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Abstract 

Benthic foraminifera, worldwide single-cell marine organisms, represent an important component of 

seabed ecosystems. Due to their sensitivity to environmental changes, they are often used as 

bioindicators, providing an efficient tool in toxicity studies. Among the pollutants affecting marine 

coastal and estuarine environments, persistent flame retardants such as polybrominated diphenyl 

ethers (PBDEs) are frequently found. Low-level exposure to BDE-47, a PBDE congener, is known to 

affect organisms development. In this framework, this study aims to assess the effects of BDE-47 

exposure on benthic foraminifera from coastal marine environments. Foraminifera specimens 

belonging to the symbiont-bearing Peneroplidae family were sampled and exposed to two different 

BDE-47 concentrations from T0 up to 48 h (T48). Vitality indicators such as changes in pseudopodial 

activity, movement, reproduction, loss of symbiont algae, and eventual death were monitored during 

the experiment. Exposure to BDE-47 induced alterations in pseudopodial activity, movement, 

reproduction, and symbiont retention, with progressive loss of vitality and eventual mortality at 

increasing exposure levels, highlighting the sensitivity of this species to BDE-47 exposure. These 

findings suggest the harmful repercussions of PBDE pollution on marine coastal ecosystems, 

affecting benthic organisms and potentially contributing to biomagnification processes within the 

food web, with possible implications for human health. 

Keywords: BDE-47; benthic foraminifera; sensitivity experiment; vitality indicators 

 

1. Introduction 

Polybrominated diphenyl ethers (PBDEs) are a class of brominated flame retardants extensively 

incorporated into polymers, textiles, and electronic equipment to reduce their affinity to the fire. 

PBDEs, especially their form BDE-47, have been detected ubiquitously in worldwide marine water 

and sediments, due to their slow release from products and waste streams, their hydrophobic 

character, and their resistance to degradation [1]. Moreover, their chemical-physical characteristics 

favor persistence and bioaccumulation in aquatic and terrestrial environments. 

The ecotoxicological concern surrounding PBDEs arise from their environmental persistence, 

their potential for long-range transport, and ability to accumulate and biomagnify along aquatic food 

webs. These properties pose significant ecological and human health threats, as highlighted by 

regulatory bodies such as EFSA, which have identified potential reproductive, neurodevelopmental, 
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and endocrine disruptive effects associated with PBDE exposure in vertebrate models and food-

derived human exposure pathways [1]. 

Given its strong affinity for particulate matter and sediments, marine benthic compartment 

represents a major environmental sink for PBDEs and other hydrophobic organic contaminants.  

Benthic foraminifera (forams in short) are worldwide unicellular marine organisms that 

constitute a crucial component of seabed ecosystems and trophic networks. Their ecological role 

explicates in carbonate production, nutrient cycling, and as a trophic resource for meio- and 

macrofaunal consumers, acting as biological connection among sediment compartment and the 

higher foodweb organisms. Thus, in contaminating marine benthic environments these organisms 

are firstly affected by contaminants and can catch and transfer contaminants to the marine foodweb.  

For these reasons, they are often used as bioindicators in toxicity studies on different pollutant 

affection: changes in abundance, poor diversity, shell deformities, and stress tolerant species within 

the community assemblage have been consistently associated with anthropogenic stressors such as 

heavy metals, organic contaminants, and sediment quality deterioration [2–6].  

Among forams, the genus Peneroplis comprises medium-to-large symbiont-bearing benthic 

foraminifera that inhabit shallow photic coastal environments. Their symbiotic association with algae 

enhances metabolic performance but also gives them higher sensitivity to environmental stressors 

that interrupt host–symbiont interactions, as well as the bleaching effect shown by other symbiotic 

marine organisms [7]. 

Their application in toxicity studies can lead to understanding the impact of pollutants in low-

depth marine environments.  

Despite substantial evidence of PBDE contamination in sediments and biota, the mechanistic 

understanding of their effects on microscopic benthic organisms remains limited. Experimental 

studies have demonstrated that relevant PBDE concentrations can alter larval settlement, bacterial 

community structures on biofilms, and developmental processes in marine invertebrates, indicating 

potential sub-lethal effects across multiple phyla [7]. 

Laboratory culture studies on benthic foraminifera help to link pollutant exposure to specific 

biological responses under controlled conditions, complementing observational field assessments [8]. 

While benthic foraminifera have been used extensively as indicators of heavy metal and organic 

pollution in sediments [6,9], few studies have addressed their responses to hydrophobic persistent 

organic pollutants like PBDEs. The current experiment aims to fill this knowledge gap by quantifying 

physiological and behavioral endpoints following acute exposure to BDE-47 in Peneroplis specimens. 

By evaluating pseudopodial activity, locomotion, symbiont retention, and asexual reproduction, 

this study contributes to an understanding of how flame retardant contamination may impact benthic 

protists and, by extension, broader coastal ecosystem functioning. 

2. Results 

To evaluate the effects of BDE-47 exposure on the physiology and biology of symbiont-bearing 

benthic foraminifera, key vitality indicators were monitored on a total number of 90 specimens over 

a 48 h experimental period. After their contamination, the foraminifera were observed under a 

fluorescence microscope to assess the uptake of the contaminant. According to Shan et al. [10], the 

fluorescence emission wavelength of BDE-47 is 410 nm; for this reason, they were observed using the 

blue-violet filter with a wavelength range of 400–450 nm. All the contaminated specimens showed a 

vivid blue-violet color, while the specimens from the control Petri dish didn’t (Figure 1). 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 19 March 2026 doi:10.20944/preprints202603.1513.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202603.1513.v1
http://creativecommons.org/licenses/by/4.0/


 3 of 13 

 

 

Figure 1. Living specimens of Peneroplis planatus from 0,1 ug/L BDE-47 concentration, T12h. 

Pseudopodial activity, symbiont retention, reproduction, and locomotor behavior has been 

analyzed as these parameters are closely linked to cellular functionality, metabolic balance, and stress 

response. The following sections describe the observed alterations in these biological traits across 

control (CTL) and exposed groups (0.05 µg/L; 0.1 µg/L), highlighting potential dose-dependent 

effects associated with BDE-47 exposure. 

2.1. Pseudopodial Activity 

Pseudopods are cellular structure everted and used by forams for substrate attachment, 

locomotion, food uptake and inter-individual interaction. Their presence is an index of the vitality of 

the organism (Figure 2). 

 

Figure 2. Pseudopodal presence highlighted by the blue arrows. 

During the experimental period, the specimens actively utilized their pseudopods to adhere to 

the Petri dish and interact with their surroundings. As shown in Figure 3a, external pseudopods were 

consistently present across all experimental groups (Control, 0.05, and 0.1 µg/L during the first 24 

hours - T0 and D1). This stable activity suggests that short-term exposure to BDE-47 does not trigger 

acute pseudopodial retraction. However, after 48 hours (T48), a generalized decline in pseudopodial 

extension was observed. In the CTL group the pseudopodial reduction is due to the asexual 

reproduction of the individuals, as it is shown by Figure 3c. In contrast, the reduction in pseudopodial 

activity observed in the contaminated groups was not associated with a corresponding increase in 

the number of reproducing specimens. This reduction was drastically more pronounced at the 
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highest BDE-47 concentration (0.1 µg/L), where the number of active individuals dropped 

significantly compared to both the control and the lower concentration. This delayed response 

indicates progressive cytoskeletal impairment and severe metabolic stress induced by prolonged 

exposure to the toxicant. 

 

Figure 3. Effects of BDE-47 exposure on Peneroplis specimens over time. The bar charts illustrate the number of 

individuals (y-axis) showing (a) external pseudopods, (b) chlorophyll fluorescence, and (c) reproduction. Data 

are reported for the control group (CTL) and two BDE-47 concentrations (0.05 and 0.1 µg/L) at 0, 24 (Day 1), and 

48 (Day 2) hours (T0, T24, T48). 

2.2. Symbiont Algae and Reproduction 

After 12 h on Day 1, asexual reproduction (schizogony) was observed in the control group, with 

symbionts being successfully transferred to the offspring, confirming the physiological integrity of 

the holobiont, while no reproductive events occurred in the exposed groups at this stage. At Day 2 

8/20 specimens from the CTL group got asexual reproduction (Figure 3c, Figure 4). 

Conversely, reproductive activity was almost entirely suppressed in the treated groups, with 

only one specimen reproducing at 0.1 µg/L (Figure 3c). 

A loss of symbionts was observed in one specimen at both 0.1 and 0.05 µg/L in Day 1, and in 

four specimens at 0.1 µg/L and two specimens at 0.05 µg/L in Day 2 (Figure 3b). This symbiont 

expulsion suggests a destabilization of the host–symbiont relationship, potentially mediated by 

oxidative stress or membrane dysfunction induced by BDE-47. 
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These findings indicate a dose-dependent reproductive inhibition and suggest that symbiont 

loss represents an early indicator of physiological deterioration, likely compromising long-term 

survival. 

 

Figure 4. Living Peneroplis sp. with zooxanthellae within its cell (a); chlorophyll red emission by zooxanthellae 

in a living foram (b); asexual reproduction with the death of the mother cell (c); fluorescence evidence of the 

migration of the zooxanthellae within the daughter cells (d); empty shell and daughter cells under optical 

microscope (e); daughters cell with their zooxanthellae (f). 

2.3. Locomotor Behavior 

Three Petri dishes, each containing ten individuals of Peneroplis, were continuously monitored 

for 48 hours using three action cameras (Figure 5). 

 

Figure 5. Tracking of ten foraminifera from one Petri dish: T34 (a); T48 (b). 

Locomotion was quantified by calculating the mean distance travelled between consecutive 

frames, recorded at 5-minute intervals, and the maximum velocity reached by each individual. Both 

parameters were extracted separately for the first and second day of monitoring, considering only 

daytime recording hours. These measurements yielded the locomotion responses presented in Figure 

6. 
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Figure 6. Locomotor responses of Peneroplis under BDE-47 exposure during daytime monitoring. Boxplots show 

(A) mean distance travelled between consecutive frames (5-min interval) and (B) maximum velocity (peak 

speed) for individual specimens recorded on Day 1 and Day 2. Treatments include control (CTL) and BDE-47 

exposures at 0.05 and 0.1 µg/L. 

Statistical analyses were performed to assess the presence of significant differences among 

experimental groups. In particular, two-way analyses of variance (ANOVA) were conducted to test 

the effects of experimental day and treatment condition (control vs BDE exposures), as well as their 

interaction (day × treatment), on locomotion parameters. This approach allowed us to evaluate 

whether behavioural responses varied between monitoring days, among exposure levels, and 

whether treatment effects differed depending on the day of observation. 

Two-way ANOVA showed that mean distance travelled differed significantly among BDE 

treatments (F = 6.07, p = 0.004), while neither the effect of monitoring day (F = 0.14, p = 0.706) nor the 

treatment × day interaction (F = 0.22, p = 0.804) was significant. Tukey post-hoc tests indicated that 

individuals in the 0.05 exposure travelled a greater mean distance than controls (mean difference = 

0.141 mm, 95% CI = 0.031–0.251, p = 0.0087). Mean distance did not differ between 0.1 and control (p 

= 0.980), whereas the 0.1 group travelled significantly less than the 0.05 group (mean difference = 

−0.132 mm, 95% CI = −0.242 to −0.022, p = 0.0149). 

For maximum velocity, treatment had no significant effect (F = 0.80, p = 0.457), whereas 

monitoring day was significant (F = 4.62, p = 0.036); peak velocities were lower on Day 2 than on Day 

1 (mean difference = −0.799 mm min−1, 95% CI = −1.544 to −0.053, p = 0.036). The treatment × day 

interaction was not significant (F = 2.02, p = 0.143), and Tukey post-hoc comparisons did not identify 

significant pairwise differences among treatments for maximum velocity (all adjusted p > 0.46). 

3. Discussion 

The present study demonstrates that short-term exposure to sub-lethal concentrations of BDE-

47 induces measurable physiological and behavioral alterations in symbiont-bearing benthic 

foraminifera of the genus Peneroplis. The observed response, including reduced pseudopodial 

activity, inhibition of asexual reproduction, altered locomotor patterns, and symbiont loss, 

collectively indicate a dose-dependent stress response consistent with early sub-lethal toxicity. 

Pseudopodial Impairment and Cytophysiological Stress 

Foraminiferal pseudopodial extension depends on dynamic cytoskeletal rearrangements (actin 

polymerization), membrane trafficking, and tightly regulated intracellular calcium fluxes [11,12]. The 

significant reduction in pseudopodial activity observed following BDE-47 exposure suggests 
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disruption of one or more of these tightly coordinated processes. Given the lipophilic nature of PBDEs 

and their known capacity to interact with cellular membranes, BDE-47 may alter membrane fluidity 

and ion channel function. Membrane perturbation may secondarily disrupt calcium homeostasis, a 

key regulator of cytoskeletal assembly, and pseudopodial extension. It can also impair actin filament 

stability and ATP-dependent cytoskeletal remodeling, thereby reducing cellular mobility. 

Comparable sub-lethal endpoints have been described in foraminifera exposed to heavy metals and 

hydrocarbons, where decreased pseudopodial extension was interpreted as an early biomarker of 

metabolic distress and cytological disruption [13,14]. In this context, the reduction in pseudopodial 

activity is consistent with early impairment of cytoskeleton-dependent functions and can be 

interpreted as an early biomarker of sub-lethal stress. In the present study, this endpoint co-occurred 

with additional signs of physiological and functional disturbance, including altered locomotor 

behaviour, reduced reproductive output, and symbiont destabilization. 

Reproductive Inhibition and Population-Level Implications 

A marked reduction in asexual reproduction (schizogony) was recorded at the highest 

concentration. In control conditions, successful reproduction and symbiont transfer to off-spring 

indicated preserved physiological integrity. Conversely, the complete and near-complete 

suppression of division in the 0.05 and in the 0.1 µg/L treatment respectively, suggests interference 

with cell-cycle regulation and/or energetic allocation. 

Reproductive output is a critical determinant of population maintenance in benthic foraminifera 

[15]. Even modest reductions in division rates may translate into altered community structure over 

ecological timescales. Given the ecological role of larger symbiont-bearing taxa such as Peneroplis spp. 

in carbonate sediment production and benthic trophic transfer, reproductive impairment may have 

cascading consequences on sediment stability and ecosystem functioning [16]. 

Symbiont Loss as a Stress Biomarker 

Symbiont expulsion observed in exposed specimens represents a particularly relevant endpoint. 

The host–symbiont association in Peneroplis spp. is metabolically integrated, with photosynthetic 

carbon fixation supporting calcification and energy reserves. This mutualistic equilibrium is highly 

sensitive to oxidative imbalance [7]. 

BDE-47 exposure has been shown to induce oxidative stress, including biomarkers related to 

oxidative balance and detoxification pathways, widely documented in marine invertebrates. For 

example, in Mytilus galloprovincialis, BDE-47 induces dose-dependent changes in gene expression 

and antioxidant enzyme activity [17], consistent with broader evidence of concentration-dependent 

ROS production and activation of oxidative stress pathways across taxa, including effects on 

chlorophyll fluorescence and antioxidant defenses in microalgae [18]. 

Oxidative destabilization of symbiose membranes may impair host-symbiont communication 

and promote algal expulsion [19,20]. In symbiont-bearing protists, redox imbalance can also 

destabilize symbiosome membranes and impair photosynthetic electron transport chains, amplifying 

intracellular oxidative pressure and ultimately, leading to algal loss. Functionally, symbiont 

depletion reduces autotrophic energy input, potentially accelerating mortality under prolonged 

exposure [20,21]. This phenomenon parallels bleaching-like responses described in other marine 

symbiotic systems subjected to chemical or thermal stress, reinforcing the ecological relevance of this 

endpoint. 

In sea urchin embryos, exposure to BDE-47 has been shown to induce concentration-dependent 

transcriptional modulation of genes involved in oxidative balance, stress response, and 

developmental regulation, even at environmentally relevant doses. For example, it has been 

evidenced that lower concentrations triggered moderate activation of redox-related genes, whereas 

higher concentrations resulted in broader dysregulation of stress-responsive pathways, supporting 

the hypothesis that oxidative imbalance represents a primary mode of action of this congener [22]. 

Although gene expression was not directly assessed in the present work, the dose-dependent 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 19 March 2026 doi:10.20944/preprints202603.1513.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202603.1513.v1
http://creativecommons.org/licenses/by/4.0/


 8 of 13 

 

symbiont depletion observed in Peneroplis may represent the physiological manifestation of a 

comparable oxidative imbalance. 

Locomotor Responses as Early Behavioural Endpoints 

Locomotor analyses provide a functional readout consistent with the progressive stress 

phenotype inferred from pseudopodial activity, symbiont stability, and reproductive output. Mean 

distance travelled between consecutive 5-min frames differed among treatments, with individuals 

exposed to 0.05 µg/L showing significantly greater displacement than controls, whereas the 0.1 µg/L 

group travelled significantly less than the 0.05 µg/L group and did not differ from controls. This 

pattern indicates a non-linear behavioural response across exposure levels: moderate exposure was 

associated with increased displacement, while at the highest concentration this increase was not 

maintained, suggesting that stronger stress may limit sustained locomotion. For mean distance, 

neither the effect of monitoring day nor the day × treatment interaction was significant, indicating 

that treatment-related differences were comparable across daytime observation periods. 

In contrast to sustained displacement, maximum velocity was not significantly affected by 

treatment but declined from Day 1 to Day 2, indicating reduced burst capacity over the monitoring 

period. This decrease is biologically plausible in the context of reduced pseudopodial extension at 

later time points and may reflect energetic limitation and/or progressive impairment of cytoskeletal 

and adhesion efficiency. Visual inspection of the boxplots suggests exposure-related shifts in 

response distributions, including occasional extreme values at the highest concentration, which may 

reflect episodic stress-driven movements or reduced regulatory control under stronger physiological 

challenge. Overall, these results support locomotion-based metrics as sensitive, non-invasive 

behavioural endpoints for detecting early sub-lethal contaminant effects in micro- and meiofaunal 

organisms, often preceding overt morphological alterations [5,23]. 

Ecological and Trophic Implications 

The ecological significance of these findings extends beyond individual-level toxicity. PBDEs are 

persistent, sediment-associated contaminants prone to bioaccumulation and biomagnification along 

benthic and pelagic food webs. As primary consumers and prey for meiofaunal and macrofaunal 

organisms, benthic foraminifera may contribute to contaminant transfer across trophic levels. 

Sub-lethal impairment of benthic protists could therefore produce dual effects: (i) structural 

alterations in benthic community composition and carbonate cycling, and (ii) facilitation of 

contaminant flux toward higher trophic levels. Considering the documented occurrence of PBDEs in 

coastal sediments and biota, chronic exposure scenarios may pose long-term risks to ecosystem 

integrity and, indirectly, to human health through seafood consumption pathways.  

Collectively, these findings support a mechanistic interpretation in which membrane 

partitioning of BDE-47 initiates redox imbalance and intracellular signaling disruption, ultimately 

leading to cytoskeletal destabilization, symbiont loss, behavioral alteration, and reproductive 

impairment. Beyond individual-level effects, these functional disruptions may scale up to influence 

carbonate production, benthic community dynamics, and contaminant transfer across trophic 

networks. A conceptual framework summarizing the proposed cascade of events from toxic 

perturbation to organism-level and ecological responses is presented in Figure 7. 
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Figure 7. Proposed mechanistic cascade of BDE-47 toxicity in Peneroplis spp, integrating all biological levels. 

Following membrane partitioning, BDE-47 may induce redox imbalance and intracellular signaling disruption, 

potentially leading to Calcium dysregulation and cytoskeletal instability. These alterations are hypothesized to 

impair pseudopodial dynamics, destabilize host-symbiont interactions, and interfere with reproduction. 

Behavioral modifications, including reduced locomotor variability, are interpreted as early functional indicators 

of sub-lethal stress. At higher levels of organization, these impairments may affect carbonate production, benthic 

trophic interactions, and contaminant transfer within coastal food webs. Image created through Gemini AI. 

Methodological Considerations and Future Perspectives 

Although the experiment was limited to acute (48 h) exposure, the detected responses highlight 

the sensitivity of symbiont-bearing foraminifera to environmentally relevant BDE-47 concentrations. 

Future research should address: 

* Chronic and multigenerational exposure effects 

* Quantification of oxidative stress biomarkers (e.g., antioxidant enzyme activity) 

* Calcification rate measurements and shell ultrastructural analysis 

* Molecular endpoints (gene expression related to stress and cytoskeletal regulation) 

Integrating laboratory bioassays with field-based community analyses would strengthen 

ecological risk assessment frameworks. 

In summary, exposure to BDE-47 induced coordinated morphological, behavioral, and 

reproductive alterations in Peneroplis, supporting their suitability as sensitive bioindica-tors for 

persistent organic pollutant assessment in coastal marine ecosystems. 

4. Materials and Methods 

4.1. Sampling Area and Organism Collection 

Ninety Peneroplis spp. specimens have been sampled on 17 May 2021 by manual picking at the 

lagoon-like coastal basin Stagnone di Marsala (Tp, Italy), in 1 mt depth. Sampling was performed in 

shallow rocky and algal substrates under natural photic conditions. Specimens were transported in 

laboratory in site seawater within insulated containers to minimize thermal stress. Upon arrival, 

individuals were gently rinsed with filtered seawater (0.45 µm) and placed in filtered seawater under 

controlled laboratory conditions, replicating their natural environment (temperature: 20 °C ± 1 °C; 

salinity: 39,30 PSU; photoperiod: 15:9 light-dark cycle). 

4.2. Experimental Design 
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After acclimatation (24 h) specimens were distributed into nine glass Petri dishes (30 mL each), 

with 10 individuals per dish. Individuals were visually inspected under a stereomicroscope to 

confirm vitality (presence of colored cytoplasm and active pseudopodia). The experimental setup 

consisted of three groups (n=3 replicates per group): Control (CTL) with filtered seawater without 

contaminants; Low concentration PBDE 47 (0.05 µg/L); High concentration PBDE 47 (0.1 µg/L). The 

selected concentrations correspond to 5-fold (0.05 µg/L) and 10-fold (0.1 µg/L) the national 

environmental quality threshold value (based on European Environmental Quality Standards (EQS) 

for PBDEs in surface waters (sum of priority congeners including BDE-47; 0.014 µg/L) under Directive 

2013/39/EU) [24]. 

The 2,2′,4,4′-Tetrabromodiphenyl ether (BDE-47; purity ≥97.0%) was purchased from Sigma-

Aldrich (Germany). A stock solution was prepared at a concentration of 1000 µg/L by dissolving BDE-

47 powder in 0.1% DMSO (dimethyl sulfoxide; ≥99.5%, Sigma-Aldrich). The stock solution was stored 

in amber glass vials at 4 °C until use. 

Working solutions (0.05 and 0.1 µg/L) were freshly prepared by diluting the stock solution in 

filtered seawater. The final DMSO concentration in exposure media was 0.1% (v/v) and the same 

solvent concentration was maintained across treatments to ensure comparability. Control groups 

were exposed to filtered seawater without PBDE addition. All solutions were prepared in glassware 

to minimize adsorption of the hydrophobic compound to plastic materials. 

All experimental units were maintained under static exposure conditions for 48 h. Specimens 

were observed at five time points: T0 (0 hours: 8 pm); T12 (12 hours: 8 am), T24 (24 hours: 8 pm), T36 

(36 hours: 8 am) and T48 (48 hours: 8 pm), and at each time point, vitality indicators and physiological 

responses such as changes in pseudopodial activity, movement, loss of symbiont algae and 

reproduction were assessed. 

4.3. Pseudopodial Activity 

One replicate per concentration has been checked under an optical microscope, in order to 

determine the presence and extension of pseudopods. 

4.4. Symbiont Algae and Reproduction 

One replicate per concentration has been checked under fluorescence microscope, with a red 

filter of 635-780 nm for chlorophyll emission, in order to determine the presence of symbiont algae. 

4.5. Locomotor Behavior 

Locomotor activity was recorded using three action cameras. One Petri dish per treatment (10 

individuals per dish) was monitored by time-lapse imaging (one frame every 5 min) to reconstruct 

individual trajectories. 

Locomotor activity was analyzed separately for each of the two daytime monitoring days (Day 

1 on 18/05/2021; Day 2 on 19/05/2021) using the following time windows: 

• CTL: Day 1 from 09:20 to 20:30; Day 2 from 05:40 to 19:15; 

• 0.05 µg/L: Day 1 from 05:35 to 20:25; Day 2 from 05:45 to 19:10; 

• 0.1 µg/L: Day 1 from 05:45 to 20:30; Day 2 from 05:45 to 19:20. 

Foraminiferal tracking was performed in Fiji/ImageJ [25] by extracting x–y coordinates for each 

individual across frames. From individual trajectories, locomotion descriptors were computed 

separately for Day 1 and Day 2: (i) mean distance travelled between consecutive frames (5-min 

interval), and (ii) maximum velocity (peak speed) reached within each day. 

All statistical analyses were conducted in R [26]. For each locomotion descriptor, differences 

among groups were tested using two-way analysis of variance (ANOVA) with treatment (CTL, 0.05 

µg/L, 0.1 µg/L) and monitoring day (Day 1, Day 2) as fixed factors, including their interaction (day × 

treatment). Tukey’s HSD post-hoc tests were used for pairwise comparisons. Statistical significance 

was set at α = 0.05. 
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5. Conclusions 

Sub-lethal exposure to BDE-47 induces measurable morphological and behavioral alterations in 

symbiont-bearing benthic foraminifera of the genus Peneroplis. Observed effects, including reduced 

pseudopodial activity, reproductive inhibition, and symbiont loss, act as early stress biomarkers and 

demonstrate a dose-dependent toxic response. 

Given the ecological role of benthic foraminifera in carbonate production and trophic transfer, 

these findings highlight the potential ecosystem-level consequences of PBDE contamination in coastal 

environments. Furthermore, considering the biomagnification potential of PBDEs, indirect 

implications for higher trophic levels and human health cannot be excluded. 

This study supports the suitability of symbiont-bearing foraminifera as sensitive bioindicators 

for assessing the ecotoxicological impact of persistent organic pollutants in shallow marine 

ecosystems. 
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