauged by one-week mortality rates. B. americanus pupal 

mortality was significantly increased over controls following 48hr esfenvalerate 

exposures of 0.1 and 0.2 �g/L. These response concentrations correlated closely with 

those for case-abandonment rates of fourth-instar B. americanus larvae, a sublethal 

effect of esfenvalerate exposure. Pupal mortality rates were about 16 times higher than 

those observed in larvae. Adult female egg weight as a percentage of total body weight 

was significantly decreased following pupal esfenvalerate exposures of 0.05, 0.1, and 

0.2 �g/L. These findings suggest that exposure to esfenvalerate may impair 

hemimetabolous insect emergence behaviors and may decrease fecundity in 

holometabolous aquatic insects. 
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INTRODUCTION  

Toxicant sensitivity varies over the life cycle of aquatic organisms and the 

differences in susceptibility between different instars of the same species can be 

greater, in some cases, than those that occur between closely related species 

(Stuijfzand et al. 2006). Changes in physiology over the aquatic lifespan can alter 

ability to tolerate or metabolize xenobiotics (Cravedi et al. 1995), they may alter the 

uptake kinetics (Forbes et al. 1998, Buchwalter et al. 2003), and they may affect 

storage capabilities (Nussey et al. 2008). The energetic and resource challenges 

associated with rapid growth and development also may impact sensitivity to toxicants 

(Koojiman and Metz 1984).  

Rapid and profound morphological changes are required for aquatic insects to 

transition from aquatic to terrestrial habitats, and emerging insects are extremely 

susceptible to physical injury and desiccation in addition to suffering high predation 

risk (Jakob and Suhling 1999). The pre-emergent life stages of aquatic insects 

therefore may be particularly susceptible to surface water contaminants, which can 

interfere with a number of critical processes and the provision of energy and resources 

required for successful completion of emergence processes. 

 Neurotoxins have been shown to inhibit physiological development in aquatic 

organisms, and encountering these compounds during critical growth periods may 

affect development, decreasing individuals’ chances of survival. Exposure to carbaryl 

reduced the development of anti-predator morphologies in the cladoceran Bosmina 

fatalis, and decreased the number of eggs produced by females. Antennule and 

mucrone length were also significantly impacted by sublethal carbaryl exposure 
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(Sakamoto et al. 2006). Chironomid larvae exposed to dichloro-diphenyl-

trichloroethane (DDT) exhibited increased instances of morphological deformities, 

including malformed menta and antennae (Madden et al. 1992). Sublethal toxicant 

levels also alter the energy budget of exposed organisms, diverting energy from 

growth and development (Naylor et al. 1989). Exposure to sublethal insecticide 

concentrations has been shown to stimulate metamorphosis in larval Rana clamitans 

frogs (Boone et al. 2001).  

Disruption of normal development and growth as a result of exposure to 

neurotoxic insecticide contaminants during a crucial insect maturation period such as 

pupation, could have severe consequences for fitness and survival. Sublethal 

pyrethroid exposures were shown to inhibit both hydrocarbon and lipid synthesis in 

Triatoma infestans (Hemiptera: Reduviidae), and ultimately affected cuticle barrier 

properties and membrane fluidity (Juarez 1995). Inhibition of hydrocarbon 

biosynthesis may also alter molting cycles and decrease survival (Juarez 1994).  

Both agricultural and urban usages of synthetic pyrethroid insecticides are 

increasing, and there is concern that these compounds may pose a risk to non-target 

aquatic organisms (Weston et al. 2004, 2005). Agriculturally-associated streams in 

California were found to contain between 0.1 and 0.8 µg/L esfenvalerate (Werner et 

al. 2004). Esfenvalerate was shown to significantly alter Brachycentrus americanus 

larval behavior and survival following exposures as low as 0.05 µg/L (Johnson et al. 

2008). Synthetic pyrethroid insecticides elicit toxic effects by binding to sodium 

channels, prolonging nerve signaling and causing eventual depolarization of the nerve 

(Bloomquist 1996). Exposed insects exhibit altered behaviors, including hyperactivity, 
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tremors, and eventual paralysis (Haynes 1998). At sublethal doses, pyrethroid 

insecticides have been shown to alter invertebrate endocrine levels. For example, 

cypermethrin exposure led to premature vitellogenesis in Ornithodoros mubata ticks 

by stimulating release of the normal vitellogenesis inducing factor (Taylor et al. 

1991). Similarly, sublethal deltamethrin exposure stimulated the release of 

hypertrehalosemic hormone in Locusta migratoria, causing affected insects to enter a 

hyperglycemic-like state (Alaoui et al. 1994). 

Both the physiological and behavioral dysfunctions that arise from synthetic 

pyrethroid exposure could aversely impact aquatic insect emergence, a process 

requiring a complex hormonal cascade and precisely executed behaviors (Dhiadialla et 

al.1998). Aquatic insects employ two primary development/emergence strategies: 

hemimetabolous emergence, exemplified by mayfly (Ephemeroptera) nymphs, and 

holometabolous pupation, as seen in caddisfly (Trichoptera) larvae. Both 

developmental pathways enable the development of adult morphologies and the 

production and dispersal of eggs by the terrestrial adult stage of aquatic insects.  

Adult mayflies are extremely short-lived insects, often dying within 48 hours 

of emergence. Adult features including wings and eggs are developed while insects are 

still in the nymphal stage and remain enfolded within the nymphal cuticle or within 

the body until emergence of the adult stage. The entire ecdysal process is completed 

within 5 to 10 minutes (Edmonds and McCafferty 1988), during which predation risk 

is severe; emerging insects are available to both aquatic and aerial predators (Jakob 

and Suhling 1999). Escaping the exuvium is itself a risky process, and insects do not 
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survive if wings, legs, or caudal filaments are not freed during this process (Dhiadialla 

et al. 1998).  

During trichopteran pupation, larval features break down and adult 

morphologies are developed from larval imaginal tissues. This process is guided by 

the timed progression of a series of hormones, including juvenile hormone, 

prothoracicotropic hormone, and a number of ecdysteroids (Gilbert et al. 1996). 

Although non-feeding and contained inside a pupal case, caddisfly pupae rely on 

simple behaviors to maintain sufficient oxygen flow during development, including 

undulation and cleaning behaviors (Wiggins 1989). Following pupal development, 

caddisflies, like hemimetabolous insects, must swim to the surface and shed a final 

pupal skin to complete the aquatic-terrestrial transition. The pupal skin is a waterproof 

membrane that protects the pharate adult as it swims from the benthos to the surface; 

the wings remain enfolded close to the body, and the legs move freely to propel the 

insect through the water column to the surface where the skin is shed (Wiggins 1998). 

Disruption of either developmental or emergence processes could result in pre-

reproductive insect mortality, or altered adult morphology. 

Pyrethroid exposure may therefore impact insect metamorphic development 

and interfere with emergence behaviors in such a way that survival and fitness are 

impaired. To investigate this, we determined the effects of exposure to sublethal 

esfenvalerate concentrations on the emergences of final-instar Cinygmula reticulata 

(Ephemeroptera: Heptageniidae) nymphs and Brachycentrus americanus (Trichoptera: 

Brachycentridae) caddisfly pupae. We compared these results with measurements of 

esfenvalerate susceptibility in the earlier life stages of these species to define how 
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susceptibility varies through the aquatic stages of development. The results of 

exposure studies with earlier life stages were utilized as a baseline against which we 

could compare the relative sensitivities of the pre-emergent life stages. Finally, we 

examined the effect of these later life stage exposures on adult female fecundity in C. 

reticulata and B. americanus adults, and on the body size and weight of adult B. 

americanus caddisflies. 

 

MATERIALS AND METHODS 

Chemicals 

Analytical grade esfenvalerate (ChemService, West Chester, PA) was used 

throughout this investigation. Methods of dilution to obtain experimental 

concentration are described in Johnson et al. (2008), as are nominal concentrations 

verification methodologies. Each esfenvalerate concentration used during the course 

of these experiments was verified using this methodology, except for the two lowest 

esfenvalerate concentrations (0.005 and 0.01ug/L) esfenvalerate. Duplicate samples 

analyzed for each treatment concentration. Grand mean of percentages of 

esfenvalerate recovered during analysis was 84.2 (standard deviation: 16.2). 

 

C. reticulata emergence bioassay 

 In order to determine the impact of esfenvalerate exposure on C. reticulata 

emergence, we utilized field-collected, final-instar nymphs. Insects were collected 

from a pristine field site, the Metolius River near Camp Sherman, Oregon, USA May 

through July 2006. Final-instar mayflies are those insects that have completed aquatic 
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growth and will initiate adult emergence with the next ecdysis. Age was gauged by 

visual inspection of wing pad length and the darkness of coloration. Insects were 

collected using a Surber sampler with a 500-micron filter and transferred with a 

paintbrush to containers of source water. These were transported back to the 

laboratory on ice and then placed in circulating holding tanks containing chilled 

(11°C±2°C), aerated well water (Sinnhuber Aquatic Research Laboratory, Corvallis, 

OR). Insects were held in this system for 24 hours prior to use in bioassays. 

 Final-instar nymphs were exposed according to the methodology described in 

Johnson, et al (2008). Insects were exposed as groups of ten in 250ml side arm flasks 

containing 250ml chilled aerated water and Teflon boiling chips as substrate 

(Chemware PTFE Boiling Stones, Fisher Scientific). Four replicates were exposed at 

each esfenvalerate treatment concentration (0, 0.005, 0.01, 0.015 µg/L). Preliminary 

experiments indicated that these concentrations are not directly lethal to final-instar C. 

reticulata nymphs. This experiment was repeated three times, with a total of 120 

insects exposed within each treatment. Following the 48-hour exposure window, 

nymphs were removed from esfenvalerate solutions, pooled by treatment, and then 

transferred to emergence chambers (20 insects per chamber). Insects that had emerged 

during the exposure period were discarded. Emergence chambers consisted of 1L 

beakers containing 300ml of chilled well water. Green algae, laboratory-cultured on 

2.5 x 2.5 cm ceramic tiles, were provided as a food source for nymphs, and a partially 

submerged stick was included to assist emergence. Chambers were covered with nylon 

screen (1.2 mm openings) secured with duct tape, and placed in a chilled water bath 

(10 ± 2°C). Aeration was provided using air pumps connected to 23cm disposable 
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glass pipettes, which were inserted through the screen. Insects were held in this system 

for one week, and emerged adults and dead nymphs were removed and counted daily.   

Because we were interested in the effect of esfenvalerate exposure on C. 

reticulata emergence, nymphs that had survived to day seven without emerging were 

removed from the statistical analyses. This accounted for any inaccuracies in nymph 

age determination, and ensured that insects included in analyses had initiated the 

emergence processes at the same time. Consequently, there were three possible 

endpoints considered: nymph mortality, normal emergence, and mortality during the 

emergence process.  

Percentage mortality within the final-instar nymphs, percentage normal 

emergence, and percentage mortality during emergence were calculated for each 

treatment concentration. Differences in responses among treatment concentrations 

were determined by ANOVA and Tukey-Kramer procedures (GraphPad Prism version 

5.00, GraphPad Software, San Diego California USA, www.graphpad.com).  

 

 

Late-instar C. reticulata bioassay 

Toxic effects are easily observed in larger mayfly nymphs, and large insects 

are also more readily field-collected and identified. Consequently, large late-instar 

nymphs (i.e. insects at least 20d from emergence) are preferentially used in 

toxicological bioassays (Schulz 2001, Peterson 2001). These insects are similar in size 

to final-instar nymphs, but they may be up to three weeks away from emergence. In 

order to determine whether the proximity to emergence affects susceptibility to 
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esfenvalerate, the above experiment was repeated with these late-instar mayflies. Four 

replicates were exposed at each esfenvalerate treatment level (0, 0.005, 0.01, and 

0.025 µg/L), with 10 nymphs per replicate flask. Following the 48-hour exposure 

period, nymphs were removed, pooled by treatment, and transferred to 100 x 50 mm 

crystallizing dishes containing 200ml chilled well water (10 nymphs per dish). Algae-

covered tiles were provided as a food source, and the dishes were placed in a chilled 

water bath (10 ± 2°C). The water in the dishes was replaced after three days. Numbers 

of dead insects were counted at three and seven days post-exposure.  

 Nymph mortalities were converted to percentage dead per replicate and the 

mean percent mortality was calculated for each treatment. Average nymph mortalities 

were compared among treatment groups by an ANOVA followed by a Tukey-Kramer 

procedure (GraphPad Prism version 5.00). Differences in survival rates between the 

two C. reticulata life stages were also determined using this method. 

 

B. americanus pupal bioassay 

To test the susceptibility of metamorphosing insects to esfenvalerate 

exposures, B. americanus pupae were collected in March and April of 2007, again 

from the Metolius River.  These were field-identified to species by case 

characteristics. Pupae were distinguished from larvae by the presence of the silk 

membrane covering the anterior opening of the case (Wiggins 1989). Pupal cases were 

gently detached from river substrata, placed in containers with chilled river water, and 

transported to the laboratory on ice. These were then placed in circulating holding 

tanks containing chilled (11°C±2°C), aerated well water. Forty-eight hour 
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esfenvalerate exposures were carried out in the same flask system used for C. 

reticulata nymphs; Teflon boiling chips were not included because lack of substrate 

would not be stressful for enclosed pupae. During the first experimental run, four 

replicates were exposed at esfenvalerate treatment concentrations of 0, 0.025, 0.05, 

and 0.1 �g/L, and three replicates exposed at 0.2 �g/L. During the second run, three 

replicates were exposed at each of these concentrations. Ten pupae were exposed per 

replicate flask.  

At the end of the exposure period, each replicate was transferred to 150 ml 

capacity juice glasses (6cm x 9cm, Anchor Hocking Company, Lancaster, OH, USA) 

containing 100 ml chilled aerated well water (10 ± 2°C). Insects that had emerged 

during the exposure period were discarded. Nylon mesh (1.2 mm openings) was 

secured over the top of the glasses with rubber bands. Glasses were inverted and 

placed on top of a tray suspended in an aquarium containing re-circulating, chilled 

well water. The tray was composed of a perforated plastic sheet suspended 6.5 cm 

below the water line with stainless steel wire. A layer of air was left trapped in the 

glass to facilitate emergence.  Air bubblers were placed around the periphery of the 

aquarium to cause water turbulence and provide a circulating current. Caddisflies 

emerged over the subsequent 30 days with the containers being checked every third 

day when the water was replaced. 

 Reduction in caddisfly energy reserves immediately prior to pupation has been 

shown to alter adult morphology (Stevens 2000). To determine whether pupal 

esfenvalerate exposure affects adult morphology, emerged caddisflies were removed 

and frozen during the first experimental run. At the conclusion of the experiment, 
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body metrics, including abdomen lengths (±0.0005cm), thorax lengths (±0.0005cm),  

and head widths (±0.0005cm), were measured using a Leica MZ12 dissecting scope 

(Leica Microsystems, Wetzlar, Germany) fitted with an ocular micrometer. Total male 

body weight (±0.005mg), female somatic weight (±0.005mg), and egg weight 

(±0.005mg) were also measured, following a 24-hour drying in a 105°C oven 

(Imperial II Radiant Heat Oven, LabLine Instruments, Inc, Melrose, IL, USA). 

If pupal esfenvalerate exposure reduces B. americanus energy reserves, there 

may also be an impact on offspring viability and survivorship. To determine if female 

fertility is impacted by esfenvalerate exposure, emerged adults from the second 

experimental run were pooled by treatment and allowed to mate and deposit eggs 

within the emergence chambers. Eggs were removed to 400 ml beakers containing 250 

ml of chilled aerated water (10 ± 2°C) until initiation of hatch. Hatching egg clutches 

were then transferred to 100x50mm crystallizing dishes (VWR International, West 

Chester, PA, USA), containing chilled well water (10 ± 2°C) and rinsed sand. Finely 

ground poplar leaves (Populus trichocarpa) were provided as case-building material, 

and mixture of cultured green algae and frozen diatoms were provided as a food 

source. Survival of hatchling larvae was measured two weeks post-hatch to determine 

whether pupal exposure impacted fitness and first instar viability. 

For both experimental runs, the number of successful emergences was 

recorded within each replicate and the mean percent successful emergence calculated 

for each treatment. A series of ANOVA procedures and Tukey-Kramer post-tests were 

used to determine the impact of esfenvalerate treatments on percent successful 

emergence, adult male length and weight, adult female length and body/egg weight. 
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 As a point of comparison for B. americanus pupal esfenvalerate susceptibility, 

data previously published by the authors on fourth-instar B. americanus larval 

esfenvalerate susceptibility has been included (Johnson 2008). Specifically, two of the 

endpoints considered in the previous paper are included here: case abandonment (a 

sublethal response) and larval mortality. 

 

RESULTS 

Final-instar C. reticulata nymphs 

 Exposure to sublethal esfenvalerate concentrations significantly impacted C. 

reticulata emergence success (p< 0.01, ANOVA, Fig. 5.1). Non-exposed final-instar 

nymphs exhibited 94 percent successful emergence to the adult stage. This was 

decreased to 60 percent successful emergence following exposure to 0.005 µg/L 

esfenvalerate. Exposure to 0.01 and 0.015 µg/L each suppressed normal emergence to 

about 40 percent. Nymph mortality rates were statistically similar at all treatment 

levels (p> 0.05 ANOVA, Fig. 5.1).  

 Depressed C. reticulata emergence following esfenvalerate exposure resulted 

from a significant increase in unsuccessful eclosion. (p< 0.01, ANOVA, Fig. 5.1). 

Insects that had died during a failed emergence attempt were identified by the 

presence of a split ecdysal suture and separation of the head capsule, which caused 

insects to have cloudy or opaque eyes. While less than 4 percent of control nymphs 

died in the process of emerging, this was increased to 35-40 percent following 

esfenvalerate exposures. Although emergence and survival were reduced significantly 



 

 

144 

in all treatments, relative to the control, there were no statistically significant 

differences among the pesticide treatments themselves. 

 

Late-instar C. reticulata nymphs 

 No significant increase in late-instar (i.e. insects at least 20d from emergence) 

nymph mortality relative to the control was observed following exposure to 0.005 and 

0.01 µg/L esfenvalerate (p> 0.05, ANOVA). A comparison between the one-week 

survival rates of the late-instar and final-instar C. reticulata nymphs indicate that 

timing of exposure relative to life stage affected susceptibility to esfenvalerate (Fig. 

5.2). One-week late-instar mortality was increased relative to the control only at the 

0.025 µg/L esfenvalerate exposure (p < 0.05), whereas exposure to 0.005 µg/L 

esfenvalerate significantly increased mortality in the final-instar nymphs. Late-stage 

nymph mortality at this treatment level was statistically identical to mortality of final-

instar C. reticulata nymphs exposed to 0.005 µg/L esfenvalerate. 

 

B. americanus pupal esfenvalerate exposures 

 Successful B. americanus emergence was significantly depressed following 

pupal exposures to 0.1 and 0.2 µg/L esfenvalerate (p < 0.05, ANOVA, Fig. 5.3). 

Survival rates to the adult stage were 75 and 45 percent, respectively. Decreases in 

successful emergence were also observed at treatment concentrations of 0.025 and 

0.05 µg/L, but these were not significantly different from the control (p > 0.05, 

ANOVA).   
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 Emergence initiated within three days following exposure and continued over 

the next 20 days. This may indicate either that pupae had been exposed at different 

initial pupal developmental stages, or that there is a natural variation on the pupal 

period. Body metrics, including dry weight, were compared across the emergence 

period to determine whether the timing of exposure during pupal development affected 

the results. There was no effect of emergence date on any of the metrics tested. We 

could not correlate pupal mortality with timing of esfenvalerate exposure because it 

was impossible to distinguish dead pupae from un-emerged insects, at least until 

extensive decay had taken place in the former. Emergence rate in the 0.2 µg/L 

treatment was depressed relative to other treatments during the first week of post-

exposure observation.  

 When pupal mortality rates were compared with other toxicological endpoints 

observed in fourth-instar B. americanus larvae following esfenvalerate exposure, 

pupal mortality correlated most closely in terms of susceptibility with the sublethal 

case-abandonment response of the larvae observed in a previous study (Fig. 5.4, 

Johnson 2008). Significant differences between pupal mortality and larval case-

abandonment rates occurred only in the 0.025 µg/L esfenvalerate treatment (p< 0.05, 

ANOVA). However, when esfenvalerate-induced pupal and larval mortalities are 

compared, there was a 16-fold difference in sensitivity between the two life stages 

(Fig. 5.4). About 13 % pupal mortality occurred following exposure to 0.025 µg/L 

esfenvalerate, while even 0.4 µg/L esfenvalerate exposures produced larval mortalities 

of only 10.7 %. 
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Pupal esfenvalerate exposure had no affect on the thorax length, abdomen 

length, or head width of emerged males or females. There was however a significant 

impact on the percentage of female body weight devoted to the egg mass (Fig. 5.5), 

which was significantly depressed following pupal exposures of 0.05 and 0.2 µg/L 

esfenvalerate (p< 0.05, ANOVA). Performing egg counts during dissection was 

impeded by the occurrences of undifferentiated egg masses in some females from the 

treatment groups. Rather than consisting of individually chorionated eggs, these 

clutches were comprised of a solid mass of egg material. It is unknown whether this 

was a result of insecticide exposure, but instances of this phenomenon were observed 

only in treatment groups. 

 No differences in survival were detected among two-week-old larvae hatched 

from the collected egg clutches. There was a qualitative difference in the viscosity of 

the egg clutch gelatin between those produced by non-exposed and esfenvalerate 

exposed pupae. Egg clutches produced by exposed pupae were less rigid and compact 

than those produced by control insects. 

 

DISCUSSION 

The dramatic suppression of C. reticulata emergence by extremely low 

esfenvalerate exposures indicates that exposure during this life stage may seriously 

impact population processes.  Over 90 % of mayflies die before reaching the adult 

stage, and small increases in adult mortality can impact abundance of the next 

generation (Werneke and Zwick 1992). Increased mortality in the immediately pre-

reproductive stage may similarly affect mayfly population dynamics. Brachycentrus 
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sp. population studies suggest that more than 95% of these insects die before entering 

the pupation period (Ross and Wallace 1981). Under field conditions, caddisfly pupal 

mortality ranges between 20 and 29%, resulting in large part from predation and 

parasitism (Wisseman and Anderson 1983). Additional pupal mortality resulting from 

pyrethroid exposure may adversely impact these species’ population dynamics. 

Preliminary experiments suggested that some instances of pupal mortality are 

secondary effects of esfenvalerate exposure. Caddis pupae are equipped with anterior 

and posterior bristles that are used to clean the silk screens enclosing the pupal case 

(Wiggins 1998). Without cleaning, screens become clogged with debris and fugal 

growth, preventing the flow of oxygenated water into the case. Following exposure, 

some cases exhibited extensive fungal growth on the anterior and posterior case 

screens. However, when these cases were dissected, the pupae inside were still alive. 

Some measure of the esfenvalerate-induced pupal mortality could have occurred 

through interference with cleaning behaviors. 

Between 2 % and 4 % of exposed pupae escaped their pupal cases, but failed to 

eclose from the pupal skin. Affected pharate adults were observed swimming on the 

water surface for about 24h, and eventually died still enclosed within the pupal skin. A 

similar eclosion failure effect was observed in Nephaspis oculatus beetle pupae 

following sublethal exposures to bifenthrin (Liu and Stansly 1996). Physiologically, 

this may be related to the eclosion failures observed for pre-emergent C. reticulata 

nymphs. Interestingly, affected insects were able to manipulate pupal mandibles 

expertly enough to cut through the screen of the case. Because these pupae were able 
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to perform this complex behavior, the subsequent eclosion failures may have resulted 

from physiological disruption rather than behavioral dysfunction. 

 The timing of esfenvalerate exposures within the C. reticulata aquatic life 

cycle clearly affects their toxicity. Late-instar nymphs recovered from exposures that 

significantly depressed survivorship in final-instar nymphs. In fact, a number of 

successful molts were observed for the late-instar nymphs following exposure. This 

suggests that the final molt to adult stage is significantly more sensitive to 

esfenvalerate disruption than between-instar molts. Differences between esfenvalerate 

susceptibilities of the two B. americanus life stages were less pronounced. Pupal 

mortality occurred at much lower exposure concentrations than those that would cause 

larval mortality. However, levels of pupal mortality correlated almost exactly with 

rates of larval case-abandonment recorded following esfenvalerate exposure. Although 

case-abandonment is technically a sublethal endpoint, caddisfly larvae do not survive 

long without cases, and this response would almost certainly result in the death of the 

larva (Johnson et al. 2008). 

Reductions in egg weight produced by exposed B. americanus pupae indicate 

that non-lethal exposures may decrease the insects’ energy reserves, reducing the 

available resources for egg production. Observed changes in the consistency of B. 

americanus egg clutch gelatin may also indicate energetic depletions caused by pupal 

exposure to esfenvalerate. The gel found in trichopteran egg clutches is comprised of 

sugars, including mannose, galactose, glucose and sialic acid, and requires significant 

energetic input to manufacture (Middleton 1974). Similarly, exposure to insecticides 

immediately prior to emergence may reduce C. reticulata adult energy stores. Adult 
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mayflies are fragile and short-lived, with limited dispersal capacity (Brittain 1982). 

Esfenvalerate-mediated reductions in adult energy reserves may prevent adults from 

dispersing or finding mates. Further, successful mayfly emergences observed in 

treatment groups required a longer period of time than those observed in control 

groups and in the field (i.e. 25-30 min versus 5 min). Prolonging emergence increases 

predation risk and furthers the downstream displacement of emerging nymphs, 

diluting the pool of potential mates (Edmunds and McCafferty 1988).  

Although insufficient number of B. americanus eggs masses were produced to 

facilitate statistical comparisons, some masses oviposited by exposed caddisflies failed 

to hatch. Potentially, normal egg production may have been impacted by pupal 

esfenvalerate exposures. Following sublethal deltametrin exposures, adult German 

cockroaches (Blattella germanica) exhibited decreased longevity and reduced oothecal 

production and hatchability (Lee et al. 1998). The authors also reported an increase in 

the number of non-viable or unfertilized ootheca produced by exposed insects, and 

speculated that insecticide-induced alterations in parental reproductive physiology 

may have resulted in the production of non-viable eggs.  

There is increasing concern that non-target aquatic populations may be at risk 

from pyrethroid contamination of surface waters. During the 1990s, use of synthetic 

pyrethroids in California agricultural production nearly doubled, and urban uses 

increased five-fold over the same period (Oros and Werner 2005, Amweg et al. 2004). 

Further, newer, more toxic pyrethroid compounds have made up a greater percentage 

of total agricultural pyrethroid usage (Amweg et al. 2004). Much insecticide 

contamination of surface water exhibits a seasonal cycle, correlating with use and 
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precipitation (Larson et al. 1997). Likewise, aquatic insect life cycles are seasonal, 

timed to ensure that both aquatic young and terrestrial adults enjoy optimal 

environmental conditions (Merritt and Cummins 1997). An annual co-occurrence of 

seasonal insecticide contamination and a particularly sensitive insect life stage may 

have a critical impact on a species’ population dynamics. Knowledge of life-stage 

specific impacts of insecticide exposure will therefore assist in the determination of 

population-level effects of pesticide contamination. 
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Fig. 5.1: C. reticulata nymph mortality, emergence mortality, and normal 
emergence following 48h esfenvalerate exposures. Responses were recorded 
over the week following exposure period. Emergence mortality included 
only those insects that died during the shedding of nymphal skin. Asterisks 
represent significant differences from control responses (p<0.05, ANOVA). 
Error bars represent 95% confidence intervals. 
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Fig. 5.2: Comparison of mortality for two C. reticulata life stages during 
the seven days following 48h esfenvalerate exposure. Final-instar nymphs 
had attempted emergence during the week following exposure. Both life 
stages were similar in size. Significant differences in survival between life 
stages were recorded at both esfenvalerate exposure levels (p< 0.01, 
ANOVA). Error bars designate 95% confidence intervals. 
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Fig. 5.3: Effect of pupal esfenvalerate exposures on B. americanus 
emergence. Significant decreases in successful emergence were observed at 
the two highest treatment groups (p > 0.05, ANOVA). Linaae is a linear 
regression of the data (Graphpad Prism, r2=0.9858). Error bars represent 95% 
confidence intervals. 
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Fig.5.4: Comparison of esfenvalerate sensitivity between fourth instar B. 
americanus larvae and pupae. A significant difference between pupal 
mortality and larval case-abandonment was observed at the 0.025 µg/L 
treatment level (p < 0.05, ANOVA). Mortality rates were significantly 
higher for B. americanus pupae than larvae. Error bars designate 95% 
confidence intervals. 
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Fig.5.5: Percent adult female B. americanus body weight devoted to eggs 
following pupal esfenvalerate exposure. Asterisks designate a significant 
difference from control data (p<0.05, ANOVA). Error bars represent 95% 
confidence intervals for the data. 
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Chapter 6: General Discussion 
 
 
Life history strategy in ecotoxicology 

 Inclusion of life history strategy in the estimation of population-level toxic 

effects has been increasingly emphasized in toxicological studies. Life history 

attributes such as life span, time to first reproduction, and reproductive output have 

been shown to impact the recovery times of populations, and thus play an important 

role in the determination of species’ overall sensitivity (Stark et al. 2004). Since these 

attributes are common to all organisms, utilizing them as toxicity endpoints enables 

cross-species comparisons and facilitates estimations of population susceptibility for 

species with defined life histories but unknown toxicant sensitivities. However, the 

contributions of other life history attributes to species susceptibility have not been 

taken into account. Complex behaviors, diverse morphologies, and specialized 

metamorphic processes all contribute to individual survivorship, and can therefore be 

included as part of the overall life history strategy of an organism. Such attributes have 

the potential to alter the probability of for toxicant exposure or to enhance the effects 

of intoxication, but are rarely, if ever, taken into account in toxicological bioassays. 

 Aquatic insects, as a group, exhibit highly diverse life history strategies, which 

are a result of a series of independent habitat colonizations. The vast majority of insect 

proliferation occurred in terrestrial habitats, and was followed by a number of 

secondary aquatic invasions by a subset of species. Adaptation to aquatic habitats 

necessitated the development of strategies for oxygen uptake, food acquisition, and in 

the case of semi-aquatic insects, adultemergence into the terrestrial environment. 
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Aquatic insects therefore reflect a diversity of life history attributes which presumably 

would alter the consequences of exposure to surface water insecticide contaminations. 

In the case of the sensitive Ephemeroptera, Plecoptera, and Trichoptera orders (EPT 

taxa), piecing out these risky life history attributes may help explain the mechanism of 

these organisms’ observed sensitivity to insecticides.  

The purpose of the experiments reported here was twofold: 1) to determine if 

certain aquatic insect morphologies, developmental strategies, or behaviors 

exacerbated the effects of esfenvalerate exposure, and 2) to establish the impacts of 

exposure at potentially sensitive life stages. Since different life stages of a particular 

species manifest different life history attributes, both objectives could be considered 

concurrently in the bioassays. 

 

Aquatic insect life history attributes that influenced toxicity 

 Based on the findings concerning the sensitivities of B. americanus, H. 

pacifica, and Baetis sp. eggs, the gelatinous egg clutch morphology of the B. 

americanus caddisfly appeared to exacerbate the biological effects of esfenvalerate 

exposure. Exposure to low esfenvalerate concentrations (e.g. less than 0.1 µg/L) five 

days before hatching caused significant clutch mortality through an inhibition of larval 

behavior. In gelatinous clutches, the internal movement of newly-hatched larvae 

facilitates gelatin breakdown, which is essential for larvae to escape the matrix. Larvae 

in exposed clutches exhibited decreased range of motion, and were unable to crawl out 

of the confines of the gelatin. This eventually caused massive clutch death. By 

comparison, incidences of egg death in the sheet-like Baetis sp clutches did not affect 
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the hatching efficiency of live eggs. Additionally, the critical exposure period for late-

stage B. americanus eggs was two to three times longer than that of the Baetis sp 

clutches (five days pre-hatch versus one to two days pre-hatch).  Further, while no 

toxic effect was observed for H. pacifica eggs, the long maturation time suggests a 

critical exposure period later in embryonic development would also be prolonged. A 

lengthened sensitive developmental period would increase the risk of insecticide 

exposure during this time. 

 During the investigation of the influence of aquatic insect functional feeding 

group on dietary esfenvalerate exposure, none of the tested insects rejected the food, 

an indication that the compound did not elicit a feeding deterrence. However, this does 

not mean that functional feeding group has no impact dietary uptake. Visual predators, 

such as H. pacifica stoneflies, are unlikely to attack moribund prey items, and their 

diets rarely contain the particulate matter commonly contaminated with pyrethroid 

insecticides. Rather, those species that passively consume terrestrially-derived detrital 

matter more likely would consume adsorbed pyrethroids. Theoretically, the impact of 

dietary esfenvalerate exposures would be disproportionately evident in filter feeders, 

collectors, scrapers, and to a lesser degree, shredders. Since the balance of feeding 

strategies is essential for stream ecosystem function (Newbold et al. 1982, Plafkin et 

al. 1989), the potential that dietary esfenvalerate exposure may selectively affect 

specific feeding groups may hold implications for stream nutrient cycling. 

Developing methods for respiration in low-oxygenated environments was an 

essential step in insect acclimatization to aquatic ecosystems. Caddisfly case-building 

behaviors comprise a relatively complex adaptation that facilitatse oxygen uptake. The 
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case also acts as camouflage and physical protection for the insect. However, over the 

evolutionary history of case-building caddisflies, the case has altered the selection 

pressures acting upon the insect. A comparison of the morphologies of case-building 

and free-living caddisfly species reveals a lack of sclerotization and anti-predator 

morphologies in the case-building species (Merritt and Cummins 1996). 

Consequently, loss of the case has a more significant impact on caddisfly survival than 

do sublethal effects observed in other aquatic insect species, such as immobilization. 

Caddisfly recovery after case-abandonment requires more time and energy than 

recovery of motor function. Both the pyrethroid exposure and the case-rebuilding can 

drain energy reserves, resulting in poorly formed cases, prolonging the risk to the 

larvae. 

 A comparison of successful hemimetabolous and holometabolous emergences 

following esfenvalerate exposure suggests that hemimetabolous emergence strategies 

may be more sensitive to esfenvalerate exposures. Exposure appeared to alter either 

emergence behaviors or vital physiological processes associated with this 

metamorphosis, resulting in mortality during ecdysis. Interestingly, this experiment 

could not be duplicated with pre-emergent H. pacifica nymphs. The stonefly’s 

protracted aquatic life span results in lengthy instar periods, which prevented the 

correct timing of exposure (e.g. within one week of emergence). Also, the long 

generational times amplified the developmental variability within the population. 

Hence, emergence of long-lived species may be more temporally dispersed than that 

of a rapidly-developing species. Such a distribution of life stages would reduce the 

impact of a pulsed esfenvalerate exposure.  
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 Although B. americanus pupal emergence was not as severely affected, a 

distinct reduction of fecundity was observed following pupal esfenvalerate exposures. 

Since holometabolic egg production is fueled solely by the limited energy stores 

accumulated during the larval stage, esfenvalerate-induced energy reductions likely 

would reduce fecundity. Conversely, hemimetabolous egg production occurs while the 

nymph is feeding and still potentially able to cope with reduced energy stores by 

increasing feeding rates.  

  

Importance of life stage at exposure 

 In order to compare the relative susceptibilities of the different life stages 

tested, mortality curves for three B. americanus life stages and three C. reticulata life 

stages were plotted on a composite graph (Fig 6.1). Mortality data for Baetis sp. eggs 

was used as a surrogate data curve for C. reticulata. In these graphs, the slopes of the 

lines are indicative of the esfenvalerate susceptibilities of the different life stages. 

Steeper slopes indicate a greater sensitivity at the life stage in question. Remarkably, 

analogous life stages in B. americanus and C. reticulata did not exhibit the same 

relative sensitivities. For C. reticulata, the most susceptible life stage tested was the 

final-instar nymph stage, followed by late-instar nymphs and the egg stage. First-instar 

nymph mortality data following late-term egg exposures was not included in the 

graph, but the mortality curve for this stage was near identical to that of the late-term 

nymphs. For B. americanus, however, the most susceptible life stage tested was the 

late-term egg clutch, followed by pupae, and finally the fourth-instar larvae, if case-

abandonment is considered a lethal endpoint. Interestingly, the distribution of the 
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mortality curves along the concentration gradient and the variability of the slopes were 

noticeably greater for C. reticulata life stages versus B. americanus life stages. This 

indicates that sensitivity may vary less over the B. americanus life cycle than the C. 

reticulata life cycle. 

 

Contributions to ecotoxicology 

 Analysis of the data presented here suggests that three crucial factors must be 

considered in the determination of aquatic insect life stage sensitivities: 1) the 

importance of exposure timing with respect to life stage and overall life history, 2) the 

need to consider delayed effects (e.g. those that occur following exposure) when 

determining toxicity, and 3) that complex organisms exhibit complex reactions to 

sublethal exposures. 

While investigations into individual-level effects impart critical information 

regarding toxin-induced alterations to behavior, fitness and survival, it is population-

level effects data that are essential to understanding the true impact of contaminants 

(Fig. 6.2). Life-history variables can alter the population-level impact of toxicant 

exposure. Recovery rate following exposure will be protracted for species that exhibit 

slow population growth; conversely, rapidly reproducing populations will require less 

recovery time (Stark et al. 2004). Consequently, two factors comprise species’ overall 

susceptibilities: sensitivity to toxicant and population growth capacity. Whereas life 

history can clearly impact population dynamics, certain strategies can also impact 

toxin exposure or effects. 
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The integration of three different variables is necessary to accurately predict 

impact on aquatic insect populations (Fig. 6.3). First, both the lethal and sublethal 

toxic actions for pyrethroid insecticides must be defined for aquatic species of interest. 

In order to appropriately estimate toxicity, several life stages must be tested, as well as 

several different endpoints. This will not only assist in characterizing the change in 

sensitivity over the life stage of the organism, but will also help identify specific life 

history strategies that increase susceptibility.  

Next, the temporal relationship between surface water insecticide 

contamination and aquatic insect life cycles must be characterized. The concentrations 

of pyrethroid insecticides in aquatic environments will depend on use patterns, 

precipitation, breakdown rates, and other specific chemical properties. Generally, 

insecticide contamination is higher during the spring and early summer when 

agricultural uses typically peak. However, with the increasing contribution of urban 

sources to surface water contamination, the seasonal timing of pyrethroid 

contamination may be less definitive. The life cycles of aquatic insects are more easily 

defined, since these species are typically constrained by environmental factors with 

the same life stages recurring at the same time each year (Merritt and Cummins 1996). 

Finally, sensitive life stages must be considered in conjunction with species’ 

population dynamics, including the relative contribution of each life stage to 

population growth (Kammenga and Laskowski 2000). Since life stage is a common 

thread affecting both temporal exposure and toxicity data, it is critical that the 

contribution of each life stage to overall population growth is considered.  
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Although quantitative determination of overall species susceptibility lies 

beyond the scope of this dissertation, the data reported here can be used to make 

qualitative estimations concerning sensitivity (Table 6.1). Correlating B. americanus 

life stage and probability of esfenvalerate presence in surface waters can reveal 

coincidences of toxicologically sensitive life stages with potential exposure periods. 

Addition of a few pertinent life history variables (e.g. lx and V) can indicate life stages 

crucial to population maintenance, and can further assist in piecing out sensitive life 

stages (Table 6.1). The co-ocurrence of esfenvalerate contamination and a 

toxicologically sensitive life stage that has a high contribution to population growth 

rates would indicate a potential for a reduced population growth rate. Recurring 

seasonal contamination may exacerbate the decline. 

Ultimately, a more complete understanding of the impact of life stage on 

toxicological sensitivity and population growth rate will help identify the more 

susceptible stages of aquatic insect development, potentially allowing for remediation 

efforts timed to protect these most sensitive stages. 
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Fig. 6.2: Logit-transformed mortality curves for C. reticulata (above) and B. 
americanus (below). Egg mortality is in red, fourth-instar larvae and late-instar 
nymphs in blue and pupae and final-instar nymphs in black. The relative steepness 
of the slopes indicates life stage susceptibility.  
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Fig. 6.2: Toxic effects threshold between concentration effects. On the left are 
concentrations that induce effects solely on individuals, and on the right, those 
eliciting population-level effects. The threshold is determined for a species by 
population growth rate and the life stage of organism exposed (life-stage-specific 
sensitivity/contribution to population growth). Additional stressors may shift the 
threshold lower. 
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Fig. 6.3: Proposed interaction between life history, pyrethroid sensitivity, and 
seasonal exposure timing to produce a gradual population-level impact.  Life 
stage toxicological sensitivity is determined by 1) life stage tested, the 
probability of encountering contamination, and specific effect of esfenvalerate 
toxicity.  More important is the overall susceptibility of the species in 
question. This can be predicted by considering the toxicological sensitivity of 
various life stages along with their relative contribution to population growth, 
and chance of annually recurring exposures. 
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Life stage 

 
Survivorship (lx) 

 
Reproductive 

output (V) 

 
Importance to 
recruitment 

 
Insecticide 
Sensitivity 

 
Month 

 
Probability 
of exposure 

Egg-L1 1.009 0 Low High June-July Moderate 

L1-L2 0.860 0 Low High July-Sept Low 

L2-L3 0.212 0 Low Moderate Sept-Nov Low 

L3-L4 0.39 0 Moderate Moderate Nov-Jan Low 

L4-L5 0.21 0 Moderate Low Jan-April Mod/ High 

L5-Pupa 0.005 0 High Low April High 

Pupa-Adult 0.004 0 High Moderate May High 

Adult 0.002 300-400 High N/A May N/A 

Table 6.1: Qualitative depiction of B. americanus life cycle pyrethroid sensitivity. Pertinent demographic values are lx 
(probability of reaching life stage) and V (reproduction output at life stage). Contribution to recruitment is estimated based on 
proximity to reproductive stage. Insecticide sensitivity is estimated from dissertation bioassays. Probability of insecticide in the 
water is based on the commonality of spring agricultural applications.  
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