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Abstract: Sea star wasting syndrome (SSWS) has affected numerous species of sea star, with 

populations of Pycnopodia helianthoides (Brandt, 1835) left most at risk. As their populations 

are struggling to recover, it is important to gain a better understanding of the impacts that the 

multiple stressors in their habitats can have on their populations. Contaminant stressors in 

particular are of increasing importance, as aquatic organisms can be exposed to a dynamic range 

of contaminants from nearby anthropogenic activity that may affect their future recovery efforts. 

This study is the first to quantify the effects of contaminant stressors on the larvae of P. 

helianthoides. We exposed P. helianthoides larvae to the neonicotinoid insecticide imidacloprid 

and polyester microfibers, both individually and in combination, at environmentally relevant 

concentrations (10 ng/L and 25 fibers/L, respectively) to measure the effects of these 

contaminants on their early life stages. Imidacloprid exposure resulted in stomach malformation 

in 10% of larvae and increased mortality during early development (p<0.001), and all treatments 

resulted in increased larval lengths relative to controls (p<0.001). During settlement, 
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imidacloprid resulted in more rapid settlement responses than in the controls (p<0.01). These 

findings highlight the need for further research investigating the effects of contaminant stressors 

to endangered organisms during reintroduction, as well as a more comprehensive understanding 

of the effects of pesticides to non-target organisms.

Keywords: mixture toxicology, insecticide, microplastics, invertebrate toxicology, benthic 

macroinvertebrates

*Corresponding author: Alexandra G. Tissot. Email: tissot@pdx.edu

1. Introduction

Aquatic organisms are exposed to a number of abiotic and biotic stressors in their 

environments, including fluctuating temperatures and changes in disease and parasite distribution 

(Altizer et al., 2013; Aalto et al. 2020; Burge et al., 2014; Hewitt et al., 2016). Additionally, 

changes in contaminant production and release from industrialization expose them to a number 

of diverse pollutants (Álvarez-Muñoz et al., 2016). Along with the individual effects of each 

stressor, organisms are vulnerable to interactive effects, leading to potential declines in 

populations and species distribution (Gissi et al., 2021; Harvell et al., 2019; Macaulay et al., 

2021). 

In 2013, sea star wasting syndrome (SSWS) impacted populations of numerous sea star 

species along the West Coast of North America (Dawson et al. 2023). While many species are 

recovering, populations of the Sunflower Star, Pycnopodia helianthoides, remain highly 

impacted, with the species currently recognized internationally as endangered (Gravem et al. 

2021; Harvell et al., 2019). Current efforts are underway to identify and quantify the drivers of 

SSWS as well as better understand the life cycle of Pycnopodia for purposes of captive rearing 

and potential reintroduction to increase natural populations (Hodin et al., 2021); however, 
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whether contaminant stressors are one of the factors limiting recovery of Pycnopodia is currently 

unknown. A study by Aalto et al. (2020) explored how environmental stressors may perpetuate 

SSWS. Furthermore, given the impacts that contaminants can have on organismal development 

and immune system functions (Kataoka & Kashiwada, 2021), their potential as multiple stressors 

should not be ignored. Two contaminant classes that are ubiquitous in aquatic systems are 

pesticides and microplastics. Not only do they individually impact species, but they have the 

potential to interact with one another, as well as other contaminants and stressors in the 

environment (Altenburger et al., 2018; Luo et al., 2021; Tissot et al., 2022).

Pesticides commonly reach aquatic environments via run-off, aerial deposition, and 

bioaccumulation in organisms (Katagi, 2010; Seiber & Kleinschmidt 2010). Contaminants, 

including but not limited to, pesticides, per- and polyfluoroalkyl substances (PFAS), 

pharmaceuticals, and microplastics are detected in tidally influenced and estuarine ecosystems 

(Baechler et al., 2020; Horn et al., 2019; Noland et al., 2022; Tian et al., 2020), yet little research 

has examined how these compounds may affect nearshore species.

Imidacloprid is a neonicotinoid insecticide that targets acetylcholinesterase receptors 

(Sheets 2010); it has been banned from outdoor use in the European Union due to its high 

toxicity to pollinators (Smit et al., 2015). However, it ranks as the second most “popular” 

pesticide worldwide and is commonly used in the United States, and concentrations detected in 

surface waters frequently exceed the U.S. Environmental Protection Agency’s (EPA) aquatic life 

benchmark (Batikian et al., 2019; Borsuah et al., 2020; Noland et al., 2022). Additionally, while 

the chronic aquatic life benchmark for freshwater invertebrate exposure to imidacloprid is 10 

ng/L, currently there is no established benchmark for estuarine/marine invertebrates (US EPA, 

2017). Imidacloprid was chosen for testing in this study due to its widespread detection along the 
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West Coast of the US, as well as its persistence in aquatic environments (Heberger et al., 2020; 

Morrissey et al., 2015; Noland et al., 2022).  

Microplastic pollution is ubiquitous in marine ecosystems, exposing organisms both 

through water and via aerial deposition (Li et al. 2023). The microplastic type most commonly 

detected in marine ecosystems is synthetic textile microfibers, including polyester (Gago et al., 

2018; Mishra et al., 2019). Synthetic microfibers affect organisms due to both the physical 

impact of fibers as they pass through an organism’s digestive system, and the chemicals that 

adhere to them (Athey et al., 2022; Wright et al., 2013). For this study, polyester microfibers 

were chosen as the second contaminant stressor. 

As conservation and recovery efforts for Pycnopodia advance, an understanding of how 

these contaminant stressors affect various life stages could be key to ensuring their successful 

rehabilitation. In this study, we asked the following questions: 1. What impact do imidacloprid 

and polyester microfibers have on Pycnopodia larval development, if any? 2. Does the 

combination of these contaminants produce synergistic, additive, or antagonistic effects? 3. 

Which stages in larval development are most affected by each contaminant?

2. Methods

2.1 Fertilization and Experimental Set-up

The study was conducted at Friday Harbor Laboratories in San Juan Island, Washington 

(48°32′46″N 123°00′46″W). Adult Pycnopodia were collected and maintained as described by 

Hodin et al. (2021). 

Adult sea stars were spawned on January 26, 2023, using 1-methyladenine injections 

following methods by Hodin et al. (2021). Sperm and eggs were collected directly from three 

male and two female stars, respectively, to create independent genetic crosses between each pair. 
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Sperm and eggs were added to 250 mL beakers to facilitate fertilization. Upon visual 

confirmation of a fertilization envelope (indication of fertilization success), embryos were 

transferred to new 250 mL beakers on a sea table at ambient temperature (8 °C) until the early 

gastrula stage (4 days post fertilization [dpf]). At this stage, larvae from all genetic crosses were 

combined in equal proportions into one 2 L beaker for equivalent genetic distribution across 

treatment jars. 

Density of larval cultures were assessed, and approximately 600 larvae were added to 

each of 27 experimental jars, which were placed in a sea table maintained at 14°C. Larvae were 

allowed to acclimate for 2 days (6 dpf) until complex gut formation, at which point initial 

feeding and contaminant exposure began (Fig. 1). Larvae were gradually thinned over 2 days 

through daily water changes to reach a total of 500 larvae/jar (1 larva/mL) at 8 dpf to establish 

exact counts in each jar. 

2.2 General Larval Care

Larvae were maintained at 14 °C in glass jars filled with 500 mL filtered seawater, 

distributed on a sea table with circulating water; each jar experienced constant stirring using a 

motor driven stirring apparatus with plexiglass paddles (Strathmann, 2014; Fig. A1). Full water 

changes were conducted every other day using forward filtering (see Hodin et al., 2019) with 

mesh filters (77 µm until 14 dpf, then 118 µm until end of experiment) to avoid bacterial and 

waste buildup in experimental jars, and to maintain consistent food levels. Jars were randomly 

assigned to treatments and after each water change, the location of each jar on the stir rack was 

changed within treatments to account for any variation in paddle shape, stirring, and light 

exposure. Larvae were initially cultured at a concentration of 1 larva/mL until 23 dpf when they 

were thinned to 1 larva/2 mL, and then again at 28 dpf to 1 larva/4 mL to avoid crowding stress 
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throughout development (Fig. 1). Contaminant dosing and feeding were administered after each 

water change. Larvae were fed Dunaliella tertiolecta and Rhodomonas sp. at 3000 cells/mL and 

2500 cells/mL, respectively. 

2.3 Contaminant Exposures

2.3a Microfiber Preparation

Microfibers were prepared by cutting a used neon-green polyester hoodie into ≤5 mm 

strips using fabric shears and then pulsing the strips using an immersion blender in a glass 

container (Erdle 2022). All materials were first thoroughly rinsed with reverse osmosis water to 

avoid additional fiber contamination. Fiber length was confirmed using a Nikon Eclipse 50i 

compound microscope, resulting in fibers of lengths <5 mm (average 2,804.3 µm). The length of 

microfibers dosed in this experiment were chosen based on environmental detections (Gago et 

al., 2018) and were cut to the smallest size possible with available equipment. 

Fibers were weathered in natural seawater (filtered to 5 µm) using ultraviolet (UV, A and 

B) exposure and abrasion from a glass stir bar for one week prior to exposure. The UV B lamp 

was placed 14 cm above the beaker and UV A lamps were placed 7 cm from opposite sides of 

the beaker. The stirrer was set to 100 revolutions per minute and leachate water was replaced on 

days three and six. During leachate water changes, fibers were filtered using a clean 200 µm 

filter and filtered seawater. A dose of 25 microfibers/L was chosen based on environmental 

detections (Barrows et al., 2018; Gago et al., 2018). Before each water change, microfibers were 

measured out and added to a clean glass test tube where they were mixed thoroughly in seawater 

via agitation before being added to the jars to ensure the fibers would not remain suspended in 

the surface tension of the water. Microfibers were dosed after each water change to ensure a 

consistent concentration. 

Page 6 of 38Environmental Toxicology and Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

D
ow

nloaded from
 https://academ

ic.oup.com
/etc/advance-article/doi/10.1093/etojnl/vgaf039/8002931 by U

niversity of W
ashington Law

 School - G
allagher Law

 Library user on 08 February 2025



2.3b Pesticide Dosing 

A concentration of 10 ng/L imidacloprid (PESTANAL, 98% purity; Sigma Aldrich) was 

chosen based on environmentally realistic detections in the State of Washington by the 

Washington State Department of Agriculture (WSDA) at tidally influenced sites (Noland et al., 

2022). A fresh stock solution was prepared weekly via serial dilutions using fresh seawater to 

achieve nominal concentrations (listed in Table 1). Jars were dosed individually with 1 mL of 

concentrated solution until the first thinning event (23 dpf), when the total volume of water 

varied amongst jars and therefore bulk 2 L stock solutions were created at each water change. 

Jars were dosed at each water change to maintain pesticide concentrations. Additionally, a 

separate sample of polyester microfibers was spiked with imidacloprid to quantify any absorbed 

compound. 

2.4 Sampling 

Larval counts and sampling for photograph analysis were conducted weekly. For 

sampling, each jar was individually pulled from the stir rack and slightly agitated to more evenly 

distribute larvae in the water column. Using a glass turkey baster, larvae were removed from the 

jar and placed into a small glass bowl where 25 were haphazardly selected. The microscope 

lenses were adjusted out of focus to avoid selection bias. Ten larvae were haphazardly selected 

for live photographs of larval length measurements, and 15 were selected and immediately fixed. 

Live samples were then collected and frozen for pesticide analysis, whereas fixed samples were 

analyzed for ingested microplastic compounds. 

Due to limited space on the water table and to avoid pesticide cross-contamination during 

water changes, the control treatments were filtered and sampled prior to the microfiber 

treatments. The control and microfiber jars were then kept on a separate sea table while the 
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imidacloprid and imidacloprid/microfiber treatments were filtered. This method was changed 

after 32 dpf as the number of jars were reduced and the separate sea table was not temperature 

controlled, therefore the larvae from the controls and microfiber treatment were being held at 

approximately 8 °C for about 6–8 hours without food during each water change day, which 

likely slowed their development. 

2.4a Photography and Measurements

Until 34 dpf, photographs were taken on a Nikon Eclipse 50i compound microscope 

using a 3-megapixel color mount microscope camera from AmScope. Measurements were taken 

using ImageJ (151-J8), calibrated at 4x and 10x. After 34 dpf, photographs were taken using an 

Olympus BH-2 compound scope to allow for light polarization to observe skeletal development 

during brachiolar stages. Ingested microfibers were analyzed using a ZEISS Axio Observer 

inverted microscope (Carl Zeiss, White Plains, NY) as per Siddiqui et al. (2022).

2.4b Developmental Scoring

At weeks two and three, the presence or absence of a fully fused anterior coelom was 

scored in sampled larvae (Fig. 2). During week six sampling, brachiolar scoring was conducted 

following criteria by Hodin et al. (2021) to rank development of the adhesive disk, brachiolar 

arms, radial canals, and skeletal plates (Fig. 2).

2.4c Pesticide Confirmation

Organic contaminant (pesticide) analysis was completed at the U.S. Geological Survey 

Organic Chemistry Research Laboratory in Sacramento, California. The water samples (0.150 to 

0.200 L) were concentrated via solid phase extraction and then analyzed using both gas and 

liquid chromatography with tandem mass spectrometry for 183 pesticides including imidacloprid 

(Gross et al. 2024). Imidacloprid detection levels were approximately 2.5 ng/L. Sea star samples 
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were dried and extracted using acetonitrile (Black et al, 2023), no additional matrix removal was 

needed, and liquid chromatography tandem mass spectrometry was used for analysis (Gross et 

al., 2024). Detection levels for 0.02 g samples were approximately 25 ng/g for imidacloprid. 

Laboratory quality assurance and quality control included the addition of imidacloprid-d4 to each 

sample prior to extractions (recoveries were within the acceptable range of 70–130%) and each 

batch (10 samples) had at least one laboratory blank, and one laboratory replicate if there was 

sufficient sample mass.

2.4d Microfiber Confirmation

Baseline dosing samples and pre-water change samples were collected for microfiber 

analysis in week three. Samples were immediately frozen until their analysis at Portland State 

University. Each sample was filtered through a 5 µm polycarbonate filter (Isopore) using a 

vacuum pump system in a hood with air filtration. Filters were analyzed under a ZEISS 

Primostar 3 dissecting microscope for fiber counts. A snorkel hood and air fall filters were 

deployed during microscope observations and pink cotton clothing was worn to quantify 

contamination from air deposition and the researcher. Fixed larval samples were analyzed under 

a ZEISS microscope with a polarized lens at Oregon State University for ingested microplastic 

particles.

Although the lead researcher wore cotton clothing during the experiment, the laboratory 

was shared and open to other researchers and students, which may have introduced 

contamination to the jars (Table 2, A1). 

2.5 Settlement Experiment

An experiment to observe the effects of imidacloprid and two settlement cues on larval 

settlement success was attempted with larvae from the previously described culture. However, 
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due to an unknown issue, the larvae did not settle as expected at 48 dpf despite appearing 

competent (Hodin et al. 2021). Therefore, an additional settlement experiment was conducted 

using larvae from a contemporaneous culture of the same fertilization that were raised at 11 °C 

until 55 dpf. The chosen cues were adult P. helianthoides or diatom biofilm and were paired with 

either control or imidacloprid dosed water. Glass jars (240 mL) for the adult biofilm treatment 

were placed in a flow-through tank at ambient temperature with adult P. helianthoides for one 

week prior to the experiment. Diatom film (a 50:50 combination of Navicula salinicola and 

Nitzschia frustulum) was grown for 48 hours under fluorescent lighting at room temperature 

(approx. 18 °C) with a modified f/2 culture medium that supports diatom growth (see appendix 

for details). Prior to the experiment, all jars were lightly sprayed with filtered seawater at each 

respective cultured temperature to rinse off any non-adherent organisms or particles without 

disrupting the biofilm, and in the case of the diatom film, to rinse off unadhered diatoms and 

remove all culture medium. The jars were then allowed to acclimatize to the 14 °C water table 

for 4 hours prior to the experiment. During acclimatization, jars were filled to 150 mL with clean 

or imidacloprid dosed filtered seawater in each perspective treatment (Fig. 6, A2). The 

articulated coralline alga, Calliarthron tuberculosum, as per Hodin et al. (2021), was harvested 

and cleaned to remove any potential organisms, then patted dry and weighed to reach a ratio of 

0.1 g C. tuberculosum: to 8 mL seawater in each jar (Fig. A2). 

Larvae for the experiment were chosen based on the presence of brachiolar structures: 

fully fused skeletal spicules, formed brachiolar arms with papillae, and an adhesive disk (see 

Hodin et al., 2021). Larvae that passed the criteria were then placed into one beaker and 

haphazardly distributed into the dosed jars (10 larvae per jar). After 48 hours, larvae in each jar 

were observed and settlement position was annotated as unattached larva, attached larva, 
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settling juvenile, or settled juvenile (Fig. 6). Note that whereas attachment is reversible, once 

larvae reach the “settling juvenile” stage they are committed to completing their transformation 

into a juvenile (Hodin et al., 2021).

2.6 Statistical Analysis

Differences in larval survivorship, length, and coelom presence were analyzed using a 

generalized linear model (GLM; Bolker et al., 2009). Replicate and time period were set as 

random effects in each model, with each treatment as a fixed effect. The survivorship and 

coelom models were assessed with a binomial family, whereas the lengths were assessed with a 

gamma family. The settlement experiment was analyzed using a GLM with a Poisson family, 

where the total amount of settled larvae, pesticide treatment, settlement phase, and biofilm type 

were set as fixed effects, and replicate as a random effect.  Statistical significance was 

established as p ≤ 0.05. All analyses were conducted using R software (version 2023.06.1 +524; 

Horton & Kleinman, 2015). 

3.  Results

3.1 Survivorship

The imidacloprid treatment (10 ng/L) resulted in significantly lower survivorship than the 

control and microfiber (50 microfibers/L) treatments at week two, but higher survivorship at 

weeks three and four (p<0.001, Fig. 3). Both the microfiber and imidacloprid + microfiber 

combined treatment resulted in higher survivorship than the control at week 4 (p<0.001, Fig. 3). 

Imidacloprid and microfibers together in the combined treatment resulted in an overall increase 

in survivorship compared to their individual treatments (p<0.001, Fig. 3). 

3.2 Length
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All treatments resulted in increased larval lengths compared to the control (p<0.001, Fig. 

3). During week one, larvae in the microfiber treatment were longer than all treatments and the 

control; however, during weeks three and four, larvae in the combined imidacloprid + microfiber 

treatment were the longest (p<0.001). At weeks five and six larvae in the imidacloprid treatment 

were longer than all other treatments and the control (p<0.001, Fig. 3). Imidacloprid and 

microfibers in combination had a positive effect on larval lengths in comparison to each 

individual treatment, with the exception of week six (p<0.001, Fig. 3)

3.3 Ingested Contaminants

Neither imidacloprid nor microfibers were detected in sampled larvae. Examined 

stomachs did not contain synthetic microparticles visible at 100x magnification (Fig. A3). 

3.4 Development

Coelom and brachiolar development did not differ across treatments (Fig. 4). However, 

stomach malformations were observed in 10% of the larvae in the imidacloprid treatment at 

week two, and in 10% of the larvae in the imidacloprid treatment and 5% of the larvae in the 

imidacloprid/microfiber combination treatment at week four (Fig. 5).

3.5 Pesticide and Microfiber Detections 

Pesticide concentrations are outlined in Table 1. There was no pesticide cross-

contamination detected in any jars. Average microfiber concentrations are outlined in Table 2, all 

detected microparticles with color descriptions are included in Table A1. Average microfiber 

contamination across all treatments was 6.7 fibers/L. Imidacloprid was not detected in the 

imidacloprid-spiked microfibers.

3.6 Separate Settlement Experiment

Page 12 of 38Environmental Toxicology and Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

D
ow

nloaded from
 https://academ

ic.oup.com
/etc/advance-article/doi/10.1093/etojnl/vgaf039/8002931 by U

niversity of W
ashington Law

 School - G
allagher Law

 Library user on 08 February 2025



In the adult biofilm treatment, the number of larvae that reached settlement was higher in 

the presence of imidacloprid compared to the control (p<0.01, Fig. 6). Overall, larval settlement 

was significantly lower in the diatom treatment compared to the adult biofilm treatment, 

regardless of pesticide dosing (p<0.001, Fig. 6).  

4. Discussion

This study is the first to quantify effects of contaminant stressors on the larvae of 

Pycnopodia helianthoides. Both lethal and sublethal effects from exposure to environmentally 

relevant concentrations of a neonicotinoid insecticide, imidacloprid, and polyester microfibers 

(<5 mm length) were observed. Given the unknown risk of these contaminant stressors to 

Pycnopodia, understanding these stressors is necessary to ensure that Pycnopodia cultured in a 

clean laboratory are able to thrive when released into their natural ecosystem. These findings 

indicate that Pycnopodia larvae can be sensitive to imidacloprid at early developmental stages as 

well as during settlement, and that both contaminants can affect larval length throughout 

development. 

4.1 Survivorship

The decrease in early life-stage survivorship paired with the malformed stomach 

structures observed in the imidacloprid exposure treatments at week two indicate that the 

pesticide may be toxic to Pycnopodia larvae during gut formation. Whereas this study was not 

designed to identify the specific mechanisms responsible for these observed effects, other studies 

have observed disruption in cellular activity during larval metamorphosis in both target and non-

target insects that resulted in malformation of the midgut (Carneiro et al., 2023; Fernandes et al., 

2015; Yasmeen & Amir, 2023). Fernandes et al. (2015) observed malformation of the midgut in 

a targeted larval mosquito (Aedes aegypti) from interference in cell regeneration, and similarly, 
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Carneiro et al. (2023) observed changes in the midgut of non-targeted larval honeybees (Apis 

mellifera) from increased cell death. In a targeted larval fly (Chrysomya megacephala [Fabricius, 

1794]), the midgut was also impacted after imidacloprid exposure, caused by modifications in 

muscle layers and membrane as well as a reduction in proteins and carbohydrates compared to 

the control (Yasmeen & Amir, 2023). Furthermore, imidacloprid is an acetylcholinesterase 

(AChE) inhibitor and AChE activity has previously been measured in the pyloric caeca of adult 

common starfish Asterias rubens (Den Besten et al., 2001), in the coelomocytes of adult sea 

urchins (Paracentrotus lividus; Angelini et al., 2003), and in morphogenetic cells in urchin plutei 

(Pesando et al., 2003), indicating that AChE activity may occur in larval sea star digestive cells 

during development. Further research is necessary to support this hypothesis. Additionally, given 

the observed reduction in AChE in adult Pycnopodia affected by SSWS (Fuess et al., 2015), 

AChE-inhibiting contaminants like imidacloprid need further investigation. 

The increases in survivorship that were observed in weeks three and four in all 

contaminant treatments compared to the control may be explained by shifts in larval densities 

and algal availability in each treatment. Algal concentrations were calculated based on water 

volume in each jar, which was not adjusted weekly until the first thinning event after week two. 

In the case of imidacloprid, the decrease in survivorship during week two with no alteration in 

algal concentrations meant there were more algal cells available per larva, potentially 

contributing to the boost in survivorship at week three (Fig. A5). Additionally, the act of thinning 

itself may have had an effect on survivorship at those timesteps. Pycnopodia larvae have been 

known to clone via fission in response to disturbance from thinning (pers. comm., J. Hodin); 

therefore, it is possible that the thinning event caused stress to larvae in each treatment. This 

stress, however, may have been disproportionate across treatments, causing increases in 
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survivorship for the contaminant treatments. At the start of the experiment, each jar had the same 

larval density and during the thinning events, larvae were removed from each jar to standardize 

the density of larvae/mL, accommodating for lower density as they grew bigger. However, due 

to unequal mortalities in the first two weeks (Fig. 3), the densities leading up to the thinning 

events became uneven as the total number of larvae decreased in the imidacloprid and 

combination treatments. Thus in the controls and microfiber treatment, more larvae were being 

removed and therefore the change in density was much more sizable than the imidacloprid and 

combined treatments that had lower early survivorship (Fig. A4). While necessary for the long-

term health of the larval culture, these thinning events may have had a temporary effect on the 

survivorship. 

4.2 Development

Larval length was consistently longer in contaminant treatments compared to the controls 

throughout the six-week study (Fig. 3). Similarly, other studies have found that urchin larvae 

exposed to pesticides develop much more quickly or grow larger/longer than the control 

organisms (Aluigi et al., 2010; Sanhueza et al., 2018). Rendleman et al. (2018) observed that 

low-fed larvae were significantly longer compared to high-fed larvae and experienced a decrease 

in respiration and ingestion rates. Although these variables were outside the scope of this study, 

future studies would benefit from the quantification of respiration and ingestion measurements. 

Additionally, the larval length from the combined treatment appeared to be more similar to that 

of the imidacloprid treatment than that of microfibers until week four and onward, when it was 

instead more similar to the microfiber treatment (Fig. 3). This may be indicative of differences in 

effects from the contaminants depending on the larval development stage.
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The ontogeny of developmental features, such as coeloms and brachiolar structures, were 

not significantly affected by contaminant treatment, though it is important to note that the larvae 

in our study were exposed after their embryonic stage (6 dpf). Other studies that exposed 

organisms to contaminants in the embryonic stage have found effects on urchin skeletal 

formation (Aluigi et al., 2010; Pesando et al., 2003). Pesando et al. (2003) observed the 

inhibition of skeletal formation in larval sea urchins after organophosphate and carbamate 

pesticide exposure during larval development at the pluteus stage. In another study, exposure to 

chlorpyrifos during late-stage urchin development resulted in the eventual re-absorption of 

rudiment structures and death of juvenile urchins (Aluigi et al., 2010). The lack of an observed 

effect on the brachiolar structures may be due to exposure during post-embryonic development 

or limited replication.

The limited effect from microfiber exposure in this study may be related to the microfiber 

size in relation to the study organism. Several larvae were observed with microfibers stuck near 

their mouths (Fig. 5, fibers were declared stuck after multiple attempts to remove the fiber from 

the larva with a pipette failed), but they appeared too long to fully ingest. We were unable to 

track these larvae over time due to the size of the cultures, therefore a side experiment was 

attempted to observe their development, but this was unsuccessful. Given that microparticles 

detected in marine environments range greatly in size (Barrows et al., 2018), microfibers smaller 

than those used in this study are present in marine ecosystems and may be swallowed or cause 

physical damage to feeding Pycnopodia larvae in the wild. Additionally, though the chosen 

pesticide is a hydrophilic compound and thus did not bind to the microfibers, numerous 

chemicals do bind to microplastics in the environment and may cause toxicity if ingested at this 

early life stage (Andrady, 2011; Barboza & Gimenez, 2015; Wang et al., 2024). 
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Larvae in the combined imidacloprid + microfiber treatment were observed attempting to 

settle sooner than in the other treatments. These larvae were observed sticking to or settling 

directly onto the microfibers and could not be removed with a pipette, indicating early 

settlement. This was not observed in the microfiber treatment alone, indicating an interaction 

between imidacloprid and the fibers that promoted settlement. This is consistent with previous 

findings from the Hodin lab that stressed larvae settled earlier and attempted to settle on fibers 

(Hodin, unpublished data). This may indicate a lack of other materials to settle on as would be 

found in the wild; therefore further experimentation on settlement preferences between 

microfibers and other substrate types is needed to explore this hypothesis.

In the separate settlement experiment, imidacloprid exposure resulted in increased 

settlement when adult biofilm was present. This observation is similar to a previous study, in 

which the settlement of purple sea urchin larvae (Strongylocentrotus purpuratus) was 

significantly higher upon exposure to a chemical musk compared to control larvae (Hodin 2006). 

In the current study, imidacloprid only affected settlement in the presence of adult biofilm, 

whereas both imidacloprid and the control larvae experienced similarly low settlement 

percentages with the diatom film. The mechanisms responsible for these differences were outside 

the scope of this study and future research is needed to understand and quantify direct effects 

from imidacloprid exposure to Pycnopodia settlement. 

 Traditional toxicity testing favors organisms that are representative of multiple 

ecosystems, more reliable to culture, able to be cultured year-round, and do not require extensive 

care (Bay et al., 1993; US EPA, 2017). Thus, echinoderm toxicology studies classically focus on 

sea urchins and sand dollars (ex. Strongylocentrotus purpuratus, Arbacia punctulata, Lytechinus 

pictus, and Dendraster excentricus) as reliable test organisms (Bay et al., 1993). Whereas these 
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organisms yield more efficient studies, and their results can often be expanded to a number of 

echinoderms, many ecologically important species go unstudied. In the case of Pycnopodia 

helianthoides, its heightened susceptibility to wasting syndrome, as well as observed differences 

in bacterial biome (McCracken et al., 2023), sets it apart from fellow asteroid species and 

necessitates species-specific studies to understand the effects of contaminant stressors. 

Pycnopodia larvae are highly variable, so the level of replication needed to reach statistical 

power strongly limits the range of experimentation that is feasible. Therefore, toxicity 

information about Pycnopodia does not currently exist, leaving a complete gap in our 

understanding of which contaminants affect this species and to what degree.  

The results of this study lay the groundwork for future studies on the sensitivity of 

Pycnopodia to contaminant stressors and whether contaminant sensitivity is limiting the recovery 

of the species. As the full suite of drivers of SSWS is still unknown, including contaminant 

stressors in assessments of factors affecting recovery and in identification of ideal habitat for 

reintroduction could improve our understanding. Pycnopodia larvae experienced sub-lethal 

effects from imidacloprid at 10 ng/L. Currently there is no EPA aquatic life benchmark for 

chronic exposure of marine invertebrates to imidacloprid; however, the dosed concentration in 

this study is equal to the current benchmark for chronic exposure to freshwater invertebrates (US 

EPA, 2017). Although environmentally relevant, this concentration is often lower than peak 

levels of exposure detected in waters of the western United States. In the State of Washington, 

for example, the highest detected imidacloprid concentration was 90 ng/L at a tidally influenced 

site (Noland et al., 2022) and detections along the West Coast frequently exceed 10 ng/L 

(Heberger et al. 2020). The observation that imidacloprid has a similar effect on a non-target 

organism as its intended effect on target species has implications for the management of these 
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pesticides and their uses, supporting the case for more meticulous analysis of their effects in the 

environment. Furthermore, marine organisms are exposed to diverse contaminant and 

environmental stressors that make it difficult to quantify the full range of stressor effects these 

organisms experience. Although difficult to culture under experimental conditions, toxicity 

testing of Pycnopodia and other non-typical test organisms is critical to understand the threats 

these contaminants pose to a wide suite of species that are ecologically, culturally, and 

economically important.
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Figure 1. Experiment timeline, first row of numbers indicates days post fertilization (dpf). 

Downward triangles represent thinning days. In the second row, F represents fertilization day 

and stars are aligned with their corresponding larva image to represent sample week. The dashed 

lines connect each star to its weekly sampling day in the dpf timeline. The accompanying images 

show the larval morphology each week, starting with a fertilized egg and ending with 

brachiolaria. Scale bars for weeks 0–3 mark 100 µm and, bars for weeks 3–6 mark 500 µm.

Figure 2. Larval development metrics, showing bipinnaria larvae under 4x magnification with A) 

an unfused coelom and, B) an anteriorly fused coelom. Brachiolar metrics shown at 10x 

magnification are C) radial canals, D) skeletal rudiment formation, E1) brachiolar arms, and E2) 

adhesive disk.

Figure 3. Line plots of survivorship (A-E) and box plots of larval length at each sampling week 

(F). A) total counts per treatment and (B-E) non-cumulative larval survivorship by week 
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throughout the experiment. Included are B) all of the treatments together with dashed lines 

representing thinning events, C) the microfiber treatment and the control, D) the imidacloprid 

treatment and the control, and E) the combined imidacloprid + microfiber treatment and the 

control. Imid + Mf refers to the imidacloprid and microfiber combined treatment. Error bars 

indicate standard error, dots represent outliers. Microfiber doses were 15 fibers/L, imidacloprid 

doses were 10 ng/L. F) Larval length at each sampling week, by treatment. Box plots represent 

distribution of data with thick black lines representing median values and upper and lower 

quartiles forming the box. Lines outside of the box represent the range of “normal” lowest and 

highest values with outliers represented by black dots. Week 1 was omitted due to high sample 

error.

Figure 4. Developmental measurements of A) percent of larvae with anteriorly fused coelom and 

B) brachiolar development scoring by treatment. Box plots represent distribution of data with 

thick black lines representing median values and upper and lower quartiles forming the box. 

Lines outside of the box represent the range of lowest and highest values for 95% of the 

measurements with outliers represented by black dots. Boxes missing upper or lower quartile are 

indicative of median being identical to upper or lower quartile, respectively. Note: C= control, 

MF= microfibers, IMI= imidacloprid, and IMF and Imid + MF = imidacloprid + microfibers. 

Figure 5. Images of (A) larvae with contorted gut structures from the imidacloprid treatment at 

week 2 versus (B) a control larva, (C) the combined imidacloprid + microplastic treatment at 

week 4 versus (D) a control larva, and E) larvae with microfibers firmly lodged in their bodies.  

Figure 6. Settlement experiment schematics and results. A) Schematic of the settlement 

experiment treatments, diatom control (DC), diatom imidacloprid (DI), adult control (AC), and 

adult imidacloprid (AI), each with three replicates.  “Adult” refers to adult biofilm. All jars also 
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contained C. tuberculosum at 0.1 g per 8 mL volume. B-D) Settlement stage scoring criteria for 

the settlement experiment, B) attached, C) settling, and D) settled. E) Larval counts in each 

settlement stage, separated by biofilm type and adult versus diatom. Box plots represent 

distribution of data with thick black lines representing median values and upper and lower 

quartiles forming the box. Lines outside of the box represent the range of lowest and highest 

values for 95% of the measurements. Boxes missing upper or lower quartile are indicative of 

median being identical to upper or lower quartile, respectively.
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Table 1. Average measured imidacloprid (IMI) concentrations (ng/L) in dosed (10 ng/L) jars at sample 
weeks. MF represents the microfiber treatment and IMF represents the imidacloprid + microfiber 
treatment. Non-detects indicated by ND, N/A indicates not applicable, “dosed” fibers indicate 
concentrations of intentionally dosed fibers while “other” indicates unintended contamination. 

Table 2. Average microfiber (MF) concentrations and lengths (22.7 fibers/L and 2804.3 µm, respectively) 
at sample weeks. IMI represents the imidacloprid treatment and IMF represents the imidacloprid + 
microfiber treatment. Non-detects indicated by ND, N/A indicates not applicable, “dosed” fibers indicate 
concentrations of intentionally dosed fibers while “other” indicates unintended contamination. 

Week Sampled
0 3

Dosed Length Other Length Dosed Length Other Length
Control N/A N/A 5.8 1751.7 N/A N/A 9.4 3572.3

MF 22.5 2869.5 7.5 3849.9 24.4 3327 10.6 3701
IMI N/A N/A 6.1 1669.8 N/A N/A 6.7 5742.6
IMF 19.4 2823.2 1.1 6099.3 24.4 2197.5 6.1 2852

Week Sampled
0 1 3 6

Control ND ND ND ND
MF ND ND ND ND
IMI 11.9 12.4 13.9 13.1
IMF 10.7 11.7 13.6 16.4
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Figure 2 
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Figure 3 
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Figure 6 
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