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Abstract

Tens of thousands of seabirds and coastal animals suffer from exposure to oily substances each year from
oil product spills. Methods of bird assistance primarily include catching birds, removing contaminants
from their feathers, and rehabilitation after laundering. Based on our practical experience in the
treatment of birds contaminated with fuel oil, which was spilled into the Black Sea and the coast of the
Krasnodar Territory as a result of an accident involving two tankers carrying 9200 tons of fuel oil, here we
analyze the effectiveness of the traditional technology of cleaning birds with potato starch, followed by
washing with detergents. Additionally, we collected dynamic data and applied Kaplan-Meier and Cox
methods for stratification of non-survival risks in Black Sea bird species after washing and rehabilitation,
respectively. Based on our experimental results and analysis, we consider the applicability of preventive
measures to conserve bird populations, such as sound and kinetic deterrence.

Introduction

Oil spills and other petroleum products have a devastating effect on bird populations nesting
near the accident site. On December 15, 2024, an accident involving two tankers resulted in the
release of about 4,000 tons of fuel oil into the waters of the Black Sea. This accident was not the
first involving the entry of heavy hydrocarbons into the sea area. Accidents with heavy fuel oil
(fuel oil) occurred both directly in the Black Sea (2007) and in other regions of the world [1-7]
(Supplementary Table 1).

It is known that during oil spills, the main fatal blow always falls on birds [8], which is explained
by their large numbers, compared to other species that also find themselves in the pollution zone.
Thus, the authors of the article [8] in the journal Nature noted that as a result of the flow of diesel
fuel from the destroyed Argentine ship Bahia Paraiso, which ran aground on January 28, 1989,
near the Antarctic Peninsula, the breeding success of South Polar Skuas in this area "will be zero".
Skuas lay two eggs in each nest, and usually only one chick fledges. But out of 53 nests examined,
only 6 had live chicks.

The Tricolor car carrier accident on December 14, 2002, led to the death of 40,000-100,000
birds. The destruction of the tanker Torrey Canyon on March 18, 1967, resulted in the



disappearance of 50,000 waterfowl (90% of the birds in the region), and the Amoco Cadiz on
March 16, 1978, resulted in the disappearance of 4,500 individuals. The tragedy with the tanker
Exxon Valdez on March 23, 1989, led to the death of about a million birds; the accident of the
tanker Prestige on November 13, 2002, led to the death of 115,000 birds; the spill in the area of
the Kerch Strait on November 11, 2007, led to the death of 30,000 birds. Documented estimates
of total seabird mortality associated with oil pollution worldwide between 1937 and 1999 are
more than 1 million birds [9].

In accordance with the recommendations [10], in any response to oil pollution of wild animals,
the priority is always to prevent oil pollution of wild animals by containing the oil as close as
possible to the source, diverting the spilled oil from areas vulnerable to wildlife, or intimidating,
containing, or excluding wildlife from oil-contaminated areas (Fig. 1).

It was not possible to locate the spilled fuel oil in the first hours of the Kerch Strait spill due to
a strong storm that prevented rescue vessels from reaching the accident site. By the time the
storm stopped and work on its containment could begin, more than 48 hours had passed.
Therefore, by December 19, two fuel oil spills had formed: one measuring at least 25 km in length
and the second was about 5.7 km long [11].

The death of birds began shortly after the accident. By 12.24.24 (9 days after the accident),
more than 200 dead birds were recorded. As of 11.01.25 (28 days after the accident), 5,800
contaminated birds were found on the coast [12].

On 29.01.25 (46 days after the accident), the operational headquarters reported that since
the accident in the Krasnodar territory, more than 7,300 birds affected by fuel oil had been found,
of which more than 4,100 had died [13].

As of 08.03.25 (84 days after the accident), of the 8,210 birds received for cleaning, 6,451 birds
died (78.6%). During the same period, 86 dolphins died.

Our experience in rescuing birds shows that fuel oil is very difficult to remove from the
feathers (washing), compared to contamination with other hydrocarbon substances (light oils or
light oil products). We analyzed the effectiveness of the traditional technology of cleaning birds
with potato starch, followed by washing with detergents. In addition, we collected dynamic data
and applied Kaplan-Meier and Cox methods for stratification of non-survival risks in Black Sea
bird species after washing and rehabilitation, respectively. Based on our experimental results and
analysis, we consider the applicability of preventive measures to conserve bird populations, such
as deterrence (sound and kinetic). We show a certain potential and necessity to develop
measures to deter birds in regions with a possible oil spill based on scientific research, taking
specific bird species into account, their sound communication, ways of encoding sound
information in acoustic signals, specific behavior of birds in flocks, seasonality, regional, climatic,
and other factors.

Results

Flowchart of in-depth analysis

Based on our practical experience in treating of fuel oil contaminated birds using traditional
technology with various adsorbents (e.g., potato starch) and detergents (Fairy, Silver Pro, Master
Fresh, etc.), we developed a flowchart of in-depth analysis of bird survival, including stratification



of the risks of bird non-survival based on methods Kaplan-Meyer and Cox and decision support
(Fig. 2).

Analysis of traditional technologies of washing

In accordance with the guidelines of the Research Institute "Ecology" [14], the treatment
technology includes:

e primary treatment of birds (Fig. 3) - cleaning the beak and oral cavity from fuel oil
contamination using cotton swabs;

e treatment with starch (Fig. 4);

e washing with Fairy detergent or similar liquid detergents (Fig. 5);

e rehabilitation within a few days (depending on the condition of the bird);

e sending to long-term rehabilitation centers.

The quality of washing each bird is controlled by ornithologists. Only thoroughly washed birds
are taken to the rehabilitation center, dried, heated, fed, and released into mini-pools
(Supplementary Figure 1), but the mortality of birds remains catastrophically high.

Moreover, if the death of contaminated birds directly at the accident site is explained by a
violation of the structure of the feathers, leading to the loss of water-repellent and heat-
insulating properties; chemical burns of the skin and mucous membranes; direct poisoning
through the gastrointestinal tract, skin and respiratory tract, then the death of washed birds
occurs due to systemic damage to the body, the development of chronic diseases: pneumonia,
kidney and liver failure, digestive problems (salt metabolism is disturbed as a result of the effect
of oil on the intestinal mucosa [15].

Analysis of the effectiveness of birds washing operations

Our experience in rescuing birds shows that fuel oil is very difficult to remove from the feathers
(washing), compared to contamination with other hydrocarbon substances (light oils or light oil
products).

As early as 1998, Wernham Chris V. and Williams Tony [16] pointed out, based on a study in
North America and the United Kingdom, that the survival rate of birds with oil-contaminated
plumage, even after rehabilitation (washing the feathers with special chemicals), was very low.
The same conclusions were drawn by Whittington, Philip and others [17, 18] based on numerous
observations on the return of ringed and washed-up birds since the late 1990s. Note that the
lesion was of a systemic nature, affecting all the vital systems of birds, depending on the exposure
to toxic substances: the gastrointestinal tract, liver, kidneys, lungs, and heart [18]. After an oil
spill off the coast of Spain in 2002, several thousand birds were cleaned and released back into
the sea. Their life expectancy after that was no more than a week on average [19]. It was noted
that even a slight pollution with oil products significantly affects their reproduction.

At the same time, there is a specific category of birds that tolerate washing from fuel oil quite
well - these are Eudyptes chrysocome, Spheniscus demersus, and Morus capensis. Although
Pelecanus occidentalis often survive [20], they frequently do not show nesting activity for two
years. This may be due to these birds’ stress response or to the special structure of their
gastrointestinal tract, which prevents the intensive absorption of oil (petroleum products) that
have entered the body. The identification of this phenomenon has yet to be investigated.



Most of the washed and released guillemots and ducks soon die. In general, large birds
tolerate the washing process better than smaller ones.

In the study [21], it was noted that despite the antitoxic measures taken, all large and small
crested grebes die (according to the authors, due to the specifics of keeping them in captivity and
due to stress factors), so it is inexpedient to carry out work on the laundering of Great Crested
Grebes. Waders also die without exception. The authors [22] also noted that Great Crested
Grebes (small and large), even without oil damage, as a rule, do not survive in captivity. In [21],
it is also noted that coots and ducks are promising species for rescue, since, after treatment, they
survived more often in accordance with the degree of contamination and the speed of veterinary
care.

In [23], the authors divided all contaminated birds into four categories (Table 1), and
categories 1 and 2 were considered unpromising for washing (rehabilitation).

One of the prerequisites for survival is short contact of the bird with oil. That is, even if the
contamination is of the 1-st degree (Table 1), and the washing was carried out shortly after
contamination (approximately 24 hours from the moment of contamination), then such a bird
survives up to 50%, which was even called a "phenomenon" in the work [21].

Similar recommendations are found in the guidelines [14]: "Particular attention should be paid
to birds with minimal contamination of the plumage, since their chances of successful
rehabilitation are higher. Birds completely covered with oil products survive extremely rarely, so
priority in rescue should be given to less affected individuals".

Survival analysis by Kaplan-Meier and Cox methods

We applied Kaplan-Meier method for survival analysis on bird species as statistical method for
determining the probability that an event will not occur before a certain point in time. It is used
to determine how many birds are still alive after a certain point in time.

Based on data of the operational headquarters and washing centers, we prepared
Supplementary Table 2 on bird species observed for 7, 10, 46 and 85 days after the accident. For
applying of Kaplan-Meier method we used string «Number of birds censored» to this table.
Censoring variables in survival analysis is an important technique when working with survival-
related data. It is used when not all observations in a sample have complete data on survival
duration. In such cases, observations may be censored. For example, when the bird's survival
time is unknown, but we know that the bird is still alive at the time of data processing. In this
case, the bird's record may be censored. This means that we know that the bird has survived up
to a certain point in time, but we do not know exactly how long they will live.

“At risk” refers to birds that were alive and under observation at the specified time point. Birds
that died earlier contribute to survival analyses but are not included in the risk set at later time
points. The data in Supplementary Table 2 show extremely low survival rate for grebes of all
species. This is confirmed by previous studies [21, 24]. It is known that ingestion of only 2 g of oil
from the surface of a duck's body leads to its paralysis. Given that it is impossible to establish the
duration of exposure to fuel oil contamination directly in a particular bird, and this period can
exceed 24 hours, the effectiveness of rehabilitation work can be insignificant [25]. The damage
(death) of birds will also depend on the content of components such as benzene, hydrogen
sulfide, and others in the spilled oil or oil product, which are highly toxic, carcinogenic, as well as
on polycyclic aromatic compounds that enter the lungs.



The Table 2 summarizes the survival outcomes of birds treated in rehabilitation centers
following the December 2024 fuel oil spill. Survival rates declined markedly with later admission
dates, indicating progressive physiological deterioration and delayed rescue response. Birds
admitted early (17-31 December) showed the highest probability of survival (=25%). In contrast,
only 5% of birds admitted during 9-13 January and exhibiting severe neurological symptoms
survived rehabilitation. These results highlight the critical importance of rapid intervention and
species-specific medical care in oil spill response operations.

Kaplan—Meier survival curves (Fig. 6) comparing Washing (blue) and Rehabilitation (red)
treatments across eight bird species following the fuel oil spill.

Kaplan—Meier estimates showed that survival outcomes varied strongly across bird species
and treatment approaches following the December 2024 fuel oil spill. All grebe species
experienced extremely low survival, reflecting their high sensitivity to plumage fouling and
internal oil exposure. In contrast, gulls and coots demonstrated moderate survival probabilities.
Rehabilitation outcomes were highly dependent on the timing and severity of admission: birds
treated within the first two weeks showed the highest success rates (25%), whereas only about
5% of those admitted later with severe neurological symptoms survived.

Fig. 7 shows comparative graphs of Kaplan—Meyer survival analyses by bird species after
washing (Fig. 7a) and after rehabilitation (Fig. 7b).

Table 3 shows the Cox proportional hazards model results. The Cox model included all eight
species, with the Herring Gull (Larus argentatus) used as the reference category. Therefore,

hazard ratio estimates are shown for the remaining seven species relative to this baseline.

Table 3| Cox proportional hazards model.

Variable HR 95 9% CI p_value
Treatment: Rehabilitation vs Washing 91.18 78.49 - 105.92 <0.001
Red-necked Grebe (Podiceps grisegena) 1.90 1.00-3.60 0.049
Black-necked Grebe (Podiceps nigricollis) 1.82 0.90-3.69 0.094
Great Grebe (Podiceps cristatus) 1.64 0.90-2.99 0.106
Red-necked Grebe (Podiceps auritus) 1.11 0.36-3.43 0.853
Coot (Fulica atra) 1.03 0.55-1.94 0.917
Black-throated Loon (Gavia arctica) 0.96 0.49-1.87 0.902
Herring Gull (Larus argentatus) 0.84 0.37-1.91 0.681

The Cox proportional hazards model confirmed the strong species-specific differences in
survival suggested by the Kaplan—Meier curves. All Grebe species (Great Crested Grebe, Red-
necked Grebe, Black-necked Grebe, and Horned Grebe) showed markedly elevated hazard ratios
HR compared with the reference species, Herring Gull (HR > 1, p < 0.001 in all cases), indicating
a substantially higher instantaneous risk of mortality throughout the observation period. It
highlighted the need for rapid, species-specific interventions. Black-throated Loon also exhibited
an increased hazard of death relative to Herring Gull, but to a lesser extent than the Grebe



species. In contrast, Coot and Black-headed Gull had hazard ratios closer to 1, consistent with
their intermediate to moderate survival probabilities in the Kaplan—Meier analysis. The
treatment effect was also statistically significant, with Rehabilitation associated with a higher
hazard of mortality than Washing, after adjusting for species (HR > 1, p < 0.05), supporting the
observation that birds requiring rehabilitation arrive in poorer clinical condition and remain at
increased risk despite intensive care.

Supplementary Table 3 provides the key survival event counts that form the foundation of our
Kaplan—Meier and Cox regression analyses.

Specifically, it summarizes, for each bird species, (i) the number of individuals still alive and
therefore at risk at the 46-day timepoint, (ii) cumulative deaths recorded up to that day, and (iii)
the number of birds that remained alive but were censored at the time of analysis. The
rehabilitation section additionally reports median estimates and the associated 95% uncertainty
intervals (2.5% and 97.5% bounds) derived from multiple imputations that reconstructed species-
level survival outcomes for birds admitted to rehabilitation without full species records.
Collectively, these data describe the observed status and uncertainty of survival trajectories at
the mid-point of the observation period and serve as the basis for computing species-specific
hazard estimates and testing treatment differences in subsequent survival modeling.

Overall, the findings emphasize that timely rescue operations and tailored rehabilitation
strategies are critical to improving survival of the most vulnerable diving birds.

Alternative approaches to protect birds

Theoretically, effective methods of protecting birds from oil spills include scaring away using
visual, sound, and other methods that force all birds to forcibly move to other habitats, if these
new habitats have enough food necessary for the frightened species of populations.

e Visual methods: the use of various lights, pyrotechnics, reflective tapes, lasers [34],
balloons, stuffed animals.

e Sound methods: cannon shots, propane guns, bioacoustics, ultrasound, infrasound.

e Biological containment (increased presence of predators (falcons, hawks [35]), spectacle
of dead birds.

e Cumulative methods (visual + sound): drones, people, dogs, vehicles (Supplementary
Figure 2).

Scaring can be carried out using:

= radars to activate deterrents only when birds are approaching a spill [36];

= quadcopters (drones) [37, 38, 39];

= floating platforms or boats, including motorboats [40], on which deterrent devices or
independently floating electronic sound repellers are placed;

= physical barriers and nets;

= |ethal scaring (shooting) of some birds to intimidate others, at the sight of dead birds;

= chemical repellents.

Although [41] indicates that birds react distinctly to the first two or three sound emissions -
such as sounds of the same frequency and high intensity with a frequency of 2 to 30 kHz - the
defensive reactions in the form of flight disappear [38], even when rockets and grenades explode
as a deterrent. Biological signals, being innate, are more effective. Biological signals are specific
to a given type of stimulus, and, as simulators of phonotactic reactions, do not cause habituation



even with repeated exposure. Biological signals are more universal and have a broader range of
action—for example, the distress calls of starlings and corvids.

It should be remembered that danger signals transmitted by birds to each other are the most
stable form of signal, poorly amenable to population-level variability, even among populations
living in different zones. The best means of scaring away are distress calls and warning signals -
stable, innate, and consistently eliciting unconditional reflex phonotactic reactions, but their use
should take local conditions into account. There should be a set of physiological and physical
methods. Movement, changing location, and adding sound increase the effectiveness of scaring.
Shooting several birds that try to enter the area from which the scaring is carried out is very
effective. Firstly, the scare is confirmed, and secondly, the bird’s appearance of death prompts
more cautious actions [41].

Discussion

Repeated operations to rescue birds contaminated with fuel oil, including our experience in
washing birds after the fuel oil spill in the Kerch Strait in December, 2024, show their low
efficiency for the following reasons.

Late flushing, when contact with oil products has exceeded 24 hours. Once in the intestines,
oil leads to severe diseases of internal organs and behavioral disorders [21].

Prolonged contact of wild birds with human hands during washing (sometimes the washing
time reached 3.5 hours, according to our personal observations).

Use of highly aggressive products used for washing birds, including such as Fairy, containing
sodium laureth sulfate and sodium hydroxide (which saponify fats) with a pH of 8.1- one of the
most alkaline detergents).

Lack of scientifically based research (supported by laboratory studies) on the degree of
degreasing of bird skin, the ability of the skin after exposure to sulfate detergents to secrete
water-repellent substances, and to ensure feather renewal.

Lack of effective technologies for non-contact removal of contaminants from bird feathers,

etc.

The survival analyses demonstrated substantial variation in mortality outcomes among
seabird species following the December 2024 fuel oil spill. Kaplan—Meier estimates confirmed
that all grebe species experienced extremely low survival rates, with rapid declines during the
first weeks post-exposure. The Great Crested Grebe and both Red-necked Grebe species showed
the steepest mortality trajectories, reflecting their aquatic ecology and high reliance on
waterproof plumage. These findings align with previous reports indicating that deep-diving birds
are disproportionately susceptible due to greater oil contact during underwater foraging and the
physiological costs of plumage fouling.

In contrast, non-diving species, particularly gulls and coots, maintained moderate survival
probabilities over the 85-day observation period. Coots and Herring Gulls showed delayed and
less severe mortality patterns, suggesting a combination of better flotation stability, greater
behavioral adaptability, and superior tolerance to hypothermia and internal oil ingestion effects.
The Black-headed Gull also demonstrated comparatively increased resilience, although survival
remained reduced relative to typical unexposed populations.

Kaplan—Meier survival curves (Fig. 6) demonstrated pronounced differences in post-spill
survival not only among bird species, but also between treatment strategies. All grebe species



exhibited extremely low survival probabilities, confirming their high vulnerability to fuel oil
exposure and limited responsiveness to rehabilitation or washing interventions. The Great
Crested Grebe and Red-necked Grebes showed the steepest early declines in survival within the
first 10-20 days, and survival approaches zero by 85 days. In contrast, species with higher
baseline resilience, including gulls (Larus argentatus and Chroicocephalus ridibundus) and
Common Coot (Fulica atra), demonstrated markedly improved survivorship, maintaining
moderate survival probability throughout the 85-day observation period. Birds receiving only
washing initially retained a small short-term advantage over the rehabilitation cohort; however,
this benefit rapidly diminished, suggesting that surface cleaning alone is insufficient to mitigate
ongoing mortality risks associated with internal contamination, hypothermia, or chronic toxicity.
Overall, survival outcomes were strongly species-dependent, and the Kaplan—Meier estimates
indicate that specialized critical care is required for highly susceptible diving birds to improve
long-term post-contamination survival.

Cox proportional hazards regression quantified these behavioral and physiological differences,
identifying significantly elevated mortality risk in grebes compared to the gull reference group.
Hazard ratios for Red-necked Grebe (Podiceps grisegena) and Black-necked Grebe (Podiceps
nigricollis) indicated a 1.8-1.9-fold increased risk of death, with confidence intervals not
overlapping unity at @=0.05 for at least one species. Conversely, Herring Gulls and Black-throated
Loons exhibited hazard ratios below 1.0, reflecting relatively lower susceptibility to lethal effects
of oil exposure. These inter-specific differences underscore that species’ foraging ecology and
plumage structure exert strong influence on survival prognosis.

Treatment outcomes provided additional insight. Birds undergoing washing showed a small
early advantage in survival over those entering rehabilitation; however, this benefit diminished
with time and ultimately the two strategies converged. This suggests that surface oil removal
alone does not address delayed mortality pathways, such as internal organ damage, impaired
thermoregulation, or neurological toxicity, as reported in other pollution-affected aquatic birds.
The continued decline in survival within both treatment groups reinforces the need for
specialized clinical support tailored to diving species, including improved fluid therapy,
nutritional stabilization, and thermal management.

Together, these results emphasize that grebes represent the most vulnerable taxon in this spill
scenario, requiring prioritization during wildlife response actions. Coots and gulls demonstrated
comparatively higher likelihood of recovery, yet still experienced measurable reductions in post-
release survival, indicating delayed sublethal impacts that should be monitored through longer-
term tracking. Overall, our findings highlight the importance of species-specific triage strategies
in marine environmental disasters and suggest that conservation interventions must account for
both behavioral and physiological traits that drive differential survival following oil
contamination.

The survival analysis, based on both Kaplan—Meier estimators and Cox proportional hazards
modelling, demonstrates pronounced and biologically meaningful differences in post-
contamination survival among the affected waterbird species. The results show that Grebe
species exhibited uniformly poor outcomes, whereas several other taxonomic groups retained
moderate to high survival probabilities following treatment.

All four Grebe species (Great Grebe (Podiceps cristatus), Red-necked Grebe (Podiceps
grisegena), Black-necked Grebe (Podiceps nigricollis) and Red-necked Grebe (Podiceps auritus))
showed extremely low survival probabilities under both treatment strategies.



In the Kaplan—Meier curves, the survival trajectories for Grebes declined sharply within the
first 10—20 days after the spill, with minimal recovery or plateau at later time points. The median
survival time for all Grebe species was substantially shorter than for any other group. This pattern
is consistent across imputations and confirmed by the Cox proportional hazards model, where all
Grebe species demonstrated significantly elevated hazard ratios, indicating a consistently higher
likelihood of mortality after oil exposure, washing, or rehabilitation. These results align with the
known physiology of Grebes: very dense plumage, high dependency on waterproofing for diving,
rapid onset of hypothermia once plumage integrity is lost, difficult handling and higher stress
sensitivity during washing. Such life-history traits likely contribute to the extremely poor
survivorship observed here.

In contrast, Coot (Fulica atra), Herring Gull (Larus argentatus), and Black-headed Gull
(Chroicocephalus ridibundus) exhibited moderate survival probabilities, both during the early
post exposure period and throughout rehabilitation. These species showed a gradual decline
rather than the steep early drop observed in Grebes. The Kaplan—Meier curves showed that
survival probabilities stabilizing after the first 10-20 days, wider confidence intervals but a clear
pattern of improved resilience and substantially higher survival at the final observation point
compared to Grebes. The Cox model supported these trends, with hazard ratios close to or
slightly above 1, indicating that although mortality risk was elevated due to oil contamination,
these species did not experience catastrophic failure of survival mechanisms.

Black-throated Loon (Gavia arctica) showed an intermediate pattern: better survivorship than
Grebes but lower than the gull species and Coot. Its survival curve exhibited significant early
mortality, but a subgroup of individuals survived into later observation periods. The Cox analysis
placed this species in a mid-risk group, with higher hazard than gulls but lower than Grebes.

Regarding of treatment effects, across all species follows Rehabilitation showed higher
mortality than Washing, likely due to severe initial physiological compromise. Although this
effect varied by taxon. Grebes: both treatments resulted in very poor outcomes. Rehabilitation
did not provide measurable additional benefit, likely due to the critical physiology of Grebes.
Gulls and Coot: Washing produced higher survival curves, whereas Rehabilitation showed
moderate declines, potentially reflecting delayed complications (e.g., aspiration pneumonia,
malnutrition, or neurological damage). Loons: differences between Washing and Rehabilitation
were present but less pronounced. These differences were quantified in the Cox proportional
hazards model, where the treatment covariate showed a positive hazard ratio for Rehabilitation,
indicating overall higher mortality compared to Washing after controlling for species.

Regarding of biological Interpretation, the species-specific survival patterns likely reflect:
morpho-physiological differences in plumage structure, water repellency and foraging ecology;
species-specific sensitivity to handling stress; degree of oiling and depth of exposure; differences
in metabolic rate and thermoregulation and capacity to withstand prolonged starvation or
intoxication.

Grebes emerged as the most vulnerable taxonomic group in Black Sea spill event, supporting
findings from previous oil contamination studies where foot-propelled diving birds typically
experience high mortality. Gulls and Coot, which rely less on deep diving and have more robust
thermoregulation, exhibited comparatively higher resilience.

It should be noted that our study had certain operational and scientific limitations.

As early as December 26, 2024 a federal state of emergency was declared, limiting many
activities and research opportunities. This, of course, affected the completeness of the bird



rescue operations, our data collection, and fuel oil sampling. Other methods of combating bird
contamination, such as repelling or trapping, were not used. After a certain period of time, they
became pointless, as the fuel oil stains began to disappear from the surface, leaving a persistent
water-fuel oil emulsion.

Experience in bird-scaring techniques has already been accumulated. Unmanned aerial
vehicles and other aerial vehicles are used to scare birds away at airports [42] and in agriculture
[43, 44]. But was it possible to use them to scare away birds of any type during a fuel oil spill in
the Kerch Strait?

According to Supplementary Table 2, the most frequently captured bird was the Great Crested
Grebe. Great Crested Grebes have few natural predators, and the main methods of avoiding
threats, in particular predators, are diving underwater and remaining in place. Therefore, sound
and motor-based scaring are unlikely to save them from oil pollution, because such behavior even
in the presence of deterrents, will not prevent contamination: immersion in water and relocation
to a new area may still expose the birds to fuel oil). In [45] it is described that the nesting great
grebe does not react to the approach of people at a distance of 5 m.

In [41] it was reported that scaring techniques were mainly developed for flying birds; for
swimming species (e.g., penguins and guillemots) caught in the zone of oil spills, other
technologies were required - those capable of detecting approaching birds on or under the water
surface and employing underwater deterrent stimuli.

However, the choice and application of a biological signal require knowledge of the means and
mechanisms of avian acoustic communication, of the encoding of information in sound signals,
the specifics of bird behavior in flocks and communities. For Great Crested Grebes, for example,
this area remains largely unexplored. It is known [41] that individuals of the same species living
in geographically distant areas do not respond to each other's alarm calls, and even within the
same population, the effect of such signals depends on the season.

Although deterrence devices have been repeatedly proposed as a strategy to reduce the
number of victims of oil spills (46-50), we have not found any real examples or descriptions of
their use during oil spills in the literature.

Thus, the successful use of acoustic repellents requires clarification of the influence of many
biological and physical factors, a combination which is rather complex and time-consuming. The
appropriateness of the deterrent method to the biology and physiology of the particular species
is crucial, as it does not make sense, for example, to apply scare techniques at night, when the
species is active only during the day, or a visual deterrent, when the species relies more on
hearing. In addition, deterrent techniques must ensure that they do not become attracting
factors, such as light repellents at night, that attract seabirds.

Methods and means of deterrence for aggregated populations in a given region require
further scientific research and testing, and according to [4], drones should be flown at altitudes
below 30 m. Of particular relevance are studies of diverse (i.e., mixing location, timing, and
frequencies of sound and visual methods) and targeted deterrence techniques in specific areas
for known bird species. The methods and means of bird deterrence developed cannot be fully
transferred to new areas and should be included in oil spill prevention and response plans.

In future studies, we aim to analyze temporal changes in the size and location of the oil spills,
develop and test methods of acoustic scaring of birds in the selected region, preliminarily and in
advance determining new bird habitat area.



Methods

Validation of the estimated oil slick area with field observations or coastal
monitoring data

Employees of the state organization Rosprirodnadzor conducted coastal monitoring, soil and
water analyses, and assessed the extent of the spill to support subsequent pollution control
efforts. As part of this monitoring, specialists collected seawater samples for the analysis of
floating impurities, transparency, and the content of petroleum products, benzopyrene, benzene
and phenol, as well as overall toxicity levels. In total, 1,100 seawater tests were conducted. These
data are available on the Rospotrebnadzor website; therefore, our study did not include
verification or duplication of the analyses carried out by Rospotrebnadzor personnel.

Methods to count oiled and dead birds

Bird counts were conducted through direct observations at bird washing stations located in the
village of Vityazevo and at the Polar Dawns center (Anapa). When birds arrived at these stations
(brought by both volunteers and residents), logbooks were maintained. These logbooks recorded
the bird's origin, location of discovery (capture), species, time of capture, time of arrival at the
washing station, degree of contamination, and overall condition. If a bird died at a washing
station, a corresponding entry was also made. The information from these logbooks served as
the primary source for the tables data presented in this article.

Potential underestimation of bird mortality

Potential underestimation of bird mortality (e.g., carcasses lost at sea) was not assessed; only live
and dead birds recorded in the logbooks were counted.

Recovered or identified oiled birds

Posters with descriptions of birds wintering in the area were displayed at each station to assist
non-specialists with identification. Additionally, an ornithologist was on duty 24/7 at each of the
three washing stations to ensure that no birds were left unidentified. In rare cases, where
difficulties arose, identification was carried out via video link with ornithological centers.

Long-term monitoring

After washing, the birds were first taken to a rehabilitation center in Vityazevo, located directly
at the washing station.

The birds were then transported to the Aristeus Park in Usatova Balka and to a rehabilitation
unit in Stavropol which was established specifically in response to the fuel oil spill. At these
facilities, the birds were kept for up to six days to allow for recovery before being released into
the wild. The birds were not banded, as they were still weakened at the time of the study.

Causes of post-wash mortality

The causes of mortality following washing at the bird-washing stations were not determined.
Dead birds were collected twice daily by a special service for scheduled disposal (incineration).
The conclusions presented here are based solely on previous literature and expert opinions, as a



federal state of emergency was declared on December, 26, which restricted both the research
process and access to relevant information.

Alternative, less toxic cleaning agents

A wide range of bird cleaning materials was considered, from fine sand and other abrasives to all
the commercially available dishwashing detergents. But the choice was made to use Fairy
exclusively for washing.

Survival analysis by Kaplan-Meier method

Survival analysis is used to estimate the time until the occurrence of an event of interest, such as
mortality following exposure to environmental stressors. The Kaplan—Meier (KM) method is a
non-parametric estimator that calculates the survival probability over time while appropriately
accounting for censored observations (individuals that are alive at the end of monitoring or lost
to follow-up). The KM estimator partitions the timeline into intervals based on observed event
times. At each time t; when at least one event occurs, survival probability is updated according
to:

A A d;
Sy =) x (1-1)
i
where S(t;) is the estimated survival probability at time t;, d; is number of deaths at time t;

and n; is the number of individuals “at risk” just prior to t;. The product of these conditional
probabilities yields the full survival function from time zero to any later point:

R d;
s=T](-3
n;
tist

Censored data, which occur when a subject exits the study without the event being observed,
reduce the number at risk in subsequent intervals but do not contribute to event counts. KM
survival curves therefore incorporate incomplete information while maintaining unbiased
probability estimates. In addition, pointwise 95% confidence intervals can be constructed using

Greenwood’s formula to quantify the statistical uncertainty of the survival estimate:

Var(8(t)) = S(t)? Z (Z) <ﬁ)

tist

The Kaplan—Meier method is particularly advantageous in wildlife rehabilitation research
because monitoring is subject to variable follow-up times and right-censoring, and survival
probabilities can be compared between groups (e.g., species or treatments) using log-rank tests
or complementary regression models such as the Cox proportional hazards model.

Our Kaplan-Meier survival probability estimates include:

e formal denominators;

e explicit censoring;

* 95% confidence intervals.



We included species-specific Kaplan—Meier curves for both treatment stages (Washing vs
Rehabilitation), with:

e median survival functions;

e 95% Cl bands;

e species-coded panels;

e clear legends;

e censored individuals appropriately handled.

Additionally, KM pooling across 200 imputations provides robust estimates.

The Cox regression analysis of risks

The Cox proportional hazards (Cox PH) model is a semi-parametric regression method used to
evaluate how predictor variables influence the risk of an event occurring over time. Instead of
estimating the survival probability directly, the model quantifies hazard, which represents the
instantaneous rate of mortality among individuals still alive at time t.

The hazard function for an individual with covariates X is expressed as:

h(t/X) = ho(Dexp(BiXy + B Xy + -+ ,Bpo)

where hy(t) is the Baseline hazard (hazard of reference group), S is the Coefficients
estimated from data, exp(f3) is the Hazard ratio (HR), comparing risk relative to reference.

Because the baseline hazard h(t)is left unspecified, the Cox model is called semi-parametric.
It requires only that hazards between groups remain proportional over time, known as the
proportional hazards assumption.

To evaluate species as a covariate we have built a Cox proportional hazards regression with:

e species effects (dummy-coded);

e treatment effect (washing vs rehabilitation);

e hazard ratios with 95% Cl;

e Wald p-values;

e species interpretation.

Sensitivity analysis for missing species information in rehabilitation cases

We handled missing species records for rehabilitation birds using Multiple Imputation via
Multinomial Allocation:

e 200 imputations;

e pooled Kaplan—Meier survival;

e pooled Cox hazards using Rubin’s rules;

e uncertainty intervals (2.5%—97.5%) reported.

This resolves detection and rehab-bias risk.

Improved presentation of rehabilitation survival dynamics

Table 2 summarizes survival statistics for different intake periods (17-31 December, 1-8 January,
9-13 January), clearly showing:

e the dramatic survival declines among later and neurologically impaired admissions

e the uncertainty around each estimate.



Testing of sorbents in water—oil setups and avian gastrointestinal conditions

These sorbents have been tested not only in simple water-oil setups but also under simulated
avian gastrointestinal conditions (acidic pH, body temperature, digestive enzymes). This research
is still ongoing and will be presented separately in a future publication; therefore, it is not
included in this article.

In vivo or in vitro experiments conducted on oiled birds to evaluate the sorbents
efficacy

To assess the effectiveness of the sorbents, experiments were conducted on birds contaminated
with fuel oil and other petroleum products, both in vivo (on live birds) and in vitro (on wings and
feathers removed from birds). We prepared a separate article describing these studies.

Possibility of testing containment methods in the field during an actual spill

Containment methods are preventive measures that must be implemented within the first few
hours after a spill reaches bird habitats. However, adverse weather conditions (specifically a
prolonged storm) prevented their implementation. Furthermore, rescue teams lacked the
necessary equipment to carry out these measures. Subsequently, various bird deterrence
methods were discussed.

The composition of the local bird community

The composition of the local bird community was well documented based on censuses conducted
at the Utrish Nature Reserve, where volunteers are actively recruited to participate in wintering
waterfowl counts as part of the "Grey Neck 2023", "Grey Neck 2024" and other monitoring
campaigns.

Data availability
All the data required to evaluate this study are available in the Supplementary Information Tables

1-3. Source data for the Figures 6, 7 in Excel format have been provided as Supplementary Data
1.

Code availability
Our custom code for this study is publicly available at Github repository
https://github.com/abhishekdixitg/blacksea-oilbird-risk and provided in Zenodo [52].
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Fig. 1| Flowchart of primary analysis.
a, Global oil product spills analysis. b, Analysis of response methods to prevent oil pollution of wild animals. All
photos on Fig. 1 are from Wikimedia Commons under Public Domain.

Fig. 2| Flowchart of in-depth analysis of birds’ survival with decision-making support.

a, Analysis of traditional technologies of helping birds contaminated with oil products. b, Removal of oil pollution
from bird feathers. ¢, Assessment of the birds by a veterinarian and birds’ survival analysis by the Kaplan-Meier
and Cox methods. d, Risk stratification of non-survival of the birds with decision-making support: low risk (R<20%),
middle risk (20%<R<60%), high risk (R>60%). The birds images on Fig. 2a, Fig, 2c are from Wikimedia Commons
under Public Domain.

Fig. 3| Primary processing of birds.

a, The rescuer cleans the bird's eyes of fuel oil by treating them with "Diamond Eyes" drops: he drips a few drops
into each eye, lets the bird blink, then applies Korner gel or a similar product. b, The rescuer cleans the beak with
cotton swabs and wet microfiber cloths, passing them along the folds of the beak and near the tongue. c, The
rescuer removes fuel oil from the outer surface of the beak with a cotton swab. Work with a small flow of birds is
performed in pairs: one rescuer holds the bird by the neck with his fingers bent into a ring, and, with the other
hand, holds the legs and wings of the bird; the second rescuer performs the necessary manipulations.

Fig. 4| Treatment of birds in starch by a rescue team and one rescuer.

a, First rescuer fixes the bird's head with his fingers folded in a ring under the skull without squeezing the neck.
Second rescuer holds the bird in a basin with starch, and the third rescuer applies starch to the back and abdomen
of the bird. b, The bird is completely covered with a layer of starch, while the head of the bird is not treated with
starch. ¢, One rescuer carries out the starch application operation due to the large number of incoming birds and



the lack of the required number of rescuers. The bird’s beak is sealed to prevent injuries when one person works
with it.

Fig. 5| Washing birds from fuel oil using detergents.
a, The rescuer rinses the bird with detergent by pouring warm water from a ladle onto the back of the bird. b, The
process of applying detergent to bird feathers. It can be seen that the bath water is dark from the fuel oil removed
from the bird's feathers.

Fig. 6| Kaplan-Meier survival analysis for bird species after fuel oil spill. a, Great Grebe (Podiceps cristatus). b, Red-
necked Grebe (Podiceps grisegena). ¢, Black-necked Grebe (Podiceps nigricollis). d, Red-necked Grebe (Podiceps
auritus). e, Coot (Fulica atra). f, Black-throated Loon (Gavia arctica). g, Herring Gull (Larus argentatus). h, Black-
headed Gull (Chroicoce-phalus ridibundus). Treatment: Washing (blue) vs Rehabilitation (red). Shaded regions
represent 95% confidence intervals. The value n denotes the total number of birds included in the survival analysis
for each species and treatment. Numbers of birds at risk at specific observation times are reported separately in

Table 3.

Fig. 7| Comparative graphs of Kaplan—Meyer survival analyses for bird species. a, after washing. b, after
rehabilitation. Shaded regions represent 95% confidence intervals.

Table 1| Categorization of birds depending on the degree of fuel oil (oil) contamination.

Degree of Prospects for self- Prospects

L Area of contamination Impact . .
contamination cleaning for survival

. L f ability t 3 .
1 Full thick coat 0ss Of abllity to move Impossible None
suffocation

Partial loss of the ability to

2 10 to 99% of plumage is move, Ic.)ss of insulating Impossible None
contaminated properties of the feather cover,
hypothermia, and exhaustion
Small patches of dirt Loss of insulating properties of Sometimes it is
3 covering no more than the feather cover, Possible
10% of the feather cover | hypothermia, and exhaustion successful
4 An almost invisible thin No disturbances in the Possible Positive

film of oil structure of the feather cover




Table 2| Survival outcomes of birds treated in rehabilitation centers following the December
2024 fuel oil spill.

Observation Time Window of Clinical Condition on % Birds Alive After

Day.After Admls.s.lon.to Admission Rehabilitation Interpretation

Incident Rehabilitation
7 days | No rehabilitation | No rehabilitation | No  rehabilitation vA\/I:Ias:i-‘rs\ceedrelt':;rSislitZ'crisc:nun:c?trwez:cc
(21.12.2024) | admissions yet admissions yet admissions yet o & y

initiated.
10 days Birds admitted Mild to moderate oil | Early-stage Birds remained under care; survival
from 17-24 Dec . . .

(24.12.2024) 2024 exposure treatment ongoing status still under observation.
17 days | Birds admitted 17— | No severe neurological 25% alive Early-admitted birds had the
(31.12.2024) | 31 Dec 2024 symptoms ? highest likelihood of survival.
25 days | Birds admitted 1-8 | Progressive health 17% alive Delay in admission likely reduced
(08.01.2025) | Jan 2025 decline ? rehabilitation success.

Severe neurological
impairment  (seizures, | 5% alive
loss of coordination)

30 days | Birds admitted 9-
(13.01.2025) | 13 Jan 2025

Rapidly worsening systemic toxicity
from prolonged exposure.

85 days | Same cohorts as | Statusafterdischargeor | Trends  remained | No recovery improvement in the
(08.03.2025) | above (follow-up) c