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Abstract

Marine mucilage events are intensifying in semi-enclosed seas under accelerating climate-
and nutrient-driven pressures, yet their ecosystem-level consequences for aquaculture-
linked coastal habitats remain insufficiently documented. This study provides an integrated
spatiotemporal assessment of water quality, phytoplankton community structure, and bio-
metric responses of Mytilus galloprovincialis during and after the 2025 mucilage outbreak
in the Gulf of Erdek (Sea of Marmara, Ttirkiye). Mucilage accumulation was associated
with sharp increases in turbidity, total suspended solids, and particulate organic matter,
alongside declines in dissolved oxygen and pH. Phytoplankton assemblages exhibited
marked seasonal restructuring: the mucilage period was characterized by the coexistence
of mucilage-forming taxa, non-toxic bloom-forming species, and multiple harmful algal
bloom (HAB) groups, including DSP- and ASP-related species, whereas post-mucilage
conditions were dominated by non-toxic diatoms with substantially reduced HAB represen-
tation. The dinoflagellate species representing the May period in terms of abundance were
Noctiluca scintillans and Prorocentrum micans; the diatom species were Chaetoceros radiatus,
Cylindrotheca closterium, Pseudo-nitzschia pseudodelicatissima, and Thalassiosira rotula; and the
coccolithophore was Phaeocystis pouchetii. Mussel biometric analyses revealed biometric
indices and condition values markedly below regional historical baselines during the mu-
cilage event, alongside reduced meat yield, followed by pronounced compensatory growth
during the post-mucilage period. Our findings demonstrate that mucilage acts as both
a physical and biological stressor, driving short-term ecological shifts in phytoplankton
diversity and imposing substantial but reversible physiological impacts on mussel stocks.
These results underscore the need for continuous biodiversity monitoring frameworks
that integrate mucilage dynamics, HAB occurrence, and aquaculture resilience in regions
vulnerable to climate-enhanced organic aggregate formation.

Keywords: biodiversity; environmental stressors; coastal ecosystem resilience; Sea
of Marmara; harmful algal blooms (HAB); marine mucilage; Mytilus galloprovincialis;
condition index

1. Introduction

Marine mucilage is a gelatinous, sticky organic aggregate formed by the excessive pro-
duction of exopolymeric substances (EPS), composed of polysaccharides, proteins, lipids,
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and other organic and inorganic particles, primarily by phytoplankton and bacteria under
stress conditions such as nutrient enrichment, rising sea temperatures, and water column
stratification [1], manifesting as cloudy water, floating flocs, or dense surface scums. Al-
though mucilage events in the Adriatic Sea have been documented since at least 1729 [2,3],
systematic scientific investigation intensified only following the large-scale outbreaks of the
late 1980s and 1990s. Since then, the frequency, spatial extent, and persistence of mucilage
have markedly increased, particularly in semi-enclosed seas such as the Mediterranean,
where prolonged water residence time [4], thermally driven stratification [5], and riverine
nutrient loading [6] collectively create conditions conducive to large-scale aggregation,
rendering these events important indicators of ecosystem degradation driven by eutrophi-
cation, climate change, and anthropogenic pollution.

The Sea of Marmara, a semi-enclosed basin situated between the Aegean and Black
Seas, has emerged as a critical hotspot for marine mucilage events. Mucilage was first
officially reported along the northeastern coast of the Sea of Marmara, particularly off the
shores of Izmit and Erdek (Balikesir, Tiirkiye), in October 2007 [7]. Further occurrences were
observed in 2010 along the coasts of Erdek and Biiyiikada (Istanbul) [8] and a significant
mucilage outbreak covering the entire Sea of Marmara in autumn 2021 resulted in a major
environmental disaster [9], extending into the Aegean Sea via the Dardanelles Strait and
persisting until year’s end. Subsequently, mucilage remained on the seabed in the coastal
areas of the Sea of Marmara, specifically in the Gulf of Erdek, throughout 2023 and 2024 [10],
and resurfaced in 2025, posing ongoing risks to the region’s ecological balance.

The Sea of Marmara is of substantial economic and ecological importance as a primary
site for the aquaculture of Mediterranean mussels (Mytilus galloprovincialis Lamarck, 1819)
in Ttirkiye. With 39 mussel farms located on the shores of Balikesir (16 farms), Bursa
(9 farms), Yalova (7 farms) and Canakkale (7 farms), the region produced 8085 metric
tons in 2024, representing approximately 71.42% of Tiirkiye’s total Mediterranean mussel
aquaculture output [11]. Despite this economic significance, recurring marine mucilage
events since 2007 have imposed severe ecological and economic consequences on these
operations [12-15]. Dense gelatinous aggregates cover mussel beds and aquaculture in-
frastructure, generating hypoxic or anoxic conditions that impair mussel survival and
growth [16-18], disrupt filter feeding and respiration, and promote the proliferation of
pathogenic microorganisms [19]. Environmental conditions associated with mucilage for-
mation further alter nutrient availability and particulate organic matter (POM) dynamics,
with cascading negative effects on bivalve health, growth, and productivity [20]. Together,
these stressors pose a serious threat to the sustainability and economic viability of aquacul-
ture in mucilage-prone regions [1,21,22].

Yet despite the documented scale of these disruptions, quantitative assessments of
mucilage impacts on aquaculture production outputs, including physiological and biomet-
ric effects on cultured organisms, remain conspicuously absent from the literature. It is
also unclear how water quality and phytoplankton community dynamics during mucilage
events interact to determine mussel growth responses, or whether recovery trajectories
differ between acute outbreak and post-event periods. This represents a critical knowl-
edge gap that constrains evidence-based management and policy responses, particularly
as climate change amplifies the frequency and severity of mucilage events [23,24], and
monitoring frameworks become increasingly important [25].

To address these gaps, this study investigated the causal relationships between water
quality, phytoplankton composition, and mussel growth parameters during and after
a mucilage event in 2025 at Mediterranean mussel aquaculture facilities in the Sea of
Marmara. We tested three hypotheses: (i) mucilage accumulation significantly depresses
mussel growth and condition indices relative to post-event recovery periods; (ii) water
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quality deterioration during mucilage, specifically hypoxia and elevated organic loading,
mediates the observed effects on mussel physiology; and (iii) shifts in phytoplankton
community composition toward HAB species and mucilage-forming taxa reduce food
quality and quantity available to filter feeders, compounding the direct physical impacts of
aggregate accumulation.

The ecological and economic dimensions of mucilage are well established at broader
scales. During the 20072008 Sea of Marmara outbreak, catch reductions for pelagic species
reached 99.4% for anchovy and 93.4% for mackerel, with individual fishermen sustaining
average annual income losses of €27,459, a 61.4% revenue decline, alongside sunk costs
averaging €14,123 per vessel [26,27]. The 2021 event paralyzed marine operations for up to
six months, with small-scale operators reporting 50-80% reductions in catch efficiency and
industrial purse seine vessels experiencing near-total income losses of up to €400,000 per
vessel [26,27]. Mucilage has also been documented to clog nets, pipelines, water intake and
filtration systems, and shellfish farming equipment, collectively impeding water exchange
and elevating mortality among cultured organisms [23,28-30]. The mucilage matrix further
acts as a concentrated reservoir for pathogens including Vibrio harveyi, V. parahaemolyti-
cus, V. cholerae, Escherichia coli O157:H7, Salmonella spp., Listeria monocytogenes, Aeromonas
hydrophila, Clostridium perfringens, and Bacillus cereus, posing infectious risks to farmed
organisms and human consumers alike [23,31]. Furthermore, the proliferation of harmful
bacteria associated with mucilage poses risks to consumer health, negatively impacting
consumer confidence and the marketability of mussels [9,31]. Notable mucilage events
have also been documented elsewhere, including the North Sea in 1977 [32], Tasman Bay,
New Zealand, in 1981 [33], the Adriatic Sea in 1988 [18,34], the Tyrrhenian Sea in 1991 [35],
the Ligurian Sea in 2003 [29], and the northern Aegean Sea in 2008 [36], underscoring the
global relevance of this phenomenon.

2. Materials and Methods

This study was conducted in the Gulf of Erdek (Balikesir, Marmara Sea, Tiirkiye),
where mussel farming activities are concentrated. The Gulf of Erdek is a semi-enclosed
shallow embayment located along the southwestern coast of the Sea of Marmara, situated
to the west of the Kapidag Peninsula and sheltered by the Marmara Islands archipelago to
the north. The Sea of Marmara itself is a semi-enclosed basin of roughly 11,350 km?, with
depth transitioning from a shallow, gently sloping shelf along its southern boundary to
steep bathymetry near its northern edge, encompassing three deep interior depressions.
The Gulf of Erdek is characteristic of the southern shelf zone, with relatively shallow depths
generally not exceeding 30-40 m, a predominantly muddy to sandy sediment composition,
and the presence of Posidonia oceanica and other benthic habitats that support both wild
populations and aquaculture operations, including longline mussel farming.

Water quality parameters, phytoplankton composition, and biometric characteris-
tics of mussels at two aquaculture sites were examined during two contrasting periods:
the mucilage event in May 2025 and the post-mucilage period in October 2025. Aqua-
culture station M1 was located approximately 125 m offshore at Ocaklar village on the
northern shoreline of the Gulf of Erdek (40°27'42.59" N, 27°42/33.17" E), while station M2
was situated approximately 150 m offshore at Edincik village on the southern shoreline
(40°19'42.76"" N, 27°47'43.75" E). The two stations were separated by approximately 17 km
along a north-south transect. A reference station (R) was established in the central part of
the Gulf of Erdek, approximately 3000 m from shore and 7500 m from the mussel farms
(40°23'6.19"” N, 27°45'16.85" E), to characterize ambient open-water conditions within the
gulf and to provide a baseline against which nearshore water quality at the aquaculture
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stations could be compared; it was not intended to replicate the hydrographic or biological
conditions of the coastal farm sites (Figure 1).
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Figure 1. Locations of sampling stations in Mediterranean mussel aquaculture facilities: M1, Ocaklar
(40°27'42.59" N, 27°42'33.17" E); M2, Edincik (40°19'42.76" N, 27°47'43.75" E). The reference station
(R) is located 3 km off the coast of the Erdek District (40°23'6.19” N, 27°45'16.85" E) in the Gulf of
Erdek, Sea of Marmara, Tiirkiye.

Water quality parameters were measured using calibrated portable field instruments.
Dissolved oxygen was measured with a Milwaukee MW600 (Milwaukee Instruments,
Inc., Rocky Mount, NC, USA) polarographic meter (resolution: 0.1 mg L~!; accuracy:
£1.5% full scale), salinity and temperature with a Hanna HI98319 (Hanna Instruments Inc.,
Woonsocket, RI, USA) conductivity-based tester (resolution: 0.1 ppt and 0.1 °C; accuracy:
£1 ppt and +0.5 °C, respectively), pH with an XS Instruments PC5 (Giorgio Bormac S.r.L.,
Carpi, Modena, Italy) multiparameter tester (resolution: 0.01 pH; accuracy: £0.01 pH), and
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turbidity with a WTW Turb 355 (WTW, Weilheim, Germany) nephelometric turbidimeter
(resolution: 0.1 NTU in the 10-99.9 NTU range; accuracy: £2% of measured value up to
500 NTU), compliant with US EPA 180.1 standards. The measurements were performed
by sensor probes or water samples in triplicate at the depth of approximately 5 m below
the surface where the dense mucilage is aggregated. Seawater samples from the stations
M1, M2, and R were also collected using pre-cleaned 1000 mL polyethylene bottles and
transported to laboratories at the Ege University, Faculty of Fisheries, [zmir (Tiirkiye) in
dark containers maintained at +4 °C to minimize biological degradation.

Total suspended solids (TSS), particulate organic matter (POM), and particulate in-
organic matter (PIM) in water samples were determined using the standard gravimetric
method. A known volume (500 to 1000 mL) of mucilage-containing seawater samples was
adjusted to the clogging limit of pre-combusted (450 °C, 4 h) Whatman GF/F glass fiber
filters (0.7 pm pore size) and filtered under vacuum. The filters were rinsed with distilled
water to remove residual salts, dried at 105 °C to a constant weight, and reweighed to
the nearest 0.001 g using an analytical balance (OHAUS PR523, OHAUS Europe GmbH,
Nanikon, Switzerland). TSS concentration was determined by subtracting the initial filter
weight from the final filter weight and normalizing the result to the volume of water filtered.
Measurements were performed in triplicate to ensure accuracy.

POM was determined using the loss-on-ignition method [37] by combusting dried
glass fiber filters from TSS analysis at 450 °C for 4 h and reweighing to determine the organic
fraction, which primarily consists of mucilage polysaccharides and cellular debris. Weight
loss during ignition represents POM, whereas the residue remaining on the filter after
ignition represents the inorganic or mineral fraction, PIM. POM and PIM concentrations
were expressed as mg L. The proportional representation of the organic load at the
sampled stations was determined using the following equation:

Organic Matter Ratio(%) = POM/TSS (1)

Seawater samples containing phytoplankton were collected from stations M1 and
M2 using pre-cleaned 5 L polyethylene bottles from 0.5-1 m below the surface. The sam-
ples were fixed with 4% formaldehyde and transported on the same day to laboratories
at the Faculty of Fisheries, Ege University, [zmir (Tiirkiye) in insulated containers main-
tained at +4 °C. Subsequently, the seawater was transferred into glass tubes and labeled
according to the sampling stations using a two-step sedimentation procedure [38]. Species
identification was conducted using the single-drop method [39] under an Olympus BX43
phase-contrast microscope. Taxonomic identification of diatom and dinoflagellate species
was carried out with reference to the following standard works: Anderson [40], Balech [41],
Cupp [42], Delgado and Fortuifio [43], Dodge and Hart-Jones [44], Hasle and Syvertsen [45],
Hendey [46], Koray et al. [47], Lebour [48], Marshall [49], Rampi and Bernhard [50], Rampi
and Bernhard [51], Johansen [52], Steidinger and Tangen [53], Steidinger and Williams [54],
Sournia [55], Sournia [56], Sournia [57], Taylor [58], Tomas [59], Trégouboff and Rose [60],
and Wood [61]. Ciliophora species were identified in accordance with Boltovskoy [62],
Isamu [63], Lee and Kim [64], Margalef [65], and Pierce and Turner [66]. Current nomencla-
ture was verified using AlgaeBase [67] and WoRMS [68]. The phytoplankton samples were
examined for the presence, spatial, and temporal distribution of harmful algal bloom (HAB)
taxa, including dinoflagellate species associated with Paralytic Shellfish Poisoning (PSP),
Diarrhetic Shellfish Poisoning (DSP), Neurotoxic Shellfish Poisoning (NSP), and diatom
species responsible for Amnesic Shellfish Poisoning (ASP), as well as mucilage-forming
(MU), non-toxic blooming species (NT), and toxic species (T). HAB taxa were determined
using the methods described by Hallegraeff et al. [69] and Landsberg [70].
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The biometric parameters of mussels were examined using 50 samples collected from
each aquaculture station (M1 and M2) at sampling period. M. galloprovincialis were collected
using a stratified random sampling protocol, whereby approximately 10 individuals were
randomly selected from each of five independent longlines to ensure spatial independence
of replicates and avoid pseudoreplication [71]. Sampled individuals were selected ran-
domly along the top 5 m of each rope where the dense mucilage aggregates accumulated.
Mussel samples from May 2025 were grouped as MIMUS and M2MUS for stations M1 and
M2, respectively. Similarly, mussels sampled in October 2025 were grouped as M1REC
and M2REC for stations M1 and M2, respectively. The sampled mussels were placed in
labeled sample bags without fixation upon collection and transported to the laboratory
in cooler boxes at +4 °C. External fouling organisms were removed prior to biometric
measurements. The total shell length (TL), total shell width (TW), and total shell height
(TH) were measured using a digital caliper to the nearest 0.01 mm. The adductor muscles
were severed to isolate the soft tissues from the shells. Both soft tissue and shell samples
were weighed to the nearest 0.001 g and subsequently dried in an oven at 80 °C until a
constant weight was achieved. The condition index (CI) is one of the most practical and
reliable growth indicator metrics used in mussel biology, aquaculture, and environmental
monitoring, and provides a powerful means to assess the health, growth, and physiological
status of mussels. The CI was calculated according to Crosby [72]:

_ Dry meat weight (g)
 Dry shell weight (g)

CI x 100 (2)
All environmental variables were tested for normality using the Shapiro-Wilk test and
for homogeneity of variances using Levene’s test prior to inferential analyses. Data were
log-transformed as necessary to meet the assumptions of parametric testing. A two-way
analysis of variance (ANOVA) was applied to evaluate the effects of sampling period
(May 2025, mucilage period; October 2025, post-mucilage period) and station (M1, M2, R)
and interaction (Period x Station) on each measured parameter. Significant main effects
or interactions (p < 0.05) were followed by post hoc comparisons using Tukey’s HSD
test to identify pairwise differences among groups. The Kruskal-Wallis test, followed
by Dunn-Bonferroni post hoc comparisons, was used to evaluate data obtained from
mussel biometric measurements, including total shell length, total shell weight, total
shell height, dry shell weight, dry meat weight, and condition index. The selection of
parametric versus non-parametric procedures was determined by the outcome of normality
and homogeneity tests applied independently to each variable, irrespective of the sampling
design structure. Results are presented as means + standard deviation. All statistical
analyses were conducted using IBM SPSS v.27, with a significance level of p < 0.05.

3. Results

Marine mucilage formations were detected at all sampled stations during sampling
conducted via scuba diving in May 2025, forming stratified layers extending from the
seabed (approximately 30 m) to the surface. Mucilage aggregates in the bottom and
midwater layers exhibited slow northward movement. At the seabed, thick, cloud-like
mucilage formations appeared in shades of light yellow and white (Figure 2a). Mussel
longlines were covered with dense mucilage aggregates up to a depth of approximately
10 m below the surface (Figure 2b), and mussels were sparsely attached to the ropes
(Figure 2c). The attachment strength of the mussels to the cultivation ropes was rather low,
and they were easily detached from the ropes (Figure 2d).
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Figure 2. (a) Cloud-like dense mucilage layers rapidly dispersing at the seabed; (b) Mussel longlines
covered with dense mucilage aggregates; (c) Mucilage-covered and sparsely attached mussels on
cultivation ropes; (d) Ease of mussel detachment from the ropes at M1 and M2 stations in May 2025,
Gulf of Erdek (Sea of Marmara, Tiirkiye).

Two-way ANOVA revealed a strong effect of sampling period on most environmen-
tal parameters; station effects were parameter-specific and most pronounced during the
mucilage period, particularly for dissolved oxygen, pH, turbidity, TSS, and POM, whereas
spatial differences were negligible for temperature, salinity, and particulate inorganic mat-
ter. No significant station effect or Period x Station interaction was detected for either water
temperature or salinity variables (p > 0.05). Dissolved oxygen was significantly affected
by both period and station (p < 0.05), with markedly higher concentrations observed in
October compared with May, and the highest values consistently recorded at reference
station R. However, no significant interaction was detected (p > 0.05). Similarly, pH showed
significant main effects of both period and station (p < 0.05), with higher values recorded
during the post-mucilage period and the highest values observed at station M2, while the
Period x Station interaction remained non-significant (Table 1).
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Table 1. Environmental parameters (mean + SD) measured at two stations and at a reference
station (M1, M2, and R) during May 2025 (mucilage event) and October 2025 (post-mucilage period).
Superscript letters in each row denote significance across both spatial and temporal dimensions for
the related parameters (p < 0.05).

Parameter Unit May 2025 (Mucilage) October 2025 (Post-Mucilage)
M1 M2 R M1 M2 R
Temperature °C 2254022 221+012 21.8+0.32 19.0 £ 092 19.0 £ 1.0 209 +£0.22
Salinity ppt 2714072 2644042 26.8+0.82 2484012 2494012 251+052
Dissolved oxygen mgL~! 314042 3.8+0.2% 444022 6.5+04" 584 02P 75+02°¢
pH - 70240112 6.67+0.142 7.07+0112% 743+0233 7894+0.03P 730+ 0.072
Turbidity NTU  51.06 £3.122 5335+3.842 41874274 634+036° 713+028¢ 7.86=+0.11¢
TSS mgL~! 8274292 89.4+322 771 +21Pb 71+09¢ 76+12¢ 72+09¢
POM mglL~! 562+12% 645 +2.32 4734+ 1.1P 44+402¢ 45+04°¢ 39+07°¢
PIM mgL~! 2654312 249 4392 29.8+242 27+09b 31+13P 33+1.1b
OMR % 68 72 61 62 59 54

TSS, total suspended solids; POM, particulate organic matter; PIM, particulate inorganic matter; OMR, organic
matter ratio. The values represent single sampling dates.

Turbidity, TSS, and POM exhibited significant main effects of period (p < 0.05), with
substantially higher values observed during the mucilage period and subsequent declines
during the post-mucilage period. A significant station effect was also detected (p < 0.05),
with stations M1 and M2 recording higher turbidity, TSS, and POM than station R dur-
ing May; however, these spatial differences were absent in October, when values at all
three stations converged to comparably low levels. This pattern, pronounced inter-station
differences in May but not in October, produced a significant Period x Station interaction
(p < 0.05), indicating that the effect of station on these variables was period-dependent
rather than consistent across sampling occasions. Particulate inorganic matter was signifi-
cantly affected by period (p < 0.05), decreasing markedly from May to October, with neither
station nor interaction effects reaching significance (p > 0.05). The POM ratio also decreased
from the mucilage to the post-mucilage period, reflecting a reduced contribution of organic
material to total suspended particulates in October.

Microscopic examination of phytoplankton samples collected in May and October
2025 revealed distinct spatial and temporal differences among the stations. A total of
77 phytoplankton taxa belonging to Dinophyceae, Bacillariophyceae, Euglenophyceae,
Cyanophyceae, and Coccolithophyceae were identified across both sampling periods and
stations, encompassing phytoplankton associated with amnesic shellfish poisoning (ASP),
diarrhetic shellfish poisoning (DSP), mucilage-forming (MU), toxic (T), and non-toxic
blooming (NT) groups.

In May, the assemblage was characterized by the co-occurrence of MU and NT taxa at
both stations, along with the presence of ASP- and DSP-producing species. Notably, DSP-
associated dinoflagellates, including Dinophysis acuminata, Dinophysis caudata, Lingulaulax
polyedra (=Lingulodinium polyedra), and Protoperidinium abei var. rotundatum (=Peridinium
rotundatum) were recorded primarily in May, indicating an elevated potential for diarrhetic
shellfish poisoning during the mucilage phenomenon. ASP-producing diatoms Pseudo-
nitzschia delicatissima and Pseudo-nitzschia pungens were also detected at stations M1 and
M2 in May, together with the benthic dinoflagellate Prorocentrum lima, further highlighting
the coexistence of multiple harmful algal groups during this period.

Mucilage-forming species including Noctiluca scintillans (=Noctiluca miliaris), Gonyaulax
fragilis, Prorocentrum micans Ehrenberg, Skeletonema costatum, Cylindrotheca closterium, Tha-
lassiosira gravida (=Thalassiosira rotula), and Phaeocystis pouchetii were widely distributed
across both stations in May, often occurring simultaneously with NT taxa, suggesting that
mucilage events were supported by a mixed assemblage rather than a single dominant
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species. Spatially, both stations exhibited broadly similar functional composition in May;
however, station M2 showed slightly higher diversity of DSP and MU taxa, including
repeated detections of Dinophysis spp. and mucilage-associated dinoflagellates. The di-
noflagellate species representing the May period in terms of abundance were N. scintillans
(72 cells L~1) and P. micans (72 cells L™'); the diatom species were Chaetoceros radiatus
(2080 cells L), Cylindrotheca closterium (144 cells L~1), P. delicatissima (96 cells L~1), and T.
rotula (336 cells L™1); and the coccolithophore was P. pouchetii (400 cells L™1).

In contrast, October (post-mucilage) samples exhibited a marked reduction in harmful
functional groups. DSP taxa were largely absent, while ASP-producing Pseudo-nitzschia
pungens persisted at M1 but was reduced overall. MU taxa remained present but with fewer
representatives, primarily Cylindrotheca closterium and Thalassiosira gravida, indicating a
substantial decline in mucilage-associated diversity relative to May. The phytoplankton
community during October was dominated by NT species at both stations, particularly
centric and pennate diatoms (Chaetoceros sp., Thalassiosira sp., Thalassionema sp., Tripos sp.),
reflecting a transition toward a non-harmful, bloom-forming assemblage.

The toxic cyanobacterium Leptolyngbya lagerheimii was detected exclusively during
October at both stations, representing the only T-class taxa recorded in the study. Overall,
temporal variation outweighed spatial differences between M1 and M2, as both stations
exhibited comparable functional group compositions across each period. The mucilage
period was characterized by the simultaneous presence of ASP, DSP, MU, and NT taxa,
whereas the recovery period was dominated by NT species with reduced MU representation
and near-complete disappearance of DSP taxa, demonstrating a clear seasonal restructuring
of the phytoplankton community (Table S1).

Biometric data of the sample groups revealed significant temporal variations in shell
dimensions between the mucilage-impacted period (May 2025) and the post-mucilage
period (October 2025) (Table 2). During the mucilage event, no significant differences were
observed between the mussel groups MIMUS and M2MUS in terms of total shell length
(TL), total shell width (TW), and total shell height (TH). Both groups had mean TL values
of 31.75 £ 8.55 mm and 29.83 + 10.56 mm, respectively. Following the recovery period, a
significant increase (Kruskal-Wallis, H = 68.65, df = 3, p < 0.001) was recorded across all
dimensional parameters of the samples in October 2025. The recovery groups (M1REC
and M2REC) formed a statistically distinct homogeneous group, with TL increasing to
40.99 £ 3.94 mm and 43.39 £ 3.71 mm, respectively.

Table 2. Morphometric characteristics, dry biomass, and condition index of Mytilus galloprovincialis
sampled from stations M1 and M2 during the mucilage event in May 2025 (groups M1IMUS and
M2MUS) and post-mucilage in October 2025 (groups MIREC and M2REC) in the Gulf of Erdek (Mar-
mara Sea). Values are expressed as mean + standard deviation. Statistically significant differences
between groups (p < 0.05) are indicated by different superscript letters within each column.

Period Groups TL (mm) TW (mm) TH (mm) Dry Shell (g) Dry Meat (g) CI
Mav 2025 M1MUS 31.75 + 8552 1590 £ 4222 1066 +2452 2394123  0.09+0062 3.69+0.792
y M2MUS 2983 +£10562 1487 +4952 964 +3132 1274+0.892 0.05-+0.03> 3.70+0992
October 2005 MI1REC 40.99 4+ 3.94 P 20.86 +2.11° 14364+ 1.65P 208+055% 012+004¢ 6.03+1.54P
ctober M2REC 4339 +371% 2248 +234P 15494148 25040.62° 0.15+0.04° 6044130

TL, total shell length; TW, total shell width; TH, total shell height; CI, condition index.

Dry shell and dry meat weights exhibited distinct patterns of variation (Table 2). In
May, dry shell weight varied significantly between groups (Kruskal-Wallis, H = 54.06,
df = 3, p < 0.001); M2MUS recorded the lowest mean value at 1.27 & 0.89 g, which was
significantly lower than the mean value for MIMUS (2.39 £ 1.23 g). In October, dry shell
weights stabilized, with M2REC reaching the highest recorded mean values at 2.50 £ 0.62 g.
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The impact of mucilage events on dry meat yield was heterogeneous, with station-
dependent differences observed between aquaculture sites during the event period. In May,
the M2MUS group exhibited significantly lower mean meat biomass (0.05 & 0.03 g) than
the MIMUS group (0.09 £ 0.06 g) (Kruskal-Wallis, H = 96.85, df = 3, p = 0.000). However,
during the post-mucilage period in October 2025, both groups sampled from mussel farm
stations exhibited compensatory growth, forming a statistically higher group (p < 0.05)
with dry meat weights increasing to 0.12 & 0.04 g (M1REC) and 0.15 £ 0.04 g (M2REC).

The Kruskal-Wallis test revealed a distinct separation between sampling periods for CI,
irrespective of the station (Table 2). Mean CI values were critically low; however, no signifi-
cant difference was observed between MIMUS (3.69 + 0.79) and M2MUS (3.70 £ 0.99) dur-
ing the mucilage event in May 2025 (Kruskal-Wallis, H = 110.27, df = 3, p > 0.05). However,
the mean CI values of the M1REC and M2REC groups significantly increased (p < 0.001) by
approximately 63%, reaching 6.03 £ 1.54 and 6.04 £ 1.30, respectively (Figure 3).

10.00 b

8.00

Cl

6.00

4.00

200

M1MUS M2MUS M1REC M2REC
GROUP

Figure 3. Condition index (CI) of Mytilus galloprovincialis sampled (n = 200) from longlines of a mussel
aquaculture farm in the Gulf of Erdek (Marmara Sea) during the mucilage event in May 2025 (Groups
M1MUS and M2MUS) and during the post-mucilage period in October 2025 (Groups M1REC and
M2REC). Different superscripts indicate significant differences at p < 0.05. The error bars indicating
the standard deviation.

4. Discussion

The results of this study provide evidence that the 2025 mucilage event in the Gulf of
Erdek imposed measurable environmental stress on mussel aquaculture conditions, with
sampling period accounting for a substantially greater proportion of variance in most water
quality parameters than station in the two-way ANOVA. This pattern is consistent with our
second hypothesis, that water quality deterioration during mucilage, specifically hypoxia
and elevated organic loading, mediates effects on mussel physiology, and suggests that
temporal forcing associated with contrasting mucilage and post-mucilage conditions was
the dominant source of variability captured by the study design. However, this interpreta-
tion requires qualification. Significant station effects were detected for dissolved oxygen,
pH, turbidity, TSS, and POM, particularly during May 2025, with coastal aquaculture
stations M1 and M2 consistently recording more degraded conditions than the offshore
reference station R. The significant Period x Station interaction for turbidity, TSS, and POM
further confirms that spatial differences were not negligible but were period-dependent,
being pronounced during the mucilage event and absent during post-mucilage recovery.
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Taken together, the data support a characterization of predominantly temporal but spatially
modulated stress, rather than purely temporal stress as initially stated.

It must also be acknowledged that the two-station aquaculture design, with M1 and
M2 separated by approximately 17 km along a north—south transect, was not designed
to detect fine-scale spatial heterogeneity within the gulf. Localized phenomena such as
hypoxic micropatches, nearshore accumulation gradients driven by current asymmetries,
or farm-scale hydrodynamic effects on mucilage retention could plausibly have generated
spatial variability at scales smaller than the inter-station distance, which would have
remained undetected in the present design. The convergence of biometric and condition
index responses between M1 and M2 during both periods, supporting our first hypothesis
of uniform mucilage-induced growth suppression, may therefore partly reflect the limited
spatial resolution of the design rather than true spatial homogeneity of impact across
the gulf.

Furthermore, with sampling conducted at only two discrete time points, one during
the active mucilage event in May and one five months later in October, the study was not
designed to resolve the onset, peak intensity, or decay trajectory of the mucilage event,
nor the intermediate physiological dynamics of mussels during the transition between
periods. The five-month interval between sampling occasions means that the observed
recovery in shell dimensions, dry biomass, and condition index reflects the net outcome
of a prolonged and variable post-event period rather than a temporally resolved recovery
trajectory. Consequently, while the contrast between periods provides a clear signal re-
flected in biometric indicators consistent with mucilage-associated growth impairment and
subsequent recovery, supporting hypotheses (i) and (ii), it is insufficient to draw definitive
mechanistic conclusions regarding the duration, intensity, or cumulative physiological cost
of the 2025 mucilage event. Future studies should incorporate higher-frequency, multi-
station sampling across varying distances from shore and across multiple seasons to resolve
both the fine-scale spatial heterogeneity and the temporal dynamics of mucilage impacts
on mussel aquaculture in this system.

The recurrent mucilage outbreaks in the Gulf of Erdek reflect the convergence of multi-
ple interacting environmental drivers. As a semi-enclosed embayment with restricted water
exchange and long residence times [4], the gulf retains nutrient-enriched water masses that,
combined with agricultural and terrestrial runoff [6], sustain the eutrophic conditions favor-
able to EPS overproduction by mucilage-forming phytoplankton [73]. Pronounced seasonal
stratification further suppresses vertical mixing and promotes extracellular polysaccharide
release under nutrient-depleted, light-saturated conditions [1,23]. The shallow bathymetry
of the coastal zones facilitates benthic mucilage retention, as evidenced by persistent seabed
accumulations documented throughout 2023 and 2024 [74], while basin-scale transport
via the two-layer Marmara circulation introduces additional organic aggregates and EPS-
producing taxa from the broader sea. Rising sea surface temperatures are intensifying and
prolonging stratification, amplifying the frequency and persistence of outbreaks, consistent
with the irregular mucilage recurrence in the gulf from 2021 through 2025 [10].

Measurements of DO in heavily affected coastal areas during the 2021 Marmara Sea
mucilage phenomenon showed DO levels plunging to lethal ranges of 2.4-4.6 mg L™},
directly resulting in the mass mortality of fish, sponges, and corals [75]. The determined
DO levels as low as 3.1 to 4.4 mg L~! during the mucilage event in May 2025 coincide with
the findings of relevant studies in literature which reported the rapid depletion of oxygen
levels as the most severe impact [1,14,75-77]. Such levels may not have a lethal effect in
the short term, as M. galloprovincialis has been reported to adapt to depleted DO condi-
tions of 2.2-2.75 mg L~! without mortality [78,79]; however, suppression of the immune
response and increased oxidative stress are the primary sublethal effects that ultimately
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inhibit growth [80]. Yiimiin and Kam [81], reported that mucilage itself was an acidic
aggregate whose pH level is as low as 6.4 itself and 7.13 to 7.25 in the mucilage impacted
seawater. The observed mean pH levels of 6.85 at mussel aquaculture stations and 6.92 at
the reference station during May 2025 in this study reflect the combined impact of hypoxic
conditions on seawater acidification during mucilage events, as reported in several studies
on water quality affected by mucilage [75,82,83]. The pH level significantly increased to
a mean of 7.66 in the post-mucilage period (October 2025), close to the standard of the
Marmara Sea [75,84]; however, several studies have reported wide-ranging negative effects
of acidification on Mediterranean mussels across multiple biological levels, including shell
integrity, physiology, larval development, immunity, and attachment [85-89]. Similarly;,
low meat yield efficiency, decreased growth, and reduced ability to attach to cultivation
ropes are also among the most significant observations of this study.

The microscopic identification of DSP-producing dinoflagellates including D. acumi-
nata, D. caudata, and L. polyedra, as well as ASP-producing diatoms P. delicatissima and
P. pungens, at both aquaculture stations during May 2025 indicates that mussel farms were
situated within a phytoplankton community structure carrying an elevated potential tox-
icity risk during the mucilage period. The simultaneous presence of these taxa within
a mucilage-dominated assemblage reflects the convergence of thermal stratification, el-
evated organic loading, and nutrient enrichment that characterize the gulf during late
spring: stratification-driven nutrient depletion selectively favors motile dinoflagellates
capable of vertical migration, while dissolved organic matter accumulation within the EPS
matrix sustains mixotrophic Dinophysis nutrition through proliferating ciliate prey, and
the EPS matrix itself reduces turbulent diffusion, prolonging HAB cell residence times
and amplifying local cell densities beyond growth-rate predictions alone [6,90,91]. Similar
coupling of mucilage formation and HAB intensification under comparable stratification
and eutrophication forcing has been reported from the northern Adriatic [21,22], the Gulf
of Lion [92], and the northern Aegean Sea [36], suggesting that the Gulf of Erdek conforms
to a broader regional pattern of mucilage-HAB co-occurrence in eastern Mediterranean
semi-enclosed basins. It must nonetheless be explicitly acknowledged that no toxin analy-
ses of mussel tissues or water samples were conducted in this study, and the identification
of toxigenic taxa by microscopy alone cannot confirm active toxin production or tissue
accumulation. The co-occurrence of HAB-associated and mucilage-forming taxa therefore
represents an elevated risk condition rather than a confirmed toxicological hazard, and
should be interpreted as a precautionary inference based on community composition rather
than direct toxicological evidence [92,93].

The shift toward communities dominated by non-toxic bloomers during the post-
mucilage period suggests that mussel farms rapidly transitioned back to more typical
seasonal phytoplankton conditions, which is broadly consistent with documented patterns
of phytoplankton succession. Research on HAB dynamics in coastal systems confirms that
non-toxic bloom-forming species tend to dominate in the aftermath of major disturbance
events, as environmental conditions shift away from those favoring the original bloom
taxa [25]. Monitoring programs in Scottish waters have similarly shown that the dominance
of particular HAB genera is temporally constrained, with communities reorganizing along
seasonal gradients [94]. However, the appearance of the toxic cyanobacterium L. lagerheimii
in October indicates that recovery phases may still harbor emerging or secondary hazards
distinct from those present during the peak mucilage event. The studies on cyanobacterial
toxin producers highlights that species such as those producing microcystins, nodularins,
and saxitoxins can emerge under conditions that differ markedly from those favoring
classical HAB taxa [95,96]. Moreover, toxic phytoplankton can persist in subsurface thin
layers or at low concentrations undetectable by conventional monitoring, yet still transfer
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toxins to higher trophic levels, including shellfish [97]. The accumulation of cyanobacterial
toxins in bivalves, including mussels (Mytilus edulis), has also been experimentally con-
firmed, establishing a direct pathway for toxin transfer to aquaculture products [98-101].
This highlights that post-event conditions should not be assumed safe solely based on
the disappearance of classical HAB taxa; rather, mussel aquaculture requires extended
post-disturbance surveillance to capture delayed or seasonally shifting toxicity risks. The
economic consequences of inadequate surveillance are substantial, with HAB-associated
biotoxins causing significant annual losses in mussel production [94,102].

Notably, the elevated diversity and abundance of phytoplankton, particularly MU and
HAB taxa, observed in May likely resulted from high DOM concentrations produced during
mucilage-associated bacterial enzymatic degradation, as demonstrated by Olson et al. [103].
Such conditions amplify the selective advantage of taxa capable of exploiting enriched
organic substrates, which may, in turn, intensify the severity of mucilage impacts on filter
feeders. For mussels, the combination of high particulate loads (TSS, POM), depressed
oxygen, lowered pH, and HAB presence creates a cumulative stress environment that can
explain the suppressed growth and reduced condition indices recorded during the event.
These findings align with earlier work indicating that mussels under simultaneous hypoxic
and toxic stress exhibit reduced feeding efficiency [104], impaired metabolic activity [105],
and weakened physiological resilience [106,107].

Shell dimensions (TL, TW, and TH) displayed clear temporal separation between
the mucilage event and the post-mucilage period. During May sampling, both stations
exhibited comparably low mean values, indicating suppression-consistent patterns of shell
growth regardless of spatial differences. The absence of significant differences between
MI1MUS and M2MUS suggests that the mucilage phenomenon imposed a uniform lim-
itation on growth, likely through reduced feeding efficiency and high particulate loads
interfering with valve activity. By October 2025, a significant increase in shell dimensions
reflected the resumption of normal somatic growth. The lack of differences between M1REC
and M2REC indicates homogeneous recovery across the gulf, implying that the environmen-
tal conditions supporting post-mucilage growth, such as improved water clarity, increased
phytoplankton availability, and normalized oxygen levels, were widespread in the aquacul-
ture area. The pronounced increase in total shell length across both post-mucilage groups
underscores the species’ capacity for rapid shell growth once environmental stressors are
alleviated. Peharda et al. [108] and Yildiz et al. [109] provided converging evidence that
mussels increase condition and logic for growth during favorable periods or post-stress,
consistent with rapid shell growth in the post-mucilage phase.

Dry shell and dry meat weights exhibited a more complex pattern than shell dimen-
sions, showing station-dependent differences during the mucilage event. In particular,
the M2MUS group exhibited significantly lower shell and meat biomass than the M1IMUS
group. This suggests that, despite the absence of statistically significant differences in TSS,
POM, turbidity, and OMR among stations, the relatively higher values of these parameters
at the M2 station exerted a stronger adverse effect on mussels. In contrast, the October
samples revealed a clear compensatory response in both dry shell and dry meat weights,
especially in M2REC, which reached the highest mean shell and meat biomasses among
all groups. This compensation suggests that individuals experiencing greater biomass
loss during the mucilage event may have accelerated their feeding and growth rates once
conditions improved. Such compensatory mechanisms are well documented in cultivated
bivalves exposed to episodic stress, in which rapid rebuilding of tissue mass occurs upon
restoration of favorable environmental conditions [110,111].

Among all the measured parameters, CI was the most sensitive indicator of physiolog-
ical impairment. The critically low CI values observed in May compared to the historical
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data from the region indicated a substantial reduction in the energy reserves and overall
health of mussels during the mucilage event. The similarity between MIMUS and M2MUS
suggests that both stations were equally subjected to mucilage-induced stress, although
their biomass responses differed. The CI values between 3.69 and 3.70 during the mucilage
event in late spring in this study were lower than the values of 5.94-7.30 reported by Acarl
et al. [112] for wild samples collected from south of the Marmara Sea. Moreover, one of the
limited studies on the growth of cultured mussels in the Marmara Sea, reported a top CI
value of 17.91 in May 2019 [113] that is significantly different from the growth parameters
in this study. Contrary to our findings, authors indicated that months April, May and
June are the optimal periods for harvest of mussels when the Cl is at its maximum point.
Similarly, Yildirim et al. [114] reported a meat yield of 23% in May for Mediterranean
mussels in an aquaculture farm located in Gulf of Erdek, close to the M2 station in our
study. The mean CI of 6.04 recorded in October 2025 was also significantly below the
10.56 and 17.43 CI values of Acarli, Vural and Yildiz [113] and Yildirim, Erdem, Sabanci,
Gokvardar, Serdar and Ertan [114] for the month of October 2019 and 2016, respectively. CI
value of October 2025 in this study that is approximately 63% higher than May indicates a
substantial physiological recovery driven by improved environmental conditions, however
such lowest value among the historical data shows the residual effects of mucilage stress
persisted throughout the growth period after the mucilage event. In contrast, the absence of
mucilage-free aquaculture sites in the Gulf of Erdek and nearby areas precluded the inclu-
sion of a control group of mussels to isolate the sole effects of mucilage on growth patterns
in this study. Therefore, future research incorporating a control group from mucilage-free
aquaculture sites would strengthen and more reliably determine the comparative impact of
mucilage on mussel growth.

Finally, although this study documented clear temporal links between phytoplank-
ton community composition, mucilage formation, and mussel growth performance, the
absence of long-term and multi-seasonal sampling limits the ability to resolve the mech-
anistic pathways through which mucilage events propagate ecological and aquaculture
impacts [34,115]. Future studies should (i) conduct multi-seasonal monitoring to capture
interannual variability in mucilage intensity and its delayed physiological effects; (ii) inte-
grate biochemical and molecular biomarkers to better identify sublethal stress responses;
and (iii) evaluate food availability and seston composition with higher temporal resolution
to refine cause—effect relationships.

5. Conclusions

The results collectively show that mucilage events pose a serious but reversible threat
to mussel aquaculture. While the mucilage outbreak period was associated with markedly
reduced biometric indices and depleted biomass relative to regional historical baselines,
the species demonstrated considerable resilience once the stressor subsided. However, the
station-specific disparities in biomass reductions observed in May highlight the importance
of farm layout, hydrodynamics, and localized environmental gradients in determining the
severity of mucilage impacts. For aquaculture management, these findings emphasize the
need for spatially explicit monitoring strategies, particularly in regions prone to mucilage
formation. Early detection systems, combined with temporary harvesting adjustments or
stock relocation, could help mitigate the economic impacts of future events. Moreover,
the strong compensatory growth observed indicates that timely post-event environmental
improvements can support biomass recovery, suggesting that ecosystem-level restoration
efforts may directly benefit farm productivity.
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Abbreviations

The following abbreviations are used in this manuscript:

ANOVA  Analysis of variance

ASP Amnesic Shellfish Poisoning
CI Condition Index
DO Dissolved Oxygen
DSP Diarrhetic Shellfish Poisoning
HAB Harmful Algal Bloom
MU Mucilage-forming Species
NT Non-toxic Blooming Species
OMR Organic Matter Ratio
PIM Particulate Inorganic Matter
POM Particulate Organic Matter
PSP Paralytic Shellfish Poisoning
T Toxic Species
TL Total Shell Length
TH Total Shell Height
TSS Total Suspended Solids
™ Total Shell Width
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