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A B S T R A C T   

Dynamic ocean management (DOM), a type of marine spatial planning in which management decisions are 
updated in response to changing environmental, biological, or socioeconomic conditions, holds promise for 
balancing tradeoffs between conservation and marine resource use. However, as climate change continues to 
drive unprecedented oceanic changes, it is critical to evaluate how such tradeoffs may vary under different 
environmental regimes to ensure management strategies remain robust. To address this need, we explored blue 
whale ship strike management scenarios in the Southern California Bight, USA, an area that currently uses 
voluntary vessel speed reductions to mitigate risk of lethal ship collisions. We compared two simulated DOM 
strategies – a ‘daily strategy’ that implemented speed reductions in response to whale habitat conditions on a daily 
basis, and a ‘seasonal strategy’ that implemented speed reductions in response to whale habitat conditions on a 
seasonal basis – with a ‘fixed strategy’ that implemented speed reductions for a fixed time period each year, 
irrespective of environmental conditions. We evaluated the capacity of these strategies to balance tradeoffs 
between whale conservation and shipping activities over a 17-year study period. Critically, we assessed these 
tradeoffs before, during, and after a record marine heatwave to evaluate the relative utilities of these strategies 
during anomalous ocean conditions. Over the 17-year study period, seasonal and daily DOM strategies achieved a 
6.4–10.7% improvement in expected whale protection from lethal collision, respectively, without the need for 
additional vessel speed reductions, as compared to the fixed strategy. The benefit of DOM strategies has grown in 
the last decade and was accentuated during and after the marine heatwave event, with the daily DOM strategy 
seeing a 16.2% increase in whale protection compared to the fixed strategy in the five years prior to the event, 
versus a 26.5% increase in the five years during and after the event. Such results indicate that dynamic ocean 
management is a valuable strategy for coping with anomalous environmental conditions, which will become 
increasingly important as the climate continues to change. Moreover, our study emphasizes the importance of 
assessing tradeoffs between conservation goals and human activities over a range of environmental conditions in 
order to evaluate the robustness of management strategies to climate change.   

1. Introduction 

Supporting biodiversity conservation in tandem with marine 
resource use remains a key challenge for ocean management. Marine 
spatial planning, in which areas of the ocean are zoned for different 
human uses, has become a valuable management strategy for balancing 

tradeoffs between conservation goals and human activities [1,2]. For 
example, marine protected areas are a prevalent form of marine spatial 
planning that are implemented globally [1]. However, there is 
increasing appreciation that marine habitats tend to be highly dynamic 
and will likely become more so under increasing climate variability and 
change, challenging traditional management approaches [3–6]. Static 

* Correspondence to: University of Washington, Life Sciences Building, Box 351800, Seattle, WA 98195, USA. 
E-mail address: abrahms@uw.edu (B. Abrahms).  

Contents lists available at ScienceDirect 

Marine Policy 

journal homepage: www.elsevier.com/locate/marpol 

https://doi.org/10.1016/j.marpol.2021.104565 
Received 26 October 2020; Received in revised form 5 April 2021; Accepted 20 April 2021   

mailto:abrahms@uw.edu
www.sciencedirect.com/science/journal/0308597X
https://www.elsevier.com/locate/marpol
https://doi.org/10.1016/j.marpol.2021.104565
https://doi.org/10.1016/j.marpol.2021.104565
https://doi.org/10.1016/j.marpol.2021.104565
http://crossmark.crossref.org/dialog/?doi=10.1016/j.marpol.2021.104565&domain=pdf


Marine Policy 130 (2021) 104565

2

management strategies may not adequately account for changing envi
ronments, species distributions, or human activities, and, importantly, 
are inflexible to anomalous events such as marine heatwaves [7,8]. As a 
result, dynamic ocean management (DOM), whereby management de
cisions are updated in response to changing environmental, biological, 
or socioeconomic conditions, has gained traction as a strategy for 
addressing this problem [9–11]. 

Despite increasing interest in DOM, its implementation has been 
limited [12]. Although DOM has been proposed as a climate-ready 
strategy for ecosystem-based management, evaluation of its efficacy 
has been limited outside of the fisheries sector [12] (but see [13]). In 
addition, stakeholders may desire evidence that new management 
strategies will generate improvements, and that these improvements can 
be sustained across a range of ocean conditions. The provision of evi
dence for tradeoffs between conservation goals and human activities led 
to significant advancements in earlier literature around marine spatial 
planning [14], allowing user groups to visualize the nature of tradeoffs 
in relation to potential management strategies. However, few studies 
have quantified the dynamic nature of such tradeoffs, and whether and 
how they shift under different environmental conditions. This gap in 
knowledge is particularly concerning with increased appreciation of 
human-induced rapid environmental change [15], leaving open the 
question of how tradeoffs associated with DOM are affected by climate 
variability and change. 

Here we evaluate the potential of dynamic management to balance 
tradeoffs between conservation goals and human activities under vary
ing environmental conditions, using a case study on lethal ship collisions 
with blue whales. Ship strikes have been identified as one of the main 
factors hindering the recovery of large whales, representing a significant 
conflict with global shipping activities [16–21]. The years of 2018 and 
2019 saw the highest number of lethal ship strikes to whales on record in 
the western USA (NOAA National Stranding Database, https://mmhsrp. 
nmfs.noaa.gov/mmhsrp/), and global shipping traffic is projected to 
increase up to 12-fold in coming decades [22]. Most ship strikes occur in 
areas with a high spatial overlap between heavy ship traffic, typically 
coastal shipping lanes into ports, and whale feeding habitat that see 
prolonged periods of whale occurrence [17,23]. Of the large whales that 
migrate along the U.S. west coast, blue whales (Balaenoptera musculus), a 
globally Endangered species, are considered the most threatened by ship 
strike [17]. The Southern California Bight, USA (32.5–34.5◦N, 
117–120◦W; hereafter, SCB), has been consistently identified as a 

hotspot for ship strikes to blue whales [17,24]. Annually, this highly 
trafficked area sees almost $300 billion dollars of ship-born cargo travel 
through shipping lanes (termed the Traffic Separation Scheme; TSS) to 
the ports of Los Angeles and Long Beach (Fig. 1). The SCB is also a 
foraging hot spot for blue whales during their migration [25,26], leading 
to high spatial overlap between shipping vessels and blue whales. In 
addition, blue whales migrated into the SCB earlier during a record 
marine heatwave that occurred in 2014–2016 [27,28], highlighting the 
important role that ocean conditions may play in shifting the timing of 
elevated ship strike risk between years. 

Most ship strike mitigation efforts fall along a spectrum of relying on 
long-term patterns in whale occurrence versus using immediate infor
mation on whale presence. For instance, vessel speed reduction rules for 
reducing strikes to North Atlantic right along the U.S. east coast are 
based on historic detections as well as whale aggregations observed in 
real-time that inform dynamic management areas [13,29,30]. Addi
tionally, acoustic gliders and a series of acoustic recording buoys along 
the Boston shipping channels provide near real-time information on 
when whales are present to inform potential vessel speed rules [31,32]. 
Similar holistic efforts have recently been launched on the west coast to 
incorporate blue whale detections and habitat conditions into ship strike 
management in the SCB (see www.whalesafe.com). Currently, the Na
tional Oceanic and Atmospheric Administration seeks to mitigate risk of 
lethal ship collisions in the SCB by requesting a voluntary vessel speed 
reduction to 10 knots in the TSS during blues whales’ peak foraging 
season in summer and early fall [17,27,33]. A vessel speed restriction of 
10 knots was shown to significantly reduce the expected chance of lethal 
collisions with North Atlantic right whales (Eubalaena glacialis) along the 
eastern seaboard [34], and although there is debate about whether this 
speed limit is sufficient [35,36], it has been adopted into west coast ship 
strike management because no comparable data are available for other 
whale species. 

In this study, we compared two dynamic ocean management stra
tegies – a ‘daily strategy’ that implements speed reductions in response to 
whale habitat conditions on a daily basis, and a ‘seasonal strategy’ that 
implements reductions in response to whale habitat conditions on a 
seasonal basis – with a ‘fixed strategy’ that implements speed reductions 
for a fixed time period each year, irrespective of environmental condi
tions. We evaluated the capacity of these strategies to balance tradeoffs 
between whale conservation and shipping activities. We further assess 
these tradeoffs in the context of the 2014–2016 marine heatwave, which 

Fig. 1. Map of the Southern California Bight (SCB), USA, which encompasses the Channel Islands National Marine Sanctuary, a foraging hotspot for blue whales, and 
a Traffic Separation Scheme (TSS) delineating shipping lanes for transiting vessels. Blue dots indicate blue whale sightings compiled from several sources 
(see Table S1). 
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created changes in ocean conditions that persisted for several years [6]. 
As human pressures accelerate and climate change continues to drive 
unprecedented oceanic changes, there is a pressing need to assess how 
tradeoffs between conservation goals and human activities may vary 
under different environmental contexts, and identify management 
strategies that balance the needs of both people and species 
conservation. 

2. Methods 

2.1. Overview 

We focused our analyses on lethal ship collisions with blue whales 
within the Traffic Separation Scheme, which delineates shipping lanes 
for transitting vessels, in the Southern California Bight (Fig. 1). We 
combined information on predicted blue whale habitat conditions, 
observed blue whale sightings from multiple platforms (Table S1), and 
vessel speed reduction management (10 knot speed limit) scenarios to 
conduct a tradeoff analysis between whale protection and shipping ac
tivity. The fixed strategy was compared to two DOM strategies that were 
triggered based on predicted whale habitat conditions (see Management 
strategy scenarios). Whale habitat conditions were obtained from pub
lished estimates within the study area derived from an ensemble species 
distribution model and are available daily in near-real time (see Dynamic 
species distribution model). Hindcast performance of the fixed and DOM 
strategies, measured as percentage of whales protected by vessel speed 
reduction periods, was evaluated from 2002 to 2018, as well as before, 
during, and after the 2014–2016 marine heatwave, using observed blue 
whale sightings data (see Hindcast evaluation of management strategies). 

2.2. Dynamic species distribution model 

Daily, year-round predictions of blue whale habitat conditions from 
2002 to 2018 in the study area were generated from an ensemble species 
distribution model [27]. The model quantifies blue whale habitat 

preferences by relating relocation data from 104 satellite-tracked blue 
whales [26] to daily 3-dimensional oceanographic data [37,38]. 
Extensive cross-validation and validation using an independent dataset 
indicated strong predictive performance of the blue whale distribution 
model [27]. Model output provides daily predictions of blue whale 
habitat conditions valued from zero to one (lowest and highest habitat 
suitability, respectively), and has been used to quantitatively estimate 
ship strike risk to blue whales within the study region [39]. Daily, 
near-real time data from this model are publicly available at https 
://coastwatch.pfeg.noaa.gov/projects/whalewatch2/whalewatch2_ma 
p.html. 

2.3. Management strategy scenarios 

The fixed strategy implements a vessel speed reduction period from 
July 1st-November 30th each year irrespective of environmental con
ditions. The July-November period was chosen based on the imple
mentation of a multi-year incentive-based vessel speed reduction 
program in the TSS beginning in 2014 (see https://channelislands.noaa. 
gov/management/resource/ship_strikes.html). The daily strategy im
plements a vessel speed reduction period if whale habitat suitability in 
the TSS exceeds a specified threshold on any given day. In this scenario, 
the vessel speed reduction period could be in effect one day, and 
removed the next day. The seasonal strategy implements a semi- 
continuous speed reduction period that is initiated when whale 
habitat suitability within the TSS exceeds the threshold for at least one 
week, and is removed when habitat suitability falls below the threshold 
for at least one week. We assessed 20 threshold values for habitat suit
ability at 0.05 intervals from 0 to 1. An example of how each strategy 
was implemented for a given habitat suitability threshold is depicted in  
Fig. 2. 

2.4. Hindcast evaluation of management strategies 

We compared the hindcast performance of the three management 

Fig. 2. (a) Daily distribution of blue whale sightings within the Traffic Separation Scheme from 2002 to 2018. Colors represent the predicted habitat suitability value 
within the shipping lane on a 0–1 scale from the blue whale distribution model. (b− d) Days of the year where a vessel speed reduction period was implemented 
(vertical black line) based on (b) the simulated daily DOM strategy with a threshold habitat suitability value of 0.8 (chosen for demonstration purposes), (c) the 
simulated seasonal DOM strategy with a threshold habitat suitability value of 0.8, and (d) the fixed strategy of a July− November vessel speed reduction period. The 
years of the 2014–2016 marine heatwave are outlined in black. 

A. Hausner et al.                                                                                                                                                                                                                                

https://www.coastwatch.pfeg.noaa.gov/projects/whalewatch2/whalewatch2_map.html
https://www.coastwatch.pfeg.noaa.gov/projects/whalewatch2/whalewatch2_map.html
https://www.coastwatch.pfeg.noaa.gov/projects/whalewatch2/whalewatch2_map.html
https://www.channelislands.noaa.gov/management/resource/ship_strikes.html
https://www.channelislands.noaa.gov/management/resource/ship_strikes.html


Marine Policy 130 (2021) 104565

4

strategies from 2002 to 2018 using a compilation of historical blue 
whale sightings data from five systematically and three opportunisti
cally collected datasets (Table S1), totaling 3413 blue whale sightings 
including 1313 sightings recorded inside the TSS used for analyses 
(Fig. 1). We used the sightings data to evaluate intra- and interannual 
variability in blue whale presence in the TSS. In addition, we used the 
sightings data to evaluate the percentage of whales in the TSS over the 
17-year study period that would have been protected from shipping if a 
vessel speed reduction had been enforced under each management 
strategy. To check for potential bias derived from the opportunistic data, 
we also re-ran our analyses using only systematically-collected data 
(Fig. S1). 

Each strategy was assessed using two metrics: the percentage of 
whales sighted within the vessel speed reduction period, and the per
centage of shipping days with no speed restrictions (i.e., absent a vessel 
speed reduction period). The percentage of whales sighted within the 
vessel speed reduction period was calculated by dividing the total 
number of whales sighted in the TSS during any vessel speed reduction 
period during the 17-year study period by the total number of sighted 
whales in the TSS over the 17 years, multiplied by 100. The percentage 
of shipping days with no speed restrictions was calculated by subtracting 
the total number of vessel speed reduction days implemented during the 
17-year period divided by the total number of days during the 17-year 
period (i.e., 365 × 17) from one, multiplied by 100. 

These metrics were then plotted against one another in order to 
quantify potential tradeoffs. To assess how the strategies performed 
during normal versus anomalous environmental conditions caused by 
the 2014–2016 marine heatwave, this analysis was re-run for each 
strategy for the five years before (2009–2013) and the five years during 
and immediately after the marine heatwave (2014–2018) when anom
alously high sea surface temperatures persisted [6]. 

3. Results 

3.1. Intra- and interannual variability in blue whale presence 

Both sightings data and the blue whale distribution model output 
confirmed that the fixed strategy – a vessel speed reduction period from 
July to November – spans the typical range of time when blue whales are 
most likely to be present in the TSS shipping lane (Fig. 2). 78.1% of the 

sightings occurred within the July-November speed reduction period, 
and the average predicted habitat suitability value for blue whales 
during those months was 0.84 (on a scale of zero to one) over the 17-year 
study period. However, 21.9% of whale sightings occurred outside the 
fixed speed reduction period, and while predicted habitat suitability 
values averaged 0.57 outside the fixed speed reduction period, values 
could be as high as 0.89, particularly in the years during and after the 
2014–2016 marine heatwave (Fig. 2). 

3.2. Performance of dynamic ocean management strategies 

The percentage of whales expected to be protected from shipping 
traffic was lower with the July-November fixed strategy compared to 
both the daily and seasonal DOM strategies (Figs. 3 and 4). Even when 
the DOM strategies were not initiated until high habitat suitability 
threshold values were reached (e.g., 0.75), both the daily and seasonal 
strategies outperformed the fixed strategy (Fig. 3). 

The daily and seasonal DOM strategies outperformed the fixed 
strategy across a large range of threshold values (Fig. 4). The tradeoff 
curves resulting from the daily and seasonal DOM strategies were 
qualitatively similar (Fig. 4), a result which remained consistent when 
the percentage of whales protected estimate was based solely on the 
systematic sightings data (Fig. S1). In comparison to the fixed strategy, 
both DOM strategies achieved similar or increased levels of whale pro
tection with fewer vessel speed reduction days. For both DOM strategies, 
a habitat suitability threshold value of 0.8 led to equal percentages of 
whales receiving protection and days with vessel speed reductions. 
Hindcast evaluation revealed that the implementation of the seasonal or 
daily strategies would have protected an additional 6.4% or 10.7% of 
whales present in the shipping lanes, respectively, without requiring 
additional vessel speed reduction days, as compared to the fixed strategy 
(Fig. 4). When translated to the number of individual whales that would 
have received protection based on the sightings data, this results in an 
additional 84 or 141 whales protected under the seasonal and daily 
DOM strategies over the 17-year study period, respectively. Conversely, 
for the same number of whales receiving protection under the fixed 
strategy, the daily or seasonal strategies would have reduced the vessel 
speed reduction period by 9.9% or 10.2% (614 or 632 days) over the 17- 
year study period, respectively (Fig. 4). Furthermore, though there is 
interannual variability (Fig. S2), the daily and seasonal strategies 

Fig. 3. The expected benefits of simulated dynamic ocean management (DOM) strategies are sensitive to the habitat suitability threshold selected, beyond which 
vessel speeds would be reduced. Here, three example habitat suitability thresholds (0.25, 0.5, 0.75) are selected for demonstration to examine differences in per
formance over the study period (2002–2018). Performance of the daily and seasonal DOM strategies are compared to the fixed strategy (assuming enforcement for all 
strategies). The left panel shows the percentage of blue whales expected to be protected from greater than 10 knot shipping speeds under each strategy; the right 
panel shows the percentage of days without vessel speed reductions under each strategy. 
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consistently achieved greater performance for at least one axis on the 
tradeoff curve compared to the fixed strategy regardless of the threshold 
value used (Fig. 4). 

3.3. Effects of the marine heatwave 

The benefit of both the daily and seasonal DOM strategies was 
accentuated during the anomalously warm conditions during and after 

the 2014–2016 marine heatwave (Fig. 5). Implementation of the daily 
management strategy in the five years prior to the heatwave would have 
protected an additional 16.2%, or 21, whales over the 5-year period 
without additional reductions to vessel speeds compared to the fixed 
strategy. However, during and after the heatwave, the daily strategy 
conferred protection to an additional 26.5% of whales, translating to 
118 individuals over the 5-year period (Fig. 5). Conversely, for the same 
number of whales receiving protection under the fixed strategy, the 

Fig. 4. Tradeoff comparison over the study period (2002–2018) between the percentage of days with unrestricted vessel speeds (x-axis) and the percentage of blue 
whales expected to be protected from greater than 10 knot shipping speeds (y-axis) for simulated seasonal (blue) and daily (green) dynamic ocean management 
strategies. Points along the curves reflect a range of threshold habitat suitability values, beyond which vessel speeds would be reduced to 10 knots (see text for 
details). The pink dot indicates how the July through November fixed strategy would perform, according to those same metrics, if enforced. 

Fig. 5. Tradeoff comparison over the 5-year period before (2009–2013) and during and after (2014–2018) the marine heatwave between the percentage of days with 
no vessel speed reductions (x-axis) and the percentage of blue whales expected to be protected from greater than 10 knot shipping speeds (y-axis) for simulated 
seasonal (blue) and daily (green) dynamic ocean management strategies. The pink dot indicates how the fixed July through November strategy would perform, 
according to those same metrics, if enforced. Inset: Annual sea surface temperature (SST) averaged over the study area for each time period. 
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daily strategy would have reduced the vessel speed reduction period by 
approximately 8.2%, or 30 days, prior to the heatwave, versus 16.3%, or 
60 days, during and after the heatwave. 

4. Discussion 

The confluence of climate extremes, directional climate change, and 
human activities pose special challenges for highly mobile and migra
tory species [40]. As migratory megafauna face increasing threats [41], 
identifying innovative management strategies that can adequately 
address tradeoffs between conservation goals and socio-economic needs 
are critical. Dynamic ocean management, in which management is 
adjusted in response to changing environments, animal distributions, 
and human activities, is increasingly proposed to balance such tradeoffs 
[9–11,42]. Moreover, as environmental conditions become more vari
able and extreme in the future [5,43], climate-ready management 
strategies must be implemented that remain robust under varying 
climate scenarios [44]. Our study highlights the utility of dynamic 
management strategies to balance tradeoffs between species conserva
tion and human activities under a changing climate. 

Over a 17-year period, we found a clear tradeoff between protecting 
whales and enabling unrestricted vessel activities. However, both DOM 
strategies improved outcomes compared to a fixed vessel speed reduc
tion period. Specifically, seasonal and daily DOM strategies conferred an 
additional 6.4% and 10.7%, respectively, of whales that would have 
received protection for the same number of unrestricted shipping days as 
compared to the fixed strategy. Translated to between 84 and 141 in
dividual whales over the 17-year study period that would have received 
protection based on the sightings data, this conservation benefit is 
substantial considering that the Potential Biological Removal limit for 
this blue whale population is 2.3 whales per year [17]. Conversely, for 
the same number of whales receiving protection, a reduction of 
9.9–10.2% vessel speed reduction days (614 or 632 days) over the study 
period could have been achieved. This result emerged because the 
timing of whale migration and occurrence in the TSS varied substan
tially from year to year. Whereas the fixed strategy implemented a vessel 
speed reduction period at the same exact time each year, the seasonal 
and daily DOM strategies were responsive to the inherent interannual 
variability in the timing of whale occurrence. While there was signifi
cant interannual variability in the performance of management strate
gies, these improvements were especially marked in the years during 
and after the 2014–2016 marine heatwave occurring off of the U.S. west 
coast, when whale migrations occurred earlier than usual before the 
fixed vessel speed reduction period was enacted [28]. These results 
suggest that dynamic strategies are particularly valuable for coping with 
anomalous environmental conditions. 

Our study contains several caveats. First, our estimates of the per
centage of whales protected assumed mandatory compliance of the 
vessel speed reduction periods. However, current vessel speed reduction 
advisories in our study area are voluntary. Voluntary speed advisories 
have shown to have limited overall success in slowing down vessel 
speeds and reducing risk of lethal ship collisions compared to mandatory 
compliance measures [13,45], though in some studies voluntary mea
sures as much as halved the probability of lethal strikes [46]. Under the 
assumption of compliance, we expect our estimates of percentage of 
whales protected under different management strategies to be conser
vative. This is because our analyses only considered whales that were 
sighted within the Traffic Separation Scheme, as opposed to the broader 
region where vessels transit through. It is also likely that many more 
whales occupied the TSS or surrounding area that remained undetected, 
in which case the percentage of whales that would have received pro
tection from any vessel speed reduction scenario is underestimated. 
Ideally, monitoring systems would include multiple data streams to 
reduce both false positive and negative rates inherent to different 
monitoring methodologies, such as using a combination of sightings 
data, acoustic data, and predictive modeling. In addition, important 

tradeoffs may occur in efforts to simultaneously manage multiple pro
tected species, such as humpback or fin whales co-occurring within the 
study area [24]. Here we focused our analyses on blue whales, as they 
are of greatest management concern with regard to ship strikes [17], but 
there is much promise for future studies that consider potential tradeoffs 
in managing multiple species of concern, as they may have different 
patterns of timing and occupancy. 

On average, the seasonal DOM strategy performed similarly to the 
daily strategy (Fig. 4). This suggests that a strategy that is dynamic at 
fine timescales may not be necessary to achieve conservation and in
dustry goals. Highly dynamic strategies that change daily with envi
ronmental conditions may offer the best opportunities of separating 
human activities from protected species [7], but in a study of dynamic 
ocean management to reduce fisheries bycatch, annual changes to 
fishery closures were able to achieve 80% of the successes of daily DOM 
strategies [42]. In addition, the daily DOM strategy evaluated in this 
study triggered a management response based on whale habitat condi
tions exceeding the assigned threshold for only one day, and therefore is 
subject to more noise from the environment, whereas the seasonal 
strategy was more conservative and required multiple consecutive days 
of habitat conditions exceeding the threshold. 

Daily dynamic strategies also can be difficult to operationalize 
politically and technologically [47]. Observing a speed limit that is 
imposed and removed one day to the next is unlikely to be realistic for 
transiting ships who must plan their routes and time schedules in 
advance. To accommodate this, dynamic management areas to reduce 
strikes to North Atlantic right whales are implemented on short notice 
based on real-time whale observations, and remain in place for 15 days 
[13]. Intermediate strategies such as seasonal rather than daily or 
weekly closures could be more effective both in terms of political 
feasibility as well as industry cooperation. An alternative intermediate 
management strategy that we explored would be to update the timing of 
a seasonally-varying vessel speed reduction period using the date range 
of the previous year’s whale sightings. Such an approach could be 
valuable for capturing incremental shifts in the timing of whale pres
ence, for example due to long-term climate warming, without the need 
for a predictive habitat model, but performed poorly due to high inter
annual variability in whale sightings from one year to the next (Fig. S3). 
Regardless of the approach, dynamic ocean management does not sup
plant fixed management strategies, but rather offers complementary 
solutions [48]. For example, marine zoning with fixed boundaries is 
necessary for protecting resources that do not move in space, such as 
coral reefs, or for offering predictability necessary for industry planning. 
A combination of fixed and dynamic strategies may best address mul
tiple tradeoffs in changing environmental and geopolitical climates 
[49]. 

In this study we have drawn on a tradeoff analysis to interrogate how 
actions taken to protect whales from lethal ship strikes restrict vessel 
speeds, which would increase costs to the shipping industry (cf. [14, 
50]). This approach reveals a tradeoff curve, where the value of one axis 
cannot be increased without an additional cost to the other (e.g., a 
greater percentage of whales cannot be protected given an assumed 
number of days in which vessel activities are constrained), and allows 
for more explicit weighting of each service in management decisions 
[14]. Of course, compared to simple theory, an additional complexity in 
the context of our study stems from the fact that the costs are not borne 
by the same actors who reap the benefits (i.e., members of the shipping 
industry versus society writ large, given the high value placed on whale 
conservation, air quality, climate impacts, and ocean noise). This 
problem is common to tradeoffs in ecosystem management and marine 
spatial planning contexts [2], but not unresolvable with clear policy 
guidance and understanding of social preferences [51]. Tradeoff ana
lyses such as those investigated here will be critical for evaluating the 
robustness of ocean management solutions to increasingly changing 
environmental, climatic, and socioeconomic conditions. 
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Correction: abundance and distribution of sperm whales in the canary islands: can 
sperm whales in the archipelago sustain the current level of ship-strike mortalities? 
PLoS One 11 (2016), 0155199 https://doi.org/10.1371/journal.pone.0155199. 

[21] G.A. Bortolotto, C.K.M. Kolesnikovas, A.S. Freire, P.C. Simões-Lopes, A pilot study 
of therapeutic plasma exchange for serious SARS CoV-2 disease (COVID-19): a 
structured summary of a randomized controlled trial study protocol, Trials 21 
(2020) 506, https://doi.org/10.1186/s41200-016-0043-4. 

[22] A. Sardain, E. Sardain, B. Leung, Global forecasts of shipping traffic and biological 
invasions to 2050, Nat. Sustain. 2 (2019) 1–9, https://doi.org/10.1038/s41893- 
019-0245-y. 

[23] E.L. Hazen, D.M. Palacios, K.A. Forney, E.A. Howell, E. Becker, A.L. Hoover, 
L. Irvine, M. DeAngelis, S.J. Bograd, B.R. Mate, H. Bailey, WhaleWatch: a dynamic 
management tool for predicting blue whale density in the California Current, 
J. Appl. Ecol. 54 (2017) 1415–1428, https://doi.org/10.1111/1365-2664.12820. 

[24] J.V. Redfern, M.F. McKenna, T.J. Moore, J. Calambokidis, M.L. Deangelis, E. 
A. Becker, J. Barlow, K.A. Forney, P.C. Fiedler, S.J. Chivers, Assessing the risk of 
ships striking large whales in marine spatial planning, Conserv. Biol. 27 (2013) 
292–302, https://doi.org/10.1111/cobi.12029. 

[25] L.M. Irvine, B.R. Mate, M.H. Winsor, D.M. Palacios, S.J. Bograd, D.P. Costa, 
H. Bailey, Spatial and temporal occurrence of blue whales off the U.S. West Coast, 
with implications for management, PLoS One 9 (2014), 102959, https://doi.org/ 
10.1371/journal.pone.0102959. 

[26] H. Bailey, B.R. Mate, D.M. Palacios, L. Irvine, S.J. Bograd, D.P. Costa, Behavioural 
estimation of blue whale movements in the Northeast Pacific from state-space 
model analysis of satellite tracks, Endanger. Species Res. 10 (2009) 93–106, 
https://doi.org/10.3354/esr00239. 

[27] B. Abrahms, H. Welch, S. Brodie, M.G. Jacox, E.A. Becker, S.J. Bograd, L.M. Irvine, 
D.M. Palacios, B.R. Mate, E.L. Hazen, Dynamic ensemble models to predict 
distributions and anthropogenic risk exposure for highly mobile species, Divers. 
Distrib. 116 (2019) 5582–5612, https://doi.org/10.1111/ddi.12940. 
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