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Vessel strikes are a substantial source of mortality for large whales worldwide and may pose conservation threats for small populations. Model-based estimates of mortality rates, which inform management strategies to reduce vessel strike mortality, typically assume a reduced likelihood that a whale-vessel collision will be lethal to the whale at slower vessel speeds. In this study, we reviewed and updated available data on observed whale-vessel interactions in U.S. waters and developed a new model characterizing the probability that an interaction will be lethal to the whale as a function of vessel speed, length (as a proxy for mass), and whale taxon. We found a significant effect of vessel size class on the probability of lethality. In addition, decreasing vessel speeds reduced the likelihood of a lethal outcome for all vessel size classes, but this effect was strongest for vessels less than 108m in length. The probability that a strike by a very large ocean-going vessel will be lethal exceeded 0.80 at all speeds above 5 knots. Whale taxon also affected both the likelihood of a lethal strike and the effect of vessel speed. Humpback whales (Megaptera novaeangliae) had significantly lower rates of lethal strikes compared to other large whales. This difference may be associated with data limitations, differing behavioral responses between species, varying vessel types between regions or differences in body composition and blubber thickness. The model is consistent with biophysical models that demonstrate a high rate of strike lethality for large vessels with high masses. Vessel speed restrictions are one of the primary approaches to reduce the risk of vessel strikes to whales in the face of continued industrialization of the oceans, and the model presented here will help better inform management efforts.
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1 Introduction

Vessel strikes of cetaceans have long been documented throughout the world’s oceans. Rapid increases in commercial shipping between 1950 and 1980 coincided with an increase in the number of vessel strikes of large whales (Laist et al., 2001), and the number of case records in the International Whaling Commission (IWC) ship strike database increased in the early 1990s and has remained high through the present (Winkler et al., 2020). Vessel strikes impact at least 36 species of cetaceans (Winkler et al., 2020). Mysticetes account for the majority of the reported vessel strikes in the IWC’s database, with fin whales (Balaenoptera physalus) and humpback whales (Megaptera novaeangliae) representing the most commonly reported species (Winkler et al., 2020). A global review documented vessel strike mortality to at least 11 species of Mysticetes (Schoeman et al., 2020) including several species listed as Endangered under the International Union for Conservation of Nature (IUCN): blue whales (Balaenoptera musculus, e.g., Redfern et al., 2019), sei whales (Balaenoptera borealis, e.g., Carrillo and Ritter, 2023), and North Atlantic right whales (Eubalaena glacialis, e.g., Sharp et al., 2019). This source of anthropogenic mortality remains a significant threat to the conservation of small and endangered Mysticete populations around the world (IWC, 2022).

In both Atlantic and Pacific waters of the United States, vessel strikes are a significant source of mortality for populations of Mysticete whales including several listed under the U.S. Endangered Species Act (Carretta et al., 2022; Hayes et al., 2022). Assessments of the spatial and temporal risk of vessel strikes have been conducted for humpback whale, blue whale, and fin whale populations in regions along the U.S. west coast (Rockwood et al., 2017; Redfern et al., 2020; Rockwood et al., 2020) using encounter theory models (Martin et al., 2016) to estimate mortality due to vessel strikes. For the eastern North Pacific blue whale stock, model studies suggest that annual vessel strike mortality is approximately 18 whales per year, which is substantially higher than the number of detected vessel strikes of approximately 0.8 whales per year (Carretta et al., 2022). Interannual variability in both vessel traffic patterns and whale spatial distribution can result in significant variation in the magnitude and location of vessel strike risk (Blondin et al., 2020; Redfern et al., 2020). Voluntary reductions in vessel speeds associated with incentives to reduce greenhouse gas emissions are expected to decrease the risk of vessel strikes; however, expanded areas with reduced vessel speeds and routing measures to reduce spatiotemporal overlap between whales and vessels may be needed to further reduce mortality rates (Redfern et al., 2020; Rockwood et al., 2020).

On the east coast of the U.S., mortalities due to vessel strikes are significant for the Gulf of Maine stock of humpback whales and North Atlantic right whales (Hayes et al., 2022). For humpback whales, vessel strikes accounted for 36% of the documented human caused mortalities and serious injuries during 2013-2017 (Henry et al., 2020). Vessel strikes also remain a significant source of mortality for North Atlantic right whales accounting for 29% of documented human caused mortalities and serious injuries between 2016-2020 (Hayes et al., 2022). Observed counts of mortalities and serious injuries underestimate the total human caused mortality by 2.8 times, and differences in the detection rates between entanglements in fishing gear and vessel strikes make it difficult to accurately apportion mortality between these two sources (Pace et al., 2021). However, even the observed mean annual number of documented vessel strike mortalities exceeds the Potential Biological Removal benchmark for this small and endangered population (Hayes et al., 2022).

In an effort to reduce the impacts of vessel strikes on North Atlantic right whales, the U.S. National Marine Fisheries Service (NMFS) implemented regulations establishing seasonal management areas (SMAs) along the U.S. east coast that restrict the speed of most vessels of length 19.8 m (65 feet) and longer to 10 knots or less in specific spatial areas during specified times of year when right whales are likely to be present (National Oceanic and Atmospheric Administration, 2008). The NMFS also implemented mandatory and recommended routing measures and voluntary dynamic speed reduction zones concurrent with these regulations (National Oceanic and Atmospheric Administration, 2008). Several subsequent analyses suggested that these efforts reduced mortality inside SMAs (Laist et al., 2014; van der Hoop et al., 2015). Encounter theory models, similar to those in Rockwood et al. (2017), also indicate that speed reductions reduce lethal vessel strikes for North Atlantic right whales (Crum et al., 2019; Garrison et al., 2022; Blondin et al., 2025). A recent analysis by Redfern et al. (2024) using a similar modeling approach demonstrated that expanding the coverage of SMAs to include more of the primary habitat of North Atlantic right whales could reduce the risk of lethal vessel strikes by 18%.

The expected positive relationship between vessel speed and the probability a vessel strike of a large whale will be lethal underlies all of these analytical approaches and associated management actions. Laist et al. (2001) first reviewed global data on vessel strikes of large whales that included information on the vessel type, vessel speed, and the fate of the whale after the strike and concluded that lethal interactions were positively correlated with higher vessel speeds. Vanderlaan and Taggart (2007) further explored these data, and additional records from an expanded dataset (Jensen and Silber, 2003), and developed a logistic regression model to quantify the relationship between vessel speed and strike lethality. Conn and Silber (2013) added additional data and developed a similar model that has since been used as the basis for evaluating the impact of reducing vessel speeds on reducing mortalities of large whales (e.g., Nichol et al., 2017; Rockwood et al., 2017; Crum et al., 2019; Garrison et al., 2022; Redfern et al., 2024).

While these previous studies provided an understanding of the relationship between vessel speed and strike lethality, they did not assess factors aside from vessel speed that may influence whether a vessel strike of a large whale is lethal. In particular, these studies did not assess vessel size or differences between species, largely because of limited sample size and the resulting limited ability to draw inferences. However, recent biophysical models have demonstrated the importance of considering the contribution of vessel mass to the causes of blunt force injuries to large whales (Kelley et al., 2021). This approach suggests that the forces involved in collisions with smaller vessels (i.e., < 20m length) are sufficient at speeds of 10 knots to result in a significant probability of mortality, and that collisions with larger vessels are likely to result in a high probability of a lethal interaction at all speeds (Kelley et al., 2021).

In this study, we gathered and reviewed additional data on vessel strikes of large whales in U.S. waters of the Pacific and Atlantic oceans and developed an updated model of the lethality of vessel strikes to large whales. Our study follows a similar approach to that in Conn and Silber (2013) and builds on their existing dataset. Here we obtain and review additional records of vessel strikes that include information on the fate of the whale following the interaction along with information about the vessels involved (e.g., vessel speed, type, size, etc.). Using these updated data, we developed a logistic regression model and evaluated the importance of several explanatory factors, including vessel speed, vessel size, and whale species in predicting the likelihood of lethality for a given whale-vessel interaction. The resulting updated model can be used to better characterize the risk of lethal vessel strikes in encounter theory models and other approaches used to inform conservation strategies.




2 Materials and methods



2.1 Data acquisition and verification

The data for this analysis consist of reports of whale-vessel interactions in U.S. waters from a range of sources including stranding networks, mariners, and the public. We first obtained the dataset used in Conn and Silber (2013), which included records reported in Laist et al. (2001), Jensen and Silber (2003), and Vanderlaan and Taggart (2007). In addition to these sources, the Conn and Silber (2013) study included 38 additional records derived from Neilson et al. (2012) and additional records from regional National Marine Fisheries Service strandings databases for a total of 90 records through September 2012 (Conn and Silber, 2013). We obtained these records from the study authors (P. Conn, pers. comm.); however, many of the records did not have sufficient information included to match them to records in the strandings databases or the database compiled in Jensen and Silber (2003). We were able to verify the source and link 75 of the 90 records in Conn and Silber (2013) to a current data source and gather additional information on the interaction from these sources.

Additional records on whale-vessel interactions from U.S. waters were obtained from reports and records maintained at the NMFS Northeast Fisheries Science Center (NEFSC; Henry et al., 2015, 2017, 2019, 2020, 2021), Pacific Islands Fisheries Science Center (PIFSC; Lammers et al., 2013; Bradford and Lyman, 2015, 2018, 2019), Alaska Fisheries Science Center (AFSC), and Southwest Fisheries Science Center (SWFSC; Carretta et al., 2020, 2021, 2022). In each case, these are records maintained by the respective offices to support Marine Mammal Protection Act stock assessment reports and determination of serious injuries and mortalities of large whales in the respective regions. Where appropriate, these records are also linked to the NMFS National Marine Mammal Strandings Database (https://www.fisheries.noaa.gov/national/marine-life-distress/national-stranding-database-public-access). Data available through October 2022 were considered for the current analysis and included a total of 291 records (Supplementary Table S1). This dataset included 266 interactions with individual whales, 10 interactions with mother-calf pairs, and two interactions with groups of whales (3 and 2 individuals, respectively). In the case of mother-calf pairs and groups, the same vessel potentially struck more than one individual in the same event.




2.2 Case review and assignment of outcomes

We further refined this dataset by reviewing the associated records and, in some cases, seeking additional information on vessel characteristics to maximize the number of records that included information on the vessel size and type, speed at the time of the interaction, and information about the outcome for the whale. Fourteen records, 13 from the Conn and Silber (2013) dataset and one humpback whale interaction in Hawaii, were excluded because a clear source with supporting documentation could not be determined. Because this analysis focused on U.S. waters, and we did not obtain a complete accounting of international records, we excluded 16 records from outside of U.S. waters. Finally, an additional two records were excluded because they contained no information to identify the vessel type or size category, and one remaining record from the year 1885 was excluded due to concerns with the age of the record and whether or not it is representative of current whale-vessel interactions.

We reviewed the remaining 258 cases (individuals) to evaluate the information on the interaction and to determine if the outcome could be assigned as a severe injury/mortality (“mortality”) or no severe injury/mortality (Figure 1). First, the case was reviewed to determine if a whale-vessel interaction could be confirmed; this resulted in excluding five cases that did not indicate that the whale had actually been struck. These cases included 4 individuals and the adult female from one mother-calf pair. Second, the description of each incident was evaluated to determine if the whale was sufficiently observed following the interaction to allow for an assessment of any injury; this resulted in excluding 52 cases (47 individuals, 2 mother-calf pairs, and the calf from one mother-calf pair) where there was insufficient observation after the interaction. Of the remaining 201 cases, the description was reviewed to assess the evidence for a severe injury or mortality. For this assessment, we followed the same set of criteria described in Vanderlaan and Taggart (2007), Neilson et al. (2012), and Conn and Silber (2013). In particular, if a carcass was observed, blood was observed in the water, or lacerations (aside from those described as superficial) were observed, then the case was categorized as a severe injury/mortality. As in these earlier studies, we considered severe injuries and mortalities to be equivalent since there is limited opportunity for follow up observations in the vast majority of these cases. It should be noted that some injuries, particularly impacts from blunt force trauma, may not have been apparent at the time of observation, and therefore would not be captured in this analysis. Each case was reviewed independently by the study authors for these determinations. In 115 cases, there was no evidence of a severe injury/mortality. For the remaining 86 cases, there were six cases where the individual whale was known through photo-identification data, and the whale was observed weeks to months after the interaction with no apparent injury. As a result, there were 80 cases where a severe injury/mortality was observed, 121 cases where no severe injury/mortality was observed, and 57 cases with an unknown outcome (Figure 1). Details on each case are provided in Supplementary Material (Supplementary Table S1).




Figure 1 | Flow chart depicting steps to review available cases (n = 291 individual whales) describing potential whale-vessel interactions. See text for additional detail on each step in the review process. After review, the dataset included 80 cases where a severe injury or mortality occurred (“Yes”), 121 cases with no severe injury or mortality (“No”), and 57 cases where a determination could not be made (“Unknown”).






2.3 Logistic regression analysis

We employed logistic regression (McCullagh and Nelder, 1989; Hosmer et al., 2013) to model the probability that a given vessel-whale interaction will be lethal (i.e., result in a severe injury or mortality or “lethal”) versus non-lethal (e.g., Vanderlaan and Taggart, 2007; Conn and Silber, 2013). Due to the increased number of available individuals (201 with known outcomes) compared to previous analyses, we were able to explore a larger number of potential explanatory variables including vessel speed, vessel size (as measured by vessel length), species/taxon, and region of the U.S. (Atlantic vs. Pacific [including Hawaii and Alaska]).

The 201 individuals included 10 mother-calf pairs and 2 adult groups (2 and 3 individuals, respectively) that interacted with the same vessel at the same time. The outcome for individuals in these groups cannot be considered statistically independent. Therefore, we combined them into independent “events” for the logistic regression analysis. The outcome was the same for all of the individuals in 8 of these events (6 mother-calf pairs, 2 adult groups). For the remaining two mother-calf pairs, an injury could be confirmed for one individual, but it was unknown whether or not the other individual was injured. For these two events, the outcome was assigned as “severe injury/mortality” since at least one animal was observed with an injury. The grouped dataset included 113 events where no mortality/injury occurred and 79 events where at least one individual suffered mortality/injury.

For vessel size, we grouped vessels into four size categories based on reported length or vessel type: 4.6 -12.1 m (<40 feet, “Small”), 12.2 – 19.7 m (≥40-65 feet, “Medium”), 19.8 – 108 m (≥65 - 350 feet, “Large”), and ≥ 108 m (≥ 350 ft, “Extra Large”). The Small and Medium categories align with U.S. Coast Guard small vessel categories (i.e., Class 2 and Class 3 motorboats, respectively; 46 CFR 90.10-23, U.S. Federal Register 30:251 FR 16790), the Large category corresponds to a range of vessel types, and the Extra Large category corresponds to tankers, cargo vessels, and other very large ocean-going vessels (OGV). In cases where the vessel length was not provided (or provided as a range), we placed the vessel into a size category using vessel type or other descriptive information.

Eight species of large whales are represented in our dataset plus an unidentified large whale category (Table 1). Of the 201 individuals where severe injury/mortality could be assigned, 133 were interactions with humpback whales. Therefore, species were categorized as humpback vs. other species in the logistic regression model.


Table 1 | Whale-vessel interactions and assigned severe injury or mortality status by large whale species.



While it would be desirable to explore all possible combinations of factors and their interactions to select the best model, the small sample size limited the possible set of models that could be considered. We therefore evaluated a suite of 35 potential models that included vessel speed, vessel size category, taxon (humpback vs. other species), and region (Atlantic vs. Pacific coast) as main effects and sets of two-term interaction effects of interest (Supplementary Table S2). There were insufficient data to test higher-order interaction terms. Vessel speed was included in the majority of the models evaluated as were interaction terms with vessel speed and vessel size category given that these were the primary variables of interest for this analysis. The best model was selected based on the lowest value of the Akiake’s Information Criterion (AIC) among the candidate models (Burnham and Anderson, 2002). Additional model selection metrics were calculated including AIC corrected for small sample size (AICc), Bayesian Information Criterion (BIC), BIC corrected for small sample size (BICc), and the model R2 (the coefficient of determination) appropriate for a logistic regression model. Predictive skill was evaluated through model mean root-mean-squared error (RMSE) using K-fold cross validation with 10 folds (James et al., 2013). The overall model explanatory power was assessed using likelihood ratio tests on the residual deviance, and the significance of individual explanatory variables was tested using chi-square tests based on single deletion of terms (Wald tests; Hosmer et al., 2013). Statistical significance for these tests was interpreted at an alpha = 0.1. This selection of alpha is justified by 1) our limited power to detect biologically meaningful differences due to small sample size, 2) the desire to avoid excluding potential confounding effects between variables (as discussed in Hosmer et al., 2013), and 3) consistency with model selection via AIC (Sutherland et al., 2023). Analyses were conducted in function “glm” of the R statistical language (R Core Team, 2023) and packages “aod” (version 1.3.3, Lesnoff and Lancelot, 2023), “greybox” (Svetunkov, 2024), and “caret” (version 6.0-94, Kuhn, 2008). Residual patterns were evaluated to assess deviation from assumptions about the underlying statistical distribution through simulated residuals in package DHARMa (version 0.4.7, Hartig, 2024).





3 Results

The analyzed dataset for U.S. waters included 199 new records in addition to 59 records from the Conn and Silber (2013) data set. This included eight new records collected prior to the year 2001, 68 new records collected between 2001-2010, and 123 records of interactions that occurred after 2010 (Figure 2). Records of interactions since 2011 included a larger proportion of non-lethal interactions compared to earlier records. The proportion of lethal interactions (excluding those with unknown outcomes) was 0.34 for 2011-2022 and 0.49 for the period from 2001-2010. This difference reflects a higher proportion of records from medium sized vessels (0.34 during 2011-2022 vs. 0.20 during 2001-2010) and a lower proportion of records from extra-large vessels (0.09 during 2011-2022 vs. 0.12 during 2001-2010). The more recent data also includes a greater proportion of records of humpback whales from the Pacific coast (see below). Finally, there has been concerted effort in recent years within NMFS to document large whale injuries to support stock assessments (e.g., Henry et al., 2021), and this improved documentation could result in detection of more non-lethal interactions that are less obvious than mortalities or major injuries.




Figure 2 | Whale-vessel interaction cases by decade and interaction outcome.



Records from the Pacific coast were more representative of smaller vessel classes, where 68% of the interactions reported occurred with small and medium sized vessels compared to the Atlantic coast where 46% of reported records occurred with these size classes (Figure 3). The proportion of lethal interactions was lower for each vessel size class on the Pacific coast compared to the Atlantic coast (Figure 3). However, this regional difference is confounded by differences in the species reported in each region. The Pacific coast records are dominated by humpback whales (119/147 records, Figure 4), and the proportion of lethal interactions is notably lower for humpback whales compared to all other species groups. This lower lethality for humpbacks is consistent across regions. For the Atlantic coast, 21.4% of interactions were lethal for humpbacks while 78.0% were lethal for other species. On the Pacific coast, 21.8% of interactions with humpbacks were lethal, and 71.4% were lethal for other species (Figure 4).




Figure 3 | Proportion of lethal whale-vessel interactions by vessel size category for the (A) Atlantic and (B) Pacific coasts of the U.S. The number of individual whales in each category are indicated. Vessel size categories are: S, Small (<12.1 m); M, Medium (12.1 – 19.7 m); L, Large (19.8 – 108 m); XL, Extra-large (> 108 m).






Figure 4 | Proportion of lethal whale-vessel interactions by species for the (A) Atlantic and (B) Pacific coasts of the U.S. Sample sizes in each category are indicated. NARW, North Atlantic right whale; Unid, unidentified large whale.



These taxon specific differences are also apparent when examining changes in the observed proportion of lethal strikes within vessel speed classes. The sample size becomes limiting in some cases, in particular as there were very few records with vessel speeds greater than 20 knots for humpback whales (Figure 5). However, where direct comparisons can be made, the proportion of lethal interactions for humpback whales was lower than that for other species in large and extra-large vessels at speeds between 11-25 knots (Figure 5). For other species, the proportion of lethal interactions exceeded 0.8 for vessel speeds greater than 10 knots in the large and extra-large vessel classes, and lethality was typically lower at speeds less than 10 knots (Figure 5), consistent with previous studies.




Figure 5 | Proportion of lethal whale-vessel interactions by vessel speed by species category and vessel size category. Vessel size categories are: (A) Small: <12.1 m, (B) Medium: 12.1 – 19.7 m, (C) Large: 19.8 – 108 m, and (D) Extra-large: > 108 m.



The best supported logistic regression model included terms for vessel speed, vessel size category, whale taxon, and the interaction term between speed and taxon (Table 2). This model was selected because it had the lowest value of AIC and AICc, the highest R2, and low RMSE compared to other candidate models. It should be noted that the BIC and BICc scores were higher for the model including this interaction term compared to the model excluding the interaction (Table 2), which is to be expected since these metrics penalize model complexity more heavily than the AIC metrics. The model was highly significant (overall likelihood ratio test Chi-squared = 75.7, df = 6, p < 0.0001), and Wald tests for individual terms indicated significant effects of species, vessel size category, and vessel speed on the likelihood of a whale-vessel interaction being lethal (Table 3). There were no deviations in residual patterns that would indicate mis-specification or mis-fit of the selected model. The low proportion of total deviance explained by the model (R2 = 0.291) likely reflects the high amount of variability in the data associated with differences in observation platforms, conditions, and the opportunistic nature of the data collection. Comparisons between levels of the vessel size category variable indicate that the small, medium, and large vessel size classes are not statistically different from each other, but are each different from the extra-large size class (Table 3). The speed by species interaction term was statistically significant at alpha = 0.1 (Wald test Chi-squared = 2.8, df = 1, p = 0.094). This term indicates that the effect of vessel speed on lethality is different between humpback whales and other species. The reduction in AIC and AICc through the addition of this term suggests improved explanatory capability of the model, and the lower RMSE prediction error does not suggest that including this term results in overfitting (Table 2). The apparent differences in the effects of vessel speed on lethality between taxa further supports the inclusion of this interaction term in the selected model to avoid confounding effects.


Table 2 | Candidate logistic regression models with the 10 lowest AIC values.




Table 3 | Parameter estimates and significance tests for individual terms of the best (lowest AIC) logistic regression model.



The predicted effects of vessel speed, vessel size, and taxon from the selected model are shown in Figure 6. The interpretation of these predictions at vessel speeds <5 knots should be treated with caution as there are very few observations of interactions at low speeds within our dataset. The relationship between vessel speed and lethality for humpback whales is weaker than that for the other species. However, this may be influenced by the limited sample size for humpbacks at high vessel speeds. Probability of lethality for non-humpback species is significantly higher than that for humpbacks at all vessel speeds and sizes. For extra-large vessels, the estimated probability of lethality for non-humpback taxa exceeds 0.79 for vessel speeds greater than 5 knots, and there is a greater reduction in lethality for the other size classes as a function of vessel speed (Figure 6).




Figure 6 | Predicted relationship between vessel speed and the probability of a lethal strike by vessel size category and species. Envelopes indicate 95% confidence interval of the prediction. Vessel size categories are: (A) Small: <12.1 m, (B) Medium: 12.1 – 19.7 m, (C) Large: 19.8 – 108 m, and (D) Extra-large: > 108 m.






4 Discussion

The updated and expanded dataset used in this study allowed us to develop an improved model for evaluating the factors influencing the lethality of vessel interactions with large whales. In addition to increasing sample size, our updated dataset included increased representation of smaller vessels, interactions with vessel types from both the Atlantic and Pacific waters of the U.S., and sufficient data to examine taxon-specific effects. The updated model can be used to inform and improve the predictions from encounter theory models (e.g., Rockwood et al., 2017; Garrison et al., 2022; Blondin et al., 2025) and similar vessel strike models (e.g., Wiley et al., 2011; Nichol et al., 2017; Redfern et al., 2024). Accounting for the effects of vessel size, which can be considered a proxy for vessel mass, is particularly important for these analyses. For North Atlantic right whales, six documented mortalities and serious injuries have been associated with vessels less than 19.8 m (65 feet) in length between 2010-2024 (National Marine Fisheries Service, 2020; Hayes et al., 2022; National Marine Fisheries Service, 2025). The results from this study improve the information available to quantify the potential benefits of reducing speeds in these smaller vessel classes and to differentiate these effects from very large vessels where speed reductions appear to have a lesser, though still beneficial, effect on the probability of severe injury/death given a collision. It should be noted that reduced vessel speeds may influence other aspects of whale-vessel interactions, including the probability of avoiding a collision as discussed below.

The effect of vessel size on lethality is not surprising, and the results presented here, that very large vessels have a high lethality rate across all operational speeds, are supported by studies that consider the physics of these whale-vessel interactions. The forces involved in a direct, perpendicular collision between a large whale and vessels of various masses and bow configurations were considered in detail in Kelley et al. (2021). These authors focused their analyses on blunt force trauma involving contact with a vessel’s bow, the forces and acceleration involved, and the compression of the whale’s blubber layer and underlying musculature. They included an analysis of a subset of vessel strikes with known detailed vessel characteristics and interaction outcome to identify the threshold force at which a strike was likely to be lethal. The study authors noted that their model predicted higher lethality rates at all speeds than the previous Conn and Silber (2013) models. In a detailed analysis of vessel strike mortality risk for fin whales and humpback whales on the west coast of Canada, Keen et al. (2023) applied the Kelley et al. (2021) models for this reason. Our study results suggest that the lower lethality at low vessel speeds predicted by the Conn and Silber (2013) model may have reflected a hidden effect of vessel size. Many of the records included in prior lethality studies at low speeds were also smaller vessels. Our expanded dataset allows us to account for vessel speed and size effects and allows a more direct comparison to the results of [Kelley et al. (2021); Table 4]. The lethality rates predicted for our “Large” and “Extra-Large” vessel size categories are generally consistent with those from Kelley et al. (2021). As expected from the masses involved, the impacts of collisions with very large ships are likely to be lethal at any operational speed. For the “Medium” vessel classes, our model predictions are lower than those for Kelley et al. (2021); however, given the variation in the sizes, bow configuration, and masses of vessels in this class, direct comparisons between our studies are difficult. It should be noted that the Kelley et al. (2021) study did not consider the possible impacts of lacerations from propellers or other parts of the vessel. Lacerations that result in severe injuries and mortalities are observed regularly in whale interactions with both large and small vessels (Wiley et al., 2016; Moore et al., 2021), and are documented in the data and resulting model for the current study.


Table 4 | Comparison of predicted lethality (95% confidence interval) of whale-vessel interactions between the current study, Conn and Silber (2013), and Kelley et al. (2021).



The observed difference in lethality across all vessel size classes for humpback whales compared to other species is an important finding. Prior to this study, all species have been grouped and treated equally in encounter theory models (e.g., Rockwood et al., 2017, 2020). There may be confounding effects of the nature of the data collected on humpback whales that require some caution in interpreting these findings. It is notable that there were no interactions reported at high vessel speeds (greater than 20 knots) for humpback whales, and there were very few reported interactions with Extra Large vessels. Many of the interactions were observed in habitats with relatively high small vessel use and associated with whale-watching activities (e.g., Currie et al., 2017). It is possible that with frequent close interactions with smaller vessels, these whales reacted in a way to reduce the lethality of collisions when they occurred. Both Currie et al. (2017) in Hawaii and Gende et al. (2011) demonstrated an effect of vessel speed on the probability of close encounters (i.e., within 100-300m) for humpback whales. These results could suggest a behavioral response for this species that allowed them to avoid slower moving vessels. It is possible that humpback whales, especially in high traffic habitats, are more responsive than other species, and that this behavior, in addition to reducing close approaches, also reduces the likelihood of a lethal strike when avoidance is unsuccessful. Finally, blubber layer thickness and musculature of humpback whales may differ from the other species in this study. Kelley et al. (2021) evaluated blubber thickness as a factor influencing the force required to cause a lethal injury because the blubber absorbs some of the force of the collision and protects bones and vital organs. If the humpback whales in this study have thicker blubber layers in the habitats where they were observed, that may also influence their vulnerability to lethal strikes. However, observed lacerations of only the blubber layer would have been coded as severe injuries in this study. The species differences observed here are intriguing and require additional study, particularly considering the limited sample size and potential confounding effects, as there are important management considerations for humpback whales in the U.S. and elsewhere related to vessel strike mortality.

A primary application of the model developed here is to use the estimated probability of lethality given a vessel strike as a parameter within encounter theory models of vessel strike mortality (e.g., Blondin et al., 2025; Rockwood et al., 2020; Garrison et al., 2022), similar approaches that evaluate relative risk (e.g., Nichol et al., 2017; Redfern et al., 2024), and alternative vessel-strike impact assessment frameworks (e.g., Keen et al., 2022, 2023). Each of these approaches rely on an underlying probability of lethality given that a vessel strikes a whale. These models include other components of vessel strike interactions that are influenced by vessel speed, but which are not addressed in the current study. Vessel speed can influence the probability that a whale and vessel will come into close enough proximity for a collision to occur (e.g., Martin et al., 2016; Keen et al., 2022; Blondin et al., 2025). In addition, whales may take evasive maneuvers or dive to avoid oncoming vessels, and vessel speed directly affects the time available for successful avoidance (e.g., McKenna et al., 2015). The frequency of active avoidance by the whale, detection and reaction distances, and the nature of reactions are significant sources of uncertainty for vessel strike assessment models (Blondin et al., 2025; Rockwood et al., 2017; Garrison et al., 2022). However, assuming whales attempt to avoid imminent vessel strikes, slower vessel speeds most likely improve the chances of a successful avoidance (Wiley et al., 2016). This potential benefit of reduced vessel speed is beyond the scope of this analysis.

Reducing the impact of vessel strikes on large whales is essential for the conservation of impacted species and represents a significant challenge to balance both conservation and economic priorities. Increased vessel traffic in offshore habitats associated with new industrial activities such as offshore renewable energy installations and aquaculture may serve to increase or alter the nature of the threat of vessel strikes to large whales. Vessel speed reductions in habitats where whales and vessels overlap are one of the primary tools to reduce the risk to whales in the face of growing use and industrialization of the oceans. This study updates and improves the information available to evaluate the impacts of management efforts focused on vessel speeds. However, the high rate of lethality at all speeds for large ocean-going vessels indicates that avoiding strikes entirely (as opposed to minimizing injury from a strike) is essential to whale conservation outcomes. In combination with routing measures to reduce the spatial overlap between vessels and whales (e.g., Van Der Hoop et al., 2015; Fonnesbeck et al., 2008) and dynamic approaches that notify mariners of whale presence and prompt a response, reducing vessel speeds can improve conservation by reducing the lethality of whale-vessel interactions as well as increasing the opportunity for avoidance by both the whale and the vessel operator.
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~ Speed + Vessel Size + Humpback + Speed * Humpback 19841 199.02 221.22 22282 0.2910 0.4034

~ Speed + Vessel Size + Humpback 199.51 199.97 219.06 22025 0.2791 0.4127

~ Speed + Vessel Size + Region + Humpback + Speed * Humpback 200.37 201.15 226.43 228.50 0.2912 04152

~ Speed + Vessel Size + Region + Humpback 201.43 202.03 224.23 225.83 0.2795 0.4096

~ Speed + Vessel Size + Humpback + Vessel Size * Humpback + Speed * Humpback 201.81 203.02 23438 237.58 0.3011 04135
~ Speed + Vessel Size + Region + Humpback + Speed * Humpback + Speed * Region 20236 203.35 23168 23428 02912 04122
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~ Speed + Vessel Size + Humpback + Speed * Vessel Size 20295 203.94 23227 234.87 0.2890 0.4146

~ Speed + Vessel Size + Region + Humpback + Speed * Region 203.03 203.82 229.09 231.16 0.2810 04161

~ Speed + Vessel Size + Humpback + Vessel Size * Humpback 203.08 204.07 232.40 235.00 0.2885 0.4189

‘Terms considered in the model include vessel speed (Speed), vessel size category (Vessel Size), species (Humpback: humpback vs. other species), Region (Atlantic vs. Pacific), and interaction
terms. AIC, Akaike's Information Criterion; AICc, AIC corrected for small sample size; BIC, Bayesian information criterion; BICc, BIC corrected for small sample size; RMSE, root-mean-squared
prediction error from k-fold cross validation.
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Current Study:
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Kelley et al,, 2021:
45 Tons
9-15m

Length (Medium)

0.407 0.690 0.878 0.967 0.987 0.996

Kelley et al., 2021:
311 Tons
Length Unspecified
(Large or Extra Large)
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Kelley et al, 2021:
30,000 Tons
Length >300m
(Extra Large)

0.528 0.812 0.943 0.985 0.996 0.999

Values for the current study are for the non-Humpback species for the small, medium, large and extra-large vessel classes. Values from Kelley et al. (2021) correspond to simulations for specific
vessel types and do not include statistical uncertainty.
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Intercept -1.744 0.878 -1.987 0.047
Speed 0.129 0.051 2.515 0.012
Vessel Size
. 0.113 0.479 0.236 0.813
- Medium
Vessel Size
0.617 0.500 1.232 0.278
- Large
Vessel Size - XL 2.498 0.742 3.365 0.0007
Humpback -0.139 0.954 -0.145 0.884
Speed x -0.103 0.061 -1.675 0.094
Humpback
Null Deviance: 260.12 on 191 degrees of freedom
Residual Deviance: 184.41 on degrees of freedom
Wald Tests X2 DF p-value
Speed + Speed x Humpback ’ 7.0 2 0.0310
Humpback + Speed x Humpback ‘ 17.8 2 <0.0001
Speed x Humpback ‘ 2.8 1 0.094
Vessel Size ‘ 12.8 3 0.005

Wald Chi-square tests are shown to test for the overall effect of individual terms. Statistical
significance was assessed and alpha = 0.1 given the small sample size for the model and
associated limited power to detect meaningful effects. DF, degrees of freedom.
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Blue whale 2 0 2 4
Fin whale 10 2z 1 13
Gray whale 7 3 0 10
Humpback whale 29 104 42 175
Minke whale 2 1 0 3
North Atlantic right whale 8 4 1 13
Sei whale 3 0 0 3
Sperm whale 2 2 0 4
Unidentified large whale 17 5 11 33
Total 80 121 57 258
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