
Full length article

Combined effects of temperature and metals on immunity of juveniles of 
European oyster Ostrea edulis

Halina Falfushynska a , Dominique Noetzel b,c, Bernd Sures d,e , Milen Nachev d,  
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A B S T R A C T

The European flat oyster (Ostrea edulis) is a foundational ecosystem engineer that has suffered widespread population declines due to overfishing, habitat degra
dation, and disease. Effective restoration requires understanding how environmental stressors impact juvenile oysters, a critical life stage for survival and recruit
ment. While trace metals such as zinc (Zn) and copper (Cu) are essential micronutrients, elevated concentrations can disrupt cellular physiology and immune 
function, particularly under temperature fluctuations associated with climate change. In this study, we investigated the combined effects of dissolved Zn (100 and 
1000 μg L− 1) and Cu (10 and 100 μg L− 1) at three temperatures (5 ◦C, 15 ◦C, 22 ◦C) on immune defenses in juvenile O. edulis. Baseline tissue concentrations in 
controls were 73.0 ± 9.5 μg g− 1 Cu and 1240.5 ± 113.7 μg g− 1 Zn and were unaffected by temperature. Low metal exposures did not alter tissue concentrations, 
whereas high exposures induced temperature-dependent accumulation, peaking at 22 ◦C (CuH: 381.9 ± 78.6 μg g− 1; ZnH: 4573.6 ± 603.8 μg g− 1). Temperature 
strongly modulated cellular immunity: hemocyte abundance was highest at 15 ◦C, phagocytosis and acid phosphatase activity increased at 22 ◦C, while lipid per
oxidation levels were elevated at 5 ◦C and 22 ◦C, indicating stress-induced responses at thermal extremes. Zn stimulated acid phosphatase but suppressed pheno
loxidase activity, whereas Cu increased hemocyte mortality and modestly stimulated phenoloxidase. Lysozyme activity was elevated at cold exposure (5 ◦C), 
suggesting enhanced antibacterial defenses. Multivariate PLS-DA analyses revealed clearer separation of immune profiles by temperature than by metal exposure. 
These results demonstrate that temperature is the dominant factor shaping immune competence in juvenile O. edulis, while metal contamination at environmentally 
realistic levels exerts only minor effects, with implications for restoration and management under climate change.

1. Introduction

Marine bivalves, including the European flat oyster (Ostrea edulis), 
function as essential ecosystem engineers, contributing significantly to 
habitat formation, water quality regulation, and biogeochemical cycling 
[1,2]. Through their filter-feeding activity, they play a key role in tro
phic webs by controlling phytoplankton abundance, while their physical 
structures enhance biodiversity by providing habitat and substrate sta
bilization. Oyster reefs also improve coastal resilience by reducing 
shoreline erosion and mitigating the effects of extreme weather events 
[3]. Moreover, O. edulis and other bivalves are important aquaculture 
species, supporting the blue economy and contributing to food security 
[4–6].

Pathogens and parasites represent major sources of mortality in both 

wild and aquacultured populations of marine bivalves [7]. As filter 
feeders with long lifespans, bivalves are continuously exposed to diverse 
microorganisms in seawater and sediments [8]. Their defense relies on 
an innate immune system, which depends critically on hemocytes, the 
circulating blood cells that form the main cellular component of the 
hemolymph [9]. Hemocytes orchestrate innate immune defenses and 
support key physiological processes, including nutrient transport, 
wound healing, detoxification, and shell mineralization [10–12]. They 
mediate core effector functions such as phagocytosis, encapsulation, and 
the production of cytotoxic molecules and signaling factors, so that their 
composition and functional status closely reflect the animal's overall 
physiological and immunological condition [9–11]. The ecological and 
economic roles of bivalves are increasingly threatened by environmental 
stressors, including metal pollution and warming, which can 
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compromise hemocyte function and weaken immune defenses. Out
breaks of infectious diseases are expected to become more frequent 
under global climate change, driven by increased pathogen spread and 
proliferation, as well as suppression of bivalve immune function by 
prolonged or extreme heat exposure [13–15]. In addition, urbanization 
and pollution may further exacerbate disease risks by enhancing path
ogen exposure and weakening immune defenses [7,16].

Immune function in bivalves is highly sensitive to environmental 
stressors including temperature and pollution [17–19]. Mild warming 
within species-specific optimal ranges can enhance immune responses, 
whereas temperature extremes or prolonged suboptimal exposure sup
press immunity and increase pathogen vulnerability [13,16,20,21]. 
Immune parameters are among the earliest and most sensitive indicators 
of metal pollution [22–24], and hemocytes are particularly sensitive to 
metals and temperature stress [10,25–28]. In adults, exposure to metals 
such as Cd and Cu, or metal-containing nanoparticles, induces oxidative 
stress, disrupts immune gene expression, impairs hemocyte functions 
including phagocytosis, and can trigger apoptosis [22,29–33]. Metals 
may also enrich microbial communities with antibiotic resistance genes, 
further increasing disease susceptibility [34]. Moreover, elevated tem
peratures can alter the toxicokinetics of contaminants, often enhancing 
metal uptake while exerting less influence on elimination processes 
[35–37]. This imbalance may lead to increased internal metal burdens, 
inducing oxidative stress and impairing immune competence. However, 
little is known about the combined effects of metals and temperature on 
juvenile oyster immunity. Understanding these interactions is critical for 
optimizing hatchery conditions, guiding restoration strategies, and 
improving resilience assessments in a changing climate [38–40].

The European flat oyster O. edulis once thrived across European seas 
but has suffered dramatic population declines due to overfishing, dis
ease, invasive species, and pollution [40–43]. Restoration initiatives, 
such as the RESTORE and DAM CREATE projects, seek to reestablish this 
ecologically vital species in the North Sea [44–46] and highlight the 
importance of understanding how environmental stressors affect the 
performance and health of juvenile oysters commonly used in restora
tion efforts. While bivalve larvae have shown high sensitivity to tem
perature and metal pollution, with both warming and metal 
contamination implicated in hatchery failures [38,39,47], adult oysters 
exhibit greater tolerance [48–50]. However, little is known about the 
sensitivity of O. edulis juveniles to trace metals, particularly under 
varying temperatures. This developmental stage is critical for matura
tion and growth, and exposure of juveniles to the combined temperature 
and pollution stress might affect their fitness and performance as adults 
[51–53]. Given the increasing prevalence of multi-stressor environ
ments, assessing the interactive effects of temperature and metal expo
sure on O. edulis juveniles is essential for informing conservation 
strategies and ensuring the long-term success of restoration efforts [54].

This study aimed to investigate the combined effects of dissolved 
trace metals (zinc, Zn, and copper, Cu) and temperature (5 ◦C, 15 ◦C, and 
22 ◦C) on the immune defense of juvenile O. edulis. Both Zn and Cu are 
essential metals acting as cofactors of multiple enzymes and transcrip
tion factors, but they are toxic when present in excess due to the in
duction of oxidative stress, metabolic dysregulation and cell death 
[55–57]. Furthermore, while dissolved Cu and Zn exhibit toxic effects on 
pathogens [58,59], their bactericidal properties may be outweighed by 
their detrimental impact on hemocyte survival and function, ultimately 
leading to a net immunosuppressive effect [22,24,32,58]. Here, we 
hypothesized that environmentally realistic levels of Zn and Cu 
contamination would induce oxidative damage, as well as negatively 
impact hemocyte viability, function, and the activity of immune-related 
enzymes in O. edulis juveniles. Additionally, we hypothesized that 
temperatures exceeding the typical environmental range (22 ◦C) would 
exacerbate metal immunotoxicity. To test these hypotheses, we exposed 
juvenile O. edulis to different concentrations of Zn and Cu for three 
weeks and evaluated immune responses encompassing both cellular and 
humoral components.

2. Materials and methods

Oyster maintenance and experimental exposures. European flat 
oysters (O. edulis) originated from the Seasalter (Walney) Ltd. oyster 
hatchery (54◦3′0.16″ N, 3◦11′10.57″ W) in Morecambe Bay (Irish Sea), 
north-west England. All 800 juvenile oysters used in this study came 
from a single hatchery batch and were of similar size and age. Prior to 
transport to the University of Rostock, the oysters were maintained in 
commercial oyster baskets (SEAPA, Australia) within a 4500 L tank 
connected to a flow-through system at the Helgoland Oyster Hatchery 
(54◦10′39.68″ N, 7◦53′30.45″ E), operated by the Alfred-Wegener- 
Institute (AWI). The juvenile status of the oysters was confirmed based 
on both the immature gonadal condition observed upon dissection and 
their morphometric characteristics. A random subset of 30 oysters had a 
mean length of 24.3 ± 3.1 mm (ventral–dorsal distance), a height of 
28.7 ± 3.2 mm (umbo to distal shell margin), a width of 8.4 ± 1.2 mm, 
and a total wet mass (including shell) of 3.0 ± 0.8 g. In April and June, 
two batches of 400 juvenile oysters were transported from the AWI to 
the University of Rostock, wrapped in moistened fabric with cooling 
packs placed above and below within a 20 L insulating box (Thermo 
Future Box®, Germany). No mortality occurred during the one-day 
transport. The oysters retained their juvenile status throughout the 
experiment, as confirmed by dissection at its conclusion.

Oysters were allocated to three circular tanks, each containing 
approximately 50 L of artificial seawater (salinity: 32 ± 1). Artificial 
seawater was prepared by mixing deionized water from an ion 
exchanger (Orben Ministil P 102, Germany) with a conductivity of ~1.7 
μS cm− 1 and sea salt (Pro Reef Sea Salt, Tropic Marin, Germany). Oysters 
were maintained at temperatures ranging from 10 ◦C to 13 ◦C, reflecting 
Helgoland temperature conditions in April and June, respectively. Water 
was filtered during the day using an external filter (EHEIM Experience 
150, Germany). Oysters were fed daily in the evening with 300 μL g− 1 

wet weight of Shellfish Diet 1800® (Reed Mariculture, USA), an instant 
microalgae mixture comprising Isochrysis sp., Pavlova sp., Tetraselmis sp., 
Thalassiosira weissflogii, and Thalassiosira pseudonana. During nighttime, 
filters were deactivated to minimize microalgae removal, while water 
circulation was maintained using water pumps (Eheim compactOn 
1002). The timeline of acclimation, warming/cooling, and experimental 
exposures to different temperature and metal regimes is shown in Fig. 1.

Following a two-week acclimation period in artificial seawater, 120 
oysters per temperature condition were distributed among five 5 L 
polypropylene (PP) buckets, each containing 3 L of artificial seawater 
(salinity: 32 ± 1) and aerated with air pumps (Eheim Air 200, Ger
many). Temperature was adjusted within one week to target values of 
5 ◦C, 15 ◦C, and 22 ◦C, based on the seasonal mean water temperatures 
recorded at the pilot oyster restoration site at Borkum Reef Ground 
between September 2017 and September 2018. The mean spring tem
perature was 5.7 ◦C, summer temperature reached 14.9 ◦C, autumn 
temperature was 16.8 ◦C, and winter temperature averaged 6.7 ◦C [54]. 
Two lower temperature treatments (5 ◦C and 15 ◦C) were selected to 
represent the mean temperatures of spring and summer, respectively, 
while the elevated temperature (22 ◦C) was chosen to simulate an 
extreme warming scenario. A water-cooled chest (Haake A 25B, Thermo 
Scientific) was used for the 5 ◦C treatment, a cold storage unit (Viess
mann TE 1500/2250/100) for the 15 ◦C treatment, and a water bath 
(Haake A10, Thermo Scientific) for the 22 ◦C treatment. Oysters 
remained at the respective temperature for one additional week to 
ensure acclimation.

Following acclimation, oysters were distributed evenly (8 oysters per 
bucket) across 15 randomly placed buckets, each containing 2 L of 
artificial seawater. Zinc chloride (ZnCl2) was added at nominal con
centrations of 100 μg L− 1 (ZnL treatment) and 1000 μg L− 1 (ZnH 
treatment) to five buckets each, while five buckets served as untreated 
controls. Copper exposure experiments followed the same procedure, 
with nominal concentrations of 10 μg L− 1 (CuL treatment) and 100 μg 
L− 1 (CuH treatment). Water changes and metal re-spiking were 
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performed every 48 h. Oysters were fed daily with 300 μL g− 1 wet 
weight of Shellfish Diet 1800®. Temperature was monitored daily (Ebro 
TFX 410-1 Pt1000, Germany), while salinity and oxygen saturation were 
measured bi-daily using a multimeter (Hach HQ 40d, Germany) 
(Table 1). Each exposure experiment lasted three weeks per temperature 
and metal treatment. At the end of the three-week exposure period, 
hemolymph was collected for the assessment of the immune parameters, 
and whole-body tissues were sampled and shock-frozen for metal 
analysis.

Water sampling. Water samples (50 mL) were collected during 
every second water change from each experimental treatment, alter
nating between periods immediately before and after water changes to 
capture temporal variations in metal concentrations. Prior to sampling, 
thorough mixing was conducted to ensure homogeneity. For metal 
analysis, water samples were taken from one randomly selected repli
cate bucket (out of five) per experimental exposure condition, collected 
in 50 mL conical tubes, and immediately frozen at − 20 ◦C. Before metal 
analysis, the samples were thawed, filtered through 45 μm filters, and 
acidified with metal-grade HNO3 (1 % final concentration).

Metal analyses. For the Cu and Zn analysis, the water and oyster 
whole-body samples were prepared and processed as described in 
Janardhanan et al. [60]. Briefly, oyster whole soft body was digested in 
4 mL 65 % nitric acid (HNO3, subboiled) using a Mars 6 microwave 
digestion system (CEM Corporation, Kamp-Lintfort, Germany). The tis
sue dry mass used for metal analysis (mean ± SEM) was 56.2 ± 2.9 mg 
in the Zn exposure experiments (N = 72) and 46.3 ± 3.2 mg in the Cu 
exposure experiments (N = 72). Subsequently, all samples were diluted 
1:10 with an internal standard solution (1 % HNO3 containing scandium 
as the internal standard) and analyzed using a quadrupole inductively 
coupled plasma mass spectrometer (ICP-MS, PerkinElmer NexION 2000, 
PerkinElmer Corporation, Waltham, USA) operating in standard mode at 
1500 W plasma power, 16 L/min plasma gas flow, and 1.02 L/min 
nebulizer gas flow. Concentrations of metals in the water and oyster 
tissue were calculated in μg/L and μg/g, respectively, based on the 
slopes of regression lines obtained from instrument calibration (for 

further details, see Ref. [60]).
The accuracy analytical procedure was controlled using the standard 

reference material 1566b-Oyster Tissue (National Institute of Standards 
and Technology, NIST), whereas the obtained recovery rates were in the 
range ±20 %. Due to technical challenges and mass interferences during 
Cu quantification in the seawater matrix resulting in discrepancies be
tween the 63Cu and 65Cu isotopic signals, Cu concentrations in the water 
could not be reliably reported. This problem, however, did not affect Cu 
measurements in oyster tissues. Zinc concentrations were reliably 
quantified in both the seawater and tissue matrices.

Hemolymph collection. Hemolymph was aseptically collected from 
the adductor muscle of oysters using a sterile syringe with a 23-gauge 
needle and immediately mixed with hemocyte extraction buffer (pH 
7.3) at a 2:1 (vol:vol) ratio. The buffer consisted of 20 mM HEPES, 436 
mM NaCl, 53 mM MgSO4, 10 mM CaCl2, and 10 mM KCl. A small aliquot 
of each sample was visually inspected under a microscope to determine 
hemocyte concentration and assess sample quality. The hemolymph 
appeared clear and showed no signs of contamination or coagulation. 
Each biological replicate consisted of hemolymph pooled from three 
oysters. Hemocytes were isolated by centrifuging the hemolymph at 
600×g for 10 min, followed by resuspension of the resulting pellet in 0.2 
mL of artificial seawater. The hemocyte concentration in the hemo
lymph was quantified using a BrightLine hemocytometer (Fisher Sci
entific GmbH, Schwerte, Germany). Cell viability was assessed using the 
Trypan Blue exclusion method, where non-viable cells were identified 
by blue staining. Mortality was calculated as the proportion of stained 
(dead) hemocytes relative to the total hemocyte count. Due to the 
sample loss, hemocyte mortality data are not available for the Zn 
exposure experiment.

Assessment of the immune parameters. Phagocytic activity was 
determined as described elsewhere [24,61]. Hemocytes (mean ± SEM: 
0.316 ± 0.013 × 106 cells per sample; N = 108) were incubated with 
zymosan particles at 18 ◦C for 30 min, followed by washing and 
extraction of Neutral Red dye from engulfed particles using 1 % acetic 
acid in 50 % ethanol for 5 min. The phagocytic index was established as 
the number of ingested zymosan particles per cell based on the absor
bance of Neutral Red at 550 nm.

Oxidative stress was assessed by quantifying thiobarbituric acid 
reactive substances (TBARS) in hemocyte suspensions at 532 nm [62]. 
TBARS levels serve as a proxy for lipid peroxidation (LPO) resulting from 
the oxidation of polyunsaturated fatty acids and reflecting the balance 
between production and antioxidant-mediated detoxification of reactive 
oxygen species (ROS) in hemocytes [63]. The LPO levels were calculated 
using a molar extinction coefficient of 1.56 × 105 M− 1 cm− 1 and 
expressed as μmol⋅106 cells− 1.

To evaluate reactive nitrogen species, the concentrations of nitric 
oxide (NO) metabolites (nitrite and nitrate) were determined spectro
photometrically at 540 nm using the Griess reaction [64]. Vanadium 
(III) chloride served as the reducing agent, and a sodium nitrite standard 

Fig. 1. Schematic of the experimental design and timeline. 
n – housing density. Control – exposure without added metals; Low – exposure to low metal concentrations (nominally 100 μg L− 1 Zn or 10 μg L− 1 Cu); High – 
exposure to high metal concentrations (nominally 1000 μg L− 1 Zn or 100 μg L− 1 Cu).

Table 1 
Temperature, salinity and oxygen saturation of the artificial seawater 
during the trace metal experiments (mean ± SD).
Temperatures were measured daily, salinity and oxygen saturation every second 
day before the water change.

Metal Temperature [◦C] Salinity Oxygen [% air]

Zinc 5.3 ± 0.5 31.4 ± 0.3 91.7 ± 4.1
14.8 ± 0.4 32.5 ± 0.4 97.9 ± 2.6
22.1 ± 0.3 32.9 ± 0.3 98.5 ± 3.3

Copper 5.0 ± 0.7 32.1 ± 0.5 97.5 ± 3.4
15.0 ± 0.2 32.4 ± 0.3 100.2 ± 3.1
21.9 ± 0.3 33.0 ± 0.6 101.2 ± 2.3
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curve was used for quantification. The NO levels were reported in 
μmol⋅106 cells− 1.

Lysosomal function was evaluated via acid phosphatase (AP) activity 
following the protocol outlined by Walter and Schütt [65]. The assay 
was conducted in 50 mM Na-citrate buffer (pH 4.8) containing 5.5 mM 
p-nitrophenyl phosphate at 18 ◦C. The hydrolysis reaction's product was 
measured at 405 nm, with enzyme activity expressed as μmol⋅min− 1⋅106 

cells− 1, applying a molar extinction coefficient of 18.5 × 103 M− 1 cm− 1 

for p-nitrophenol.
Phenoloxidase-like (PhO) activity was determined in hemolymph 

plasma by monitoring o-quinone formation at 420 nm using p-phenyl
enediamine as a substrate at a final concentration of 50 mM [66]. The 
reaction was analyzed using a molar extinction coefficient of 43,160 
M− 1 cm− 1 and expressed as nmol o-quinones produced⋅min− 1⋅ml.

The enzymatic activity of lysozyme (LYZ) in hemolymph plasma was 
determined using a turbidimetric assay based on the lysis of Micrococcus 
lysodeikticus cell suspension [67]. The decrease in absorbance at 450 nm 
was measured spectrophotometrically over time. The assay was con
ducted in a phosphate buffer (pH 6.24) at 25 ◦C, with enzyme activity 
calculated based on the rate of absorbance reduction. One unit of lyso
zyme activity was defined as the amount of enzyme causing a decrease 
in absorbance of 0.001 per minute under the specified conditions.

Statistical analysis. The data were tested for normal distribution 
using the Shapiro–Wilk test and for homogeneity of variances using 
Levene's test, with Bonferroni corrections. For data that met the as
sumptions of parametric analysis, a two-way analysis of variance 
(ANOVA) was conducted, followed by Tukey's Honest Significant Dif
ference (HSD) post-hoc test. Temperature (three levels) and metal 
exposure (three levels) were treated as fixed factors. Analyses were 
performed separately for the Zn and Cu exposure experiments. For an
alyses where the interaction between factors was significant, post-hoc 
comparisons were conducted across all group means. If no significant 
interaction effect was detected, Tukey's HSD test was used to compare 
means across the three different levels of the factor that showed a sig
nificant main effect (either temperature or metal exposure). All statis
tical analyses were conducted using GraphPad Prism version 7.05 
(GraphPad Software Inc.).

To visualize differences between experimental exposure groups 
based on the entire immune dataset, Partial Least Squares–Discriminant 
Analysis (PLS-DA) was conducted using MetaboAnalyst 6.0 [68]. 
PLS-DA is a supervised method that uses multivariate regression tech
niques to extract, via linear combinations of the original variables, the 
information that best predicts membership in experimental groups. To 
minimize bias arising from differences in absolute scale among vari
ables, data were autoscaled by mean-centering and dividing by the 
standard deviation of each variable. The relationships between different 
immune variables were further examined using Pearson correlation 
analysis, as implemented in MetaboAnalyst 6.0. Statistical significance 
was set at p < 0.05.

3. Results

3.1. Metal concentrations in water and oyster tissues

The measured Zn concentrations in the exposure water were 23.3 ±
2.2, 43.4 ± 4.1, and 302.7 ± 14.8 μg L− 1 (mean ± SEM, N = 30) for the 
control, ZnL, and ZnH exposures, respectively. Cu concentrations in the 
water are not reported due to technical issues arising from mass in
terferences and inconsistent isotopic signals during quantification.

Baseline concentrations of Cu and Zn in control oyster tissues were 
73.0 ± 9.5 μg g− 1 and 1240.5 ± 113.7 μg g− 1, respectively (N = 24). 
Acclimation temperature did not have a significant effect on baseline Cu 
or Zn concentrations in oysters maintained under control conditions (p 
> 0.05). At low metal exposures, tissue metal concentrations in oysters 
exposed to Cu and Zn were comparable to control levels (CuL: 74.1 ±
7.9 μg g− 1 Cu; ZnL: 1453.2 ± 103.2 μg g− 1 Zn; N = 24) and did not vary 

significantly with temperature (p > 0.05). At high exposure levels, 
however, metal accumulation became temperature dependent (p <
0.05). In the CuH treatment, tissue Cu concentrations were 104.4 ±
12.4, 306.6 ± 61.8, and 381.9 ± 78.6 μg g− 1 at 5, 15, and 22 ◦C, 
respectively (N = 7–8). In the ZnH treatment, tissue Zn concentrations 
were 1404.5 ± 89.9, 3152.6 ± 439.4, and 4573.6 ± 603.8 μg g− 1 at 5, 
15, and 22 ◦C, respectively (N = 8).

3.2. Combined effects of temperature and Zn exposure on immune 
parameters

In the combined temperature and Zn exposure experiments, signifi
cant temperature × Zn exposure interactions (p < 0.05, η2 = 9–13 %) 
were observed for nitric oxide (NO) levels in hemocytes, as well as for 
phenoloxidase (PhO) and lysozyme (LYZ) activities in the hemolymph of 
juvenile oysters, indicating that the impact of Zn on these immune pa
rameters was modulated by the acclimation temperature (Table 2). 
Furthermore, acclimation temperature had significant effects (p < 0.05) 
on hemocyte count, phagocytosis rate, lipid peroxidation (LPO) levels, 
and acid phosphatase (AP) activity in hemocytes accounting for 32–58 
% of variation in these traits (Table 2). Zn exposure concentration had a 
significant effect on phagocytosis rate and AP activity (p < 0.05; η2 =

10–19 %) (Table 2).
Hemocyte abundance was strongly affected by acclimation temper

ature (p < 0.05, η2 = 48.2 %; Table 2) and was highest at 15 ◦C 
compared to both 5 ◦C and 22 ◦C (Fig. 2A). Zn exposure did not affect 
hemocyte abundance, regardless of the exposure temperature (p > 0.05; 
Table 2, Fig. 2A).

Phagocytosis rates were affected by both temperature and Zn expo
sure (p < 0.05; Table 2) and increased with rising Zn exposure con
centrations across all temperature conditions (Fig. 2B). Phagocytosis 

Table 2 
ANOVA Results: Effects of temperature, exposure to different Zn concen
trations, and their interactions on immune parameters in oyster juveniles
F-values with degrees of freedom for the effect and the error (in brackets), P- 
values, and effect sizes (η2 = % variance explained) for factors and their in
teractions are provided. Significant effects are highlighted in bold. Abbrevia
tions: HC – hemocytes, LPO – lipid peroxidation levels measured as 
concentration of thiobarbituric-acid reactive substances (TBARS), NO – nitric 
oxide.

Parameter Temperature Zn exposure Interaction

HC count F (2, 45) ¼
22.34

F (2, 45) = 0.57 F (4, 45) = 0.48

P < 0.0001 P = 0.5673 P = 0.7495
η2 = 48.2 % η2 = 1.2 % η2 = 2.1 %

Phagocytosis rate F (2, 45) ¼
16.35

F (2, 45) ¼
9.36

F (4, 45) = 1.09

P < 0.0001 P ¼ 0.0004 P = 0.3727
η2 = 32.4 % η2 = 18.6 % η2 = 4.3 %

LPO levels F (2, 45) ¼
36.25

F (2, 45) = 0.99 F (4, 45) = 1.41

P < 0.0001 P = 0.3779 P = 0.2449
η2 = 57.9 % η2 = 1.6 % η2 = 4.5 %

NO levels F (2, 45) ¼
59.92

F (2, 45) ¼
10.81

F (4, 45) ¼
6.70

P < 0.0001 P ¼ 0.0001 P ¼ 0.0003
η2 = 56.2 % η2 = 10.1 % η2 = 12.6 %

Acid phosphatase 
activity

F (2, 45) ¼
51.80

F (2, 45) ¼
8.09

F (4, 45) = 0.82

P < 0.0001 P ¼ 0.0010 P = 0.5183
η2 = 61.6 % η2 = 9.6 % η2 = 2.0 %

Phenoloxidase activity F (2, 45) ¼
19.84

F (2, 45) ¼
57.00

F (4, 45) ¼
5.13

P < 0.0001 P < 0.0001 P ¼ 0.0017
η2 = 18.1 % η2 = 52.0 % η2 = 9.4 %

Lysozyme activity F (2, 45) ¼
14.06

F (2, 45) ¼
3.63

F (4, 45) ¼
2.82

P < 0.0001 P ¼ 0.0345 P ¼ 0.0358
η2 = 30.7 % η2 = 7.9 % η2 = 12.3 %
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Fig. 2. Combined effects of temperature and Zn exposure on hemocyte immune parameters in juvenile oysters (O. edulis). 
(A) hemocyte (HC) abundance, (B) phagocytosis rate, (C) lipid peroxidation (LPO) levels (TBARS), (D) nitric oxide (NO) levels, and (E) acid phosphatase (AP) 
activity. C - control, ZnL - low Zn concentration (nominal 100 μg L− 1), and ZnH - high Zn concentration (nominal 1000 μg L− 1). For HC abundance and LPO levels, 
where only significant temperature effects were observed, values above the brackets represent the temperature-specific mean ± SEM. Asterisks indicate significant 
differences between temperature exposure groups (*p < 0.05, **p < 0.01, *p < 0.001). For NO levels, where a significant interaction between temperature and Zn 
exposure was found, post-hoc comparisons of group means are shown: different letters indicate significant differences between temperature treatments within the 
same Zn exposure group, while asterisks indicate significant differences between Zn-exposed groups and their respective controls at the same temperature (p < 0.05). 
N = 6. (For interpretation of the references to color in this figure legend, the reader is referred to the legend in panel D in the Web version of this article.)
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rates were lower at 15 ◦C than at either 5 ◦C or 22 ◦C (Fig. 2B).
LPO levels in hemocytes were strongly influenced by acclimation 

temperature (p < 0.05, η2 = 57.9 %; Table 2), with the highest LPO 
levels observed in oysters acclimated to 5 ◦C and the lowest levels 
recorded at 15 ◦C (Fig. 2C). Zn exposure did not significantly influence 
LPO levels (Table 2, Fig. 2C).

Zn exposure significantly affected NO levels in hemocytes only at the 
highest acclimation temperature (22 ◦C), whereas no significant Zn- 
dependent variation in NO levels was detected at 5 ◦C or 15 ◦C 
(Fig. 2D). At 22 ◦C, NO levels in hemocytes from juvenile oysters 
exposed to low (ZnL) and high (ZnH) Zn concentrations were higher 
than in the temperature-matched control group or in oysters exposed to 
the same zinc concentrations at lower temperatures (5 ◦C and 15 ◦C) 
(Fig. 2D).

AP activity in hemocytes was significantly influenced by acclimation 
temperature (p < 0.05, η2 = 61.6 %; Table 2), with the lowest AP activity 
observed in hemocytes of oysters acclimated to 15 ◦C and the highest 
levels recorded in those maintained at 22 ◦C (Fig. 2E). Zn exposure led to 
a significant increase in AP activity (p < 0.05, η2 = 9.6 %; Table 2). AP 
activity in hemocytes was similar between oysters exposed to low and 
high Zn concentrations (Tukey's HSD, p > 0.05) and was significantly 
higher than in the control group (p < 0.05 for both ZnL and ZnH groups 
relative to the control) (Fig. 2E).

PhO activity in the hemolymph was significantly affected by Zn ×
temperature interactions (p < 0.05; Table 2). Generally, PhO activity 
decreased in a concentration-dependent manner with increasing Zn 
exposure concentrations across all acclimation temperatures (Table 2, 
Fig. 3A). In control oysters and those exposed to low Zn concentrations, 
hemocyte PhO activity was higher at 15 ◦C compared to both 5 ◦C and 
22 ◦C. However, this temperature-dependent difference disappeared in 
hemocytes of ZnH group, reflecting strong PhO suppression by high Zn 
exposure concentration (Fig. 3A).

LYZ activity in the hemolymph was significantly affected by Zn ×
temperature interactions (p < 0.05; Table 2). In the control group, no 
difference in the hemolymph LYZ activity was found between the oysters 
acclimated at different temperatures (Fig. 3B). In both ZnL and ZnH 
groups, LYZ activity in the hemolymph was higher at 5 ◦C than at either 
15 ◦C or 22 ◦C (Fig. 3B). Generally, Zn exposure had no significant effect 
on LYZ activity when compared to the temperature-matched controls (p 
> 0.05), except for the ZnL group at 5 ◦C that showed elevated LYZ 
activity compared to the control baseline (Fig. 3B).

3.3. Combined effects of temperature and Cu exposure on immune 
parameters

In the combined temperature and Cu exposure experiments, signifi
cant temperature × Cu exposure interactions (p < 0.05) were observed 
for LPO, NO levels and AP activity in hemocytes, as well as for PhO 

Fig. 3. Combined effects of temperature and Zn exposure on activity of immune enzymes in hemolymph of juvenile oysters (O. edulis). 
(A) phenoloxidase (PhO) activity, (B) lysozyme (LYZ) activity. C - control, ZnL - low Zn concentration (nominal 100 μg L− 1), and ZnH - high Zn concentration 
(nominal 1000 μg L− 1). Due to a significant interaction between temperature and Zn exposure, only post-hoc comparisons of group means are shown: different letters 
indicate significant differences between temperature treatments within the same Zn exposure group, while asterisks indicate significant differences between Zn- 
exposed groups and their respective controls at the same temperature (p < 0.05). N = 6. (For interpretation of the references to color in this figure legend, the 
reader is referred to the panel B in the Web version of this article.)

Table 3 
ANOVA Results: Effects of temperature, exposure to different Cu concen
trations, and their interactions on immune parameters in oyster juveniles
F-values with degrees of freedom for the effect and the error (in brackets), P- 
values, and effect sizes (η2 = % variance explained) for factors and their in
teractions are provided. Significant effects are highlighted in bold. Abbrevia
tions: HC – hemocytes, LPO – lipid peroxidation levels measured as 
concentration of thiobarbituric-acid reactive substances (TBARS), NO – nitric 
oxide.

Parameter Temperature Cu exposure Interaction

HC count F (2, 45) ¼
31.70

F (2, 45) = 2.67 F (4, 45) = 0.36

P < 0.0001 P = 0.0806 P = 0.8368
η2 = 55.1 % η2 = 4.6 % η2 = 1.3 %

HC mortality F (2, 45) ¼
11.21

F (2, 45) ¼
28.44

F (4, 45) = 0.70

P ¼ 0.0001 P < 0.0001 P = 0.5986
η2 = 17.6 % η2 = 44.7 % η2 = 2.2 %

Phagocytosis rate F (2, 45) ¼ 6.51 F (2, 45) = 0.29 F (4, 45) = 2.35
P ¼ 0.0033 P = 0.7461 P = 0.0687
η2 = 19.1 % η2 = 0.9 % η2 = 13.8 %

LPO levels F (2, 45) ¼ 5.18 F (2, 45) ¼
5.61

F (4, 45) ¼
5.81

P ¼ 0.0095 P ¼ 0.0067 P ¼ 0.0007
η2 = 11.5 % η2 = 12.5 % η2 = 25.9 %

NO levels F (2, 45) ¼
62.97

F (2, 45) ¼
7.33

F (4, 45) ¼
5.13

P < 0.0001 P ¼ 0.0018 P ¼ 0.0017
η2 = 61.1 % η2 = 7.1 % η2 = 10.0 %

Acid phosphatase 
activity

F (2, 44) ¼
31.80

F (2, 44) ¼
9.08

F (4, 44) ¼
2.89

P < 0.0001 P ¼ 0.0005 P ¼ 0.0328
η2 = 46.6 % η2 = 13.3 % η2 = 8.5 %

Phenoloxidase activity F (2, 43) = 0.89 F (2, 43) ¼
17.72

F (4, 43) ¼
11.27

P = 0.4174 P < 0.0001 P < 0.0001
η2 = 1.5 % η2 = 28.9 % η2 = 36.7 %

Lysozyme activity F (2, 44) ¼
21.97

F (2, 44) = 2.27 F (4, 44) = 1.65

P < 0.0001 P = 0.1154 P = 0.1780
η2 = 44.8 % η2 = 4.6 % η2 = 6.8 %
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activity in the hemolymph (Table 3). The significant interaction in
dicates that the effects of Cu exposure on these immune-related traits 
were modulated by acclimation temperature, thereby preventing the 
interpretation of single-factor effects. In contrast, hemocyte count, he
mocyte mortality, phagocytosis rate, and LYZ activity showed no sig
nificant interaction effects of temperature × Cu exposure (p > 0.05). 
Acclimation temperature had significant effects (p < 0.05) on hemocyte 
count, hemocyte mortality, phagocytosis rate, and LYZ activity 
(Table 3), whereas Cu exposure concentration had a significant effect on 
hemocyte mortality (p < 0.05) (Table 3).

The hemocyte count showed a strong effect of temperature (effect 
size η2 = 55.1 %; p < 0.05) but no effects of Cu exposure (p > 0.05) 

(Table 3). The average hemocyte count was comparable in juvenile 
oysters acclimated to 5 ◦C and 15 ◦C but significantly lower in those 
acclimated to 22 ◦C, regardless of Cu exposure (Fig. 4A).

The hemocyte mortality increased with both acclimation tempera
ture and Cu exposure concentration, with these factors accounting for 
17.6 % and 44.7 % of the observed data variation, respectively (Table 3). 
In general, the hemocyte mortality in control oysters was significantly 
lower than in both Cu-exposed groups (Tukey's HSD, p < 0.05) (Fig. 4B). 
No significant difference in the hemocyte mortality was observed be
tween oysters exposed to low and high Cu concentrations (p > 0.05). 
Hemocyte mortality in juvenile oysters increased with increasing 
acclimation temperature (Fig. 4B).

Fig. 4. Combined effects of temperature and Cu exposure on hemocyte immune parameters in juvenile oysters (O. edulis). 
(A) hemocyte (HC) abundance, (B) phagocytosis rate, (C) lipid peroxidation (LPO) levels (TBARS), (D) nitric oxide (NO) levels, and (E) acid phosphatase (AP) 
activity. C - control, CuL - low Cu concentration (nominal 10 μg L− 1), and CuH - high Cu concentration (nominal 100 μg L− 1). For HC abundance and phagocytosis 
rates, where only significant temperature effects were observed, values above the brackets represent the temperature-specific mean ± SEM. Asterisks indicate 
significant differences between temperature exposure groups (*p < 0.05, **p < 0.01, *p < 0.001). For LPO, NO levels and AP activity, where a significant interaction 
between temperature and Cu exposure was found, post-hoc comparisons of group means are shown: different letters indicate significant differences between tem
perature treatments within the same Cu exposure group, while asterisks indicate significant differences between Cu-exposed groups and their respective controls at 
the same temperature (p < 0.05). N = 5–6. (For interpretation of the references to color in this figure legend, the reader is referred to the panel F in the Web version 
of this article.)
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Hemocyte phagocytosis rates showed only significant effects of 
temperature (p < 0.05, η2 = 19.1 %, Table 3). Phagocytosis rates were 
comparable in hemocytes of oysters acclimated to 5 ◦C and 15 ◦C but 
significantly elevated in those maintained at 22 ◦C (Fig. 4C). Cu expo
sure had no consistent effect on this parameter in juvenile oysters 
(Table 3, Fig. 4C).

LPO levels in hemocytes of juvenile O. edulis showed a significant 
interactive effect of temperature and Cu exposure (interaction effect 
size: 25.9 %, p < 0.05; Table 3). In control oysters, elevated temperature 
(22 ◦C) resulted in a significant increase in LPO levels (Fig. 4D). At lower 
temperatures (5 ◦C and 15 ◦C), there was a non-significant trend of 
increasing LPO levels with increasing Cu exposure concentrations; 
however, this trend was not observed at 22 ◦C, where the lowest LPO 
levels occurred in the CuL group (Fig. 4D).

NO levels in hemocytes showed temperature-dependent effects of Cu 
exposure (interaction effect size: 10 %, p < 0.05; Table 3). High tem
perature (22 ◦C) led to elevated NO levels in hemocytes, particularly 
when combined with Cu exposure (Fig. 4E). However, at 5 ◦C and 15 ◦C 
Cu exposure had no effect on NO levels in hemocytes of oysters (Fig. 4E).

A similar pattern was observed for AP activity in hemocytes, with a 
significant temperature-Cu interaction effect (interaction effect size: 8.5 
%, p < 0.05; Table 3). Warming to 22 ◦C stimulated AP activity in oyster 
hemocytes, especially when combined with Cu exposure, whereas at 
5 ◦C and 15 ◦C, Cu had no effect on AP activity (Fig. 4F).

PhO activity in oyster hemocytes showed temperature-dependent 
sensitivity to Cu exposure (interaction effect size: 36.7 %, p < 0.05; 
Table 3). Cu exposure resulted in elevated PhO activity at 5 ◦C (in both 
CuL and CuH groups) and at 15 ◦C (in the CuH group) relative to their 
respective controls. However, at 22 ◦C, no significant effects of Cu 
exposure were detected (Fig. 5A).

LYZ activity was strongly influenced by temperature (effect size: 
44.8 %, p < 0.05; Table 3), with significantly lower LYZ activity 
observed in the hemolymph of oysters acclimated to 15 ◦C compared to 
those maintained at 5 ◦C and 22 ◦C. Cu exposure had no significant effect 
on LYZ activity, regardless of temperature (Fig. 5B).

3.4. Multivariate analysis of immune biomarker data

PLS-DA analysis revealed a clear separation of immune parameter 
profiles between different temperature acclimation groups in both the 
temperature-Zn and temperature-Cu exposure experiments, as shown in 

the plane of the first two principal components (Fig. 6).
In the Zn exposure experiment, the immune profile of juvenile oys

ters acclimated to 22 ◦C was separated along PC1 (which explained 29.9 
% of data variation) from those acclimated to 5 ◦C or 15 ◦C. PC1 
exhibited high positive loadings (>0.3) for phagocytosis rates, NO 
levels, and AP activity, while total hemocyte count had a high negative 
loading (<-0.3) (Supplementary Table 1; Fig. 6A). The immune profiles 
of oysters acclimated to 5 ◦C and 15 ◦C were separated along PC2, which 
had high positive loadings for hemocyte count and PhO activity and high 
negative loadings for phagocytosis rate, LPO levels, AP activity, and LYZ 
activity (Supplementary Table 1). The immune profiles of control and 
Zn-exposed oysters were separated along PC1 in the 22◦C-acclimated 
group, whereas in the 5 ◦C and 15 ◦C groups, separation occurred along 
PC2 (Fig. 6A).

In the Cu exposure experiment, oysters acclimated to 22 ◦C exhibited 
a shift along PC1 (explaining 42 % of data variation), while those 
acclimated to 5 ◦C and 15 ◦C were separated from each other along PC2 
(12.3 % variation) (Fig. 6B). PC1 had high positive loadings (>0.3) for 
hemocyte mortality, phagocytosis rates, NO levels, and AP activity, 
whereas total hemocyte count had a high negative loading (<-0.3) 
(Supplementary Table 2; Fig. 6B). Similar to the Zn exposure experi
ment, the immune profiles of oysters acclimated to 5 ◦C and 15 ◦C were 
separated along PC2, which had high negative loadings for PhO and LYZ 
activity (Supplementary Table 2). The immune profiles of control and 
Cu-exposed oysters were separated along PC1 in the 22◦C-acclimated 
group and along PC2 in the 5 ◦C and 15 ◦C groups (Fig. 6B). However, 
compared to the Zn exposure experiment, the Cu-exposed groups 
exhibited greater overlap (Fig. 6B).

Hemocyte abundance in juvenile oysters was negatively correlated 
with phagocytosis activity (Pearson correlation coefficient r = − 0.54 to 
− 0.66), NO levels (r = − 0.52 to − 0.83), and AP activity (r = − 0.63 to 
− 0.64) in both experimental datasets from temperature–Zn and tem
perature–Cu exposures. Furthermore, in the temperature–Cu experi
ment, hemocyte count was negatively correlated with hemocyte 
mortality (r = -0.54), and hemocyte mortality was positively correlated 
with NO levels (r = 0.60) and AP activity (r = 0.57). Data on hemocyte 
mortality were not available for the Zn exposure experiment. Addi
tionally, phagocytosis rates were positively associated with NO levels (r 
= 0.41 to 0.54) and AP activity (r = 0.55 to 0.76) in hemocytes across 
both experiments. Other immune parameters exhibited either weak (r <
0.4) correlations or inconsistent correlation patterns across the two 

Fig. 5. Combined effects of temperature and Cu exposure on hemocyte immune parameters in juvenile oysters (O. edulis). 
(A) phenoloxidase (PhO) activity, (B) lysozyme (LYZ) activity. C - control, CuL - low Cu concentration (nominal 10 μg L− 1), and CuH - high Cu concentration 
(nominal 100 μg L− 1). Asterisks indicate significant differences between temperature exposure groups for LYZ activity where no significant interaction with Cu 
exposure was detected (*p < 0.05, **p < 0.01, *p < 0.001). Values above brackets show temperature-specific mean ± SEM. For PhO activity, where a significant 
interaction between temperature and Cu exposure was found, post-hoc comparisons of group means are shown: different letters indicate significant differences 
between temperature treatments within the same Cu exposure group, while asterisks indicate significant differences between Cu-exposed groups and their respective 
controls at the same temperature (p < 0.05). N = 5–6. (For interpretation of the references to color in this figure legend, the reader is referred to the panel A in the 
Web version of this article.)
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experiments (Supplementary Table 2).

4. Discussion

Our study revealed complex interactions between temperature and 
trace metal exposure on the cellular and humoral immune responses of 
juvenile O. edulis. PhO activity and hemocyte NO levels showed 
consistent interactive effects of temperature and metal exposure in both 
Zn and Cu experiments, indicating that the influence of Zn and Cu on 
these immune parameters depended on acclimation temperature. 
Notably, for most of the studied immune traits, environmental temper
ature emerged as the dominant immunomodulatory factor, explaining a 
large proportion of the observed variance. The only exceptions were 
hemocyte mortality, which was strongly affected by Cu exposure (~45 
% of variation), and PhO activity, which showed substantial effects of 
both Zn and Cu exposure (~52 % and ~29 % of variation, respectively). 
The strong influence of temperature on O. edulis immunity was further 
supported by PLS-DA analysis, which showed clearer separation of im
mune profiles by temperature than by metal exposure. This pattern 
aligns with previous findings in other ectotherms, including bivalves, 
showing pronounced effects of temperature on innate immunity [33,
69–71].

The baseline (control) concentrations of Zn and Cu in juvenile oys
ters in the present study (1240.5 ± 113.7 μg g− 1 and 73.0 ± 9.5 μg g− 1 

dry mass, respectively) fall within the range typically reported for oys
ters from unpolluted environments [72–76]. This is consistent with the 
origin of our experimental oysters from a hatchery producing spat for 
aquaculture and exposed to minimal anthropogenic contamination. 
Both Zn and Cu are essential trace elements [77–80], and relatively high 
tissue concentrations are normal and expected in healthy oysters. As 
commonly observed in oysters, Zn concentrations were considerably 
higher than those of Cu [72–76,81]. This pattern is also characteristic of 
O. edulis. For example, O. edulis collected from Restronguet Creek in the 
Fal Estuary (UK) contained Cu concentrations ranging from 40 to 16, 
500 μg g− 1 and Zn concentrations from 1500 to 11,710 μg g− 1 dry mass 
[82]. No accumulation of Zn or Cu was observed in O. edulis juveniles 
exposed to low test concentrations (100 μg L− 1 Zn or 10 μg L− 1 Cu), 
indicating efficient regulation of tissue levels of these essential metals. In 
contrast, at higher exposures (1000 μg L− 1 Zn or 100 μg L− 1 Cu), 

significant metal accumulation occurred in oyster tissues, and this effect 
was further enhanced at elevated temperatures. In aquatic organisms, 
increased metal accumulation at higher temperatures is commonly 
observed and is often attributed to a higher temperature-dependence 
(Q10) for metal uptake relative to metal elimination [35].

Temperature is a key environmental factor influencing all aspects of 
oyster metabolism and physiology, as it directly affects the rates of 
biochemical and physiological processes in ectothermic organisms [83]. 
The temperature optimum for O. edulis survival and growth varies be
tween populations and life stages. In larvae, temperatures between 12.5◦

and 27.5 ◦C allowed good survival, whereas survival was poor at 10 ◦C 
and 30 ◦C [84]. For spat, the optimum temperature for settlement was 
20–22.5 ◦C, with growth increasing between 12.5◦ and 27.5 ◦C, and no 
growth observed at 10 ◦C [84]. In adults, the optimal temperature range 
for growth, as determined by scope-for-growth measurements, was 
15–25 ◦C [85–87]. Accordingly, the lower test temperature in our study 
(5 ◦C) falls below the thermal optimum for O. edulis, whereas the other 
two experimental temperatures (15 ◦C and 22 ◦C) are within the optimal 
range for both juveniles and adults.

We observed a strong effect of temperature on most cellular immu
nity parameters in juvenile O. edulis. Temperature accounted for nearly 
50 % of the variation in hemocyte abundance, whereas exposure to Zn 
and Cu had no significant effect, explaining less than 5 % of the observed 
variability. Hemocyte counts were highest at the intermediate temper
ature of 15 ◦C, while exposure to 5 ◦C (in the Zn experiment) and 22 ◦C 
(in both Zn and Cu experiments) led to a decline. Circulating hemocyte 
count is a dynamic parameter influenced by hematopoiesis, hemocyte 
mortality, and tissue migration [88]. In O. edulis juveniles, temperature 
had only a modest effect on hemocyte mortality (2.8 % at 22 ◦C vs. 
1.0–1.4 % at 5 ◦C and 15 ◦C), indicating that temperature-related vari
ation in hemocyte count likely reflects other processes such as increased 
hematopoiesis or tissue mobilization. Similarly, studies on the Pacific 
oyster Crassostrea gigas show high thermal tolerance of hemocytes, with 
significant mortality only above 35 ◦C [69] and peak circulating counts 
around 25 ◦C [89]. These temperature-dependent shifts are likely 
multifactorial: elevated temperatures may transiently mobilize hemo
cytes as part of a general stress response, while prolonged warming can 
increase metabolic demand and divert resources from immune mainte
nance. Conversely, low temperatures suppress metabolism and 

Fig. 6. Biplot of the immune profiles of O. edulis juveniles exposed to different temperatures and Zn (A) or Cu (B) concentrations. 
Data from individual samples are plotted in the plane of the first two PLS-DA components. Different exposure groups are distinguished by color, and shaded ovals 
represent the 95 % confidence interval. Exposure groups: 05C – control at 5 ◦C; 15C – control at 15 ◦C; 22C – control at 22 ◦C; 05ZnH – high Zn concentration 
(nominal 1000 μg L− 1) at 5 ◦C; 05ZnL – low Zn concentration (nominal 100 μg L− 1) at 5 ◦C; 15ZnH – high Zn concentration (nominal 1000 μg L− 1) at 15 ◦C; 15ZnL – 
low Zn concentration (nominal 100 μg L− 1) at 15 ◦C; 22ZnH – high Zn concentration (nominal 1000 μg L− 1) at 22 ◦C; 22ZnL – low Zn concentration (nominal 100 μg 
L− 1) at 22 ◦C; 05CuH – high Cu concentration (nominal 100 μg L− 1) at 5 ◦C; 05CuL – low Zn concentration (nominal 10 μg L− 1) at 5 ◦C; 15CuH – high Cu con
centration (nominal 100 μg L− 1) at 15 ◦C; 15CuL – low Cu concentration (nominal 10 μg L− 1) at 15 ◦C; 22CuH – high Cu concentration (nominal 100 μg L− 1) at 22 ◦C; 
22CuL – low Cu concentration (nominal 10 μg L− 1) at 22 ◦C. Abbreviations of the immune parameters: HC – hemocytes; TBARS – lipid peroxidation (LPO) levels 
measured as TBARS; Pha – phagocytosis rates; NO – nitric oxide levels; LYZ – lysozyme activity; AP – acid phosphatase activity; PhO – phenoloxidase activity. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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hematopoiesis, reducing circulating cell numbers [90,91]. The highest 
hemocyte abundance observed at 15 ◦C in O. edulis suggests this tem
perature may represent an immunological “sweet spot” for immune 
surveillance of this species.

Phagocytosis is a key mechanism of pathogen removal in the bivalve 
immune system [10,88]. The phagocytosed pathogens are destroyed by 
lysosomes upon the fusion of the phagosome with them, and acid 
phosphatase (AP) activity plays a key role in this process [10]. AP is a 
lysosomal hydrolase that catalyzes the dephosphorylation of a wide 
variety of substrates, including proteins, lipids, and nucleic acids, at 
acidic pH [92,93]. It contributes directly to the intracellular digestion 
and killing of phagocytosed microbes [92]. In immune cells, high AP 
activity is a hallmark of phagolysosomes, where it aids in the degrada
tion of pathogen components and helps regulate signaling by dephos
phorylating both microbial and host molecules. This supports both 
microbicidal activity and the regulation of inflammatory responses 
[92–95]. Our study demonstrated elevated phagocytic activity in he
mocytes of juveniles acclimated to 22 ◦C compared to those maintained 
at an intermediate temperature of 15 ◦C, suggesting that mild warming 
(within the optimum range of O. edulis) can stimulate cellular clearance 
mechanisms. Immunostimulatory effects of warming have been reported 
in other bivalves. For example, studies on C. gigas have shown that 
mortality from outbreaks of Ostreid herpesvirus 1 (OsHV-1) was signifi
cantly reduced when temperatures exceed 24 ◦C [96]. This protective 
effect was associated with the transcriptional upregulation of innate 
immunity and apoptosis, which help eliminate pathogens and 
virus-infected host cells [96]. Additionally, warming to 22 ◦C enhanced 
the expression of numerous immune-related genes in C. gigas adults and 
juveniles injected with a viral antigen [70]. However, while adults 
showed a delayed immune response (26 h post-injection) and good 
survival, juveniles responded earlier (12 h post-injection) with a strong 
immune reaction that led to immune-mediated disorders and increased 
mortality [70]. These findings indicate that moderate warming can 
enhance immune activation in bivalves; however, the effects appear to 
vary across developmental stages, likely reflecting a balance between 
protective and potentially deleterious immune responses. Interestingly, 
exposure to cold conditions outside the optimal thermal range of O. 
edulis (5 ◦C) also resulted in elevated phagocytosis rates in hemocytes, 
albeit this trend was only significant in the Zn exposure experiment. The 
mechanisms underlying this cold-induced immune activation remain 
unclear, but it may be associated with increased tissue damage at low 
temperatures, which could in turn stimulate immune responses.

Metal-induced effects on cellular immune parameters of juvenile 
O. edulis were generally weaker than those induced by temperature 
within the tested range. Thus, Cu exposure significantly increased he
mocyte mortality in juvenile O. edulis, consistent with the known cyto
toxic effects of this metal [29,30,58]. However, this did not translate 
into a reduction in overall hemocyte abundance, suggesting that he
mocyte loss due to metal-induced cell death can be compensated 
through hematopoiesis or the recruitment of hemocytes from tissues. 
Furthermore, Cu exposure had no notable effect on phagocytosis in 
O. edulis, although it stimulated AP activity, most notably at 22 ◦C. In 
other bivalves, impact of Cu on cellular immunity differs depending on 
species and Cu concentration. For instance, in freshwater mussels (Dip
lodon chilensis), dietary exposure to Cu-enriched algae enhanced both 
phagocytic and AP activity [97]. In marine species, lower Cu concen
trations (200 μg L− 1) stimulated phagocytosis in M. edulis, while higher 
levels (500 μg L− 1) were suppressive [98]. In contrast, phagocytosis was 
inhibited in Mytilus galloprovincialis and Ruditapes philippinarum exposed 
to 0.5–1 μM Cu (32–64 μg L− 1) [99], and in Perna viridis at 50–200 μg 
L− 1 [100]. Moreover, both dissolved Cu (20–50 μg L− 1 CuSO4) and 
nano-CuO (100–450 μg L− 1) suppressed phagocytosis in 
M. galloprovincialis [101]. Unlike Cu, exposure to Zn consistently stim
ulated both phagocytosis and acid phosphatase (AP) activity across all 
tested temperatures in O. edulis. Similar upregulation of phagocytic ac
tivity has been reported in hemocytes of M. edulis exposed to nano-ZnO 

or ionic Zn (10–100 μg L− 1) [24,32,33], consistent with the 
well-established role of zinc as an immunostimulant [102,103].

We also observed temperature- and metal-induced alterations in 
oxidative damage, measured as lipid peroxidation (LPO), and in the 
levels of the signaling molecule nitric oxide (NO) in hemocytes of 
O. edulis juveniles. Exposure to both 5 ◦C and 22 ◦C led to a significant 
increase in LPO compared to the intermediate temperature of 15 ◦C, 
indicating elevated oxidative stress. While the exact mechanisms remain 
unclear, the increase in LPO at elevated temperature of 22 ◦C may be 
attributed to enhanced metabolic activity and increased production of 
reactive oxygen species (ROS), whereas in the cold, oxidative damage 
could result from impaired antioxidant defenses, such as reduced 
enzymatic activity or glutathione availability [104–106]. In parallel, 
intracellular NO levels were elevated under warming (22 ◦C), particu
larly when combined with metal exposure. Elevated NO can contribute 
to cytotoxicity, mitochondrial dysfunction, and modulation of phago
cytic signaling, potentially influencing overall immune competence 
[107–109]. The absence of immunoinhibition in O. edulis juveniles at 
elevated temperatures and metal exposures, despite increased NO levels, 
suggests that the observed NO elevation primarily serves a signaling role 
rather than inducing nitrosative stress or cytotoxicity.

In contrast to cellular immune parameters, which were primarily 
influenced by temperature, the humoral factors measured in hemo
lymph plasma of juvenile O. edulis—PhO and LYZ—exhibited distinct 
responses dependent on both temperature and metal exposure. PhO 
activity was particularly sensitive to Zn, showing a clear concentration- 
dependent decrease across all tested temperatures. The suppression of 
PhO activity by Zn suggests a potential weakening of humoral immune 
defenses under Zn stress, which may be partially alleviated by warming 
within the species' optimal temperature range [110]. In contrast, Cu 
exhibited no or slightly stimulatory effects on the studied humoral ef
fectors: hemocyte PhO activity increased in Cu-exposed oysters at 5 ◦C 
and 15 ◦C, but remained unchanged at 22 ◦C, whereas LYZ activity did 
not respond to Cu exposure. By contrast, temperature had modest effects 
on PhO, producing a temperature-dependent increase that peaked at 
15 ◦C in the Zn exposure experiment and at 22 ◦C in the Cu exposure 
experiment. Interestingly, LYZ activity in oyster hemolymph was stim
ulated by cold exposure (5 ◦C) indicating enhanced antibacterial ca
pacity at low temperatures [111,112], potentially helping to maintain 
immune protection when other components of the immune system are 
temperature constrained. Overall, these findings highlight the complex 
interplay between temperature and metal exposure in shaping humoral 
immune responses, suggesting that environmental stressors may differ
entially modulate cellular and humoral defenses and, consequently, 
influence the host's overall immune defense.

4.1. Outlook and limitations

Our findings demonstrate that temperature is a strong immuno
modulatory factor in O. edulis juveniles. In contrast, Zn and Cu at 
environmentally realistic concentrations had only minor effects on 
cellular and humoral immune markers, except for Zn-mediated sup
pression of PhO and Cu-induced hemocyte mortality, indicating a rela
tively low immunotoxic risk under typical field conditions. Given the 
bactericidal and parasiticidal properties of these metals, particularly Cu 
[58,59,113], low-level exposure may even indirectly support host de
fense by reducing pathogen pressure, although such effects are species-, 
life stage-, and context-dependent.

These findings have practical implications for aquaculture. Embry
onic development remains highly sensitive to metal exposure, whereas 
larvae are generally more resilient, and low Cu concentrations may 
promote settlement [114,115]. Carry-over effects from larval metal 
exposure, however, can reduce spat growth (Noetzel, unpublished data), 
making metal-free hatchery conditions the most reliable strategy for 
early development. Juveniles past this developmental bottleneck appear 
resilient to low-level metal exposure under thermally optimal 
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conditions. Deploying seed in moderately contaminated but thermally 
suitable areas (summer maxima below ~22 ◦C) is unlikely to pose major 
immunological risks. Yet cold snaps (~5 ◦C) and heatwaves (>22 ◦C) 
could impair cell-based immune responses via reduced hemocyte 
abundance, oxidative stress, and altered immune enzyme activity, 
increasing pathogen susceptibility [92,116]. With marine heatwaves 
becoming more frequent, moderate warming benefits may quickly shift 
toward immune dysregulation and higher mortality risk [16,21]. Man
agement should therefore prioritize careful site selection, avoid thermal 
extremes, and monitor immune biomarkers in hatchery stocks to guide 
release timing.

Important limitations remain. Our study covered a relatively narrow 
temperature range and did not explore thermal extremes, such as those 
expected during marine heatwaves. Only immunocompetence was 
assessed; experimental and field infection studies are needed to deter
mine whether observed immune changes affect disease susceptibility. 
The effects of metal mixtures and complex pollutant cocktails are also 
poorly understood. Future research should identify thermal thresholds 
for immune impairment, explore multi-stressor interactions, and char
acterize thermally resilient oyster strains to support sustainable aqua
culture under changing ocean conditions.
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