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Marine protected areas 
do not prevent marine 
heatwave‑induced fish community 
structure changes in a temperate 
transition zone
R. M. Freedman1,2*, J. A. Brown1,3, C. Caldow1 & J. E. Caselle4

Acute climate events like marine heatwaves have the potential to temporarily or permanently alter 
community structure with effects on biodiversity and ecosystem services. We aimed to quantify the 
magnitude and consistency of climate driven community shifts inside and outside Marine Protected 
Areas before and after a marine heatwave using a kelp forest fish community dataset in southern 
California, USA. Abundance, biomass, diversity and recruitment of warm‑water affinity species during 
the marine heatwave were significantly greater compared with prior years yet cool‑water affinity 
species did not show commensurate declines. Fish communities inside MPAs were not buffered 
from these community shifts. This result is likely because the particular species most responsible for 
the community response to environmental drivers, were not fisheries targets. Resource managers 
working to preserve biodiversity in a changing climate will need to consider additional management 
tools and strategies in combination with protected areas to mitigate the effect of warming on marine 
communities.

Marine heatwaves are severe, acute thermal events that elevate water temperatures and significantly impact 
marine  ecosystems1–5. Marine heatwaves—defined as events of > 5 days where water temperatures exceed the 90th 
percentile of the 30-year historical  baseline6—are predicted to increase in frequency and intensity  globally2,7,8. 
Studies show marine heatwaves can rapidly push ecosystems into new states, with shifts happening within a 
few months in some  systems2,3,5. As marine heatwaves become more common world-wide due to global climate 
 change7, a better understanding of how marine communities respond to these events and what management 
tools might mitigate them, will become critical to effective ocean resource management.

While species are generally predicted to shift their ranges in response to warming  conditions9, individual 
communities will have unique responses depending on sensitivities to local environmental  conditions10–14. There 
is evidence that some species will benefit from marine heatwaves (i.e. increase in biomass or frequency) while 
others are negatively  impacted2–4,12,14–18. As local community structure is altered by local extinction and re-
colonization in response to shifting climate, it is likely that ecosystem function and services will be altered as 
well. Understanding the magnitude and consistency of these changes will be key to determining how to best 
manage resources in the face of both punctuated and sustained climate  shifts4,5,11,15.

Marine Protected Areas (MPAs) are a global management tool that are frequently promoted as potentially 
useful in buffering local communities from climate  impacts19. Spatial management, specifically the designation 
of protected area networks, can support resistance and resilience of marine  communities3,20–24 and there is some 
evidence that these benefits could apply to climate pressures, including  heatwaves24. Some managers assume 
existing MPAs can mitigate impacts to whole ecosystems and their structures in the face of acute and long-term 
climate impacts. There is evidence that MPAs can help single species recover from  heatwaves22 and may offer 
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diversity stability in the face of climate  drivers3. However, the extent to which MPAs can mitigate large com-
munity structural changes in the face of marine heatwaves is unknown at  present24.

Here we aimed to address two goals: quantifying the magnitude and consistency of changes in response to 
marine heatwaves and determining MPA’s ability to mitigate changes in community structure of kelp forest fishes 
in a well-known biogeographic transition zone (Fig. 1). We first measured the response of the kelp forest fish 
community to a marine heatwave (October 2014–June 2016). The marine heatwave caused persistent tempera-
ture anomalies (up to 6.2 °C) off the US west  coast25–27 and has been shown to have caused ecological impacts to 
kelp forest  communities28. We selected the Channel Islands National Marine Sanctuary (CINMS) in the Santa 
Barbara Channel, CA, USA as our study site as it is a region at the confluence of the cooler California Current and 
warmer California Counter Current, is marked by a steep west to east thermal gradient, and has long-term kelp 
forest monitoring data spanning several climatic  periods20,29,30. By conducting this work in a marine transition 
zone many species are at their range limits and will be sensitive to small changes in environmental conditions. 
Using the thermal classification scheme developed by  Freedman31 and 17 years of kelp forest monitoring data 
in the region (2001–2017; Partnership for the Interdisciplinary Studies of Oceans [PISCO]), we tested whether 
abundance, biomass, recruitment and diversity of warm-water and cool-water affiliated fishes responded to 
the marine heatwave and whether responses differed between the thermal groups. We used Bayesian Highest 
Density Interval and Region of Practical Equivalence tests (HDI + ROPE) to assess annual similarity amongst 
warm-water and cool-water species  groups32,33. We then asked whether fish communities inside MPAs are more 
or less susceptible to changes in community structure during marine heatwaves using a long-standing no-take 
MPA network in our study area. Using data collected just prior to (2013), during (2014–2015) and just after 
(2016) the marine heatwave, we tested whether warm-water and cool-water species groups differed in their 
density responses inside and outside of MPAs. To further interpret MPA efficacy, we subdivided warm-water and 
cool-water species groups as targeted (i.e., fished) and non-targeted (i.e., not fished) and then asked if densities 
of these groups responded differently to the marine heatwave.

Quantifying heatwave impacts to the fish community. The marine heatwave had a significant 
impact on the structure of local fish communities, and this effect was dependent on the thermal affinity as 
well as the targeted or non-targeted status of the fish species. In fish density and recruitment, the warm-water 
fishes responded positively and rapidly to the marine heatwave while the cool-water species were generally less 
responsive. The density of warm-water species significantly increased during (2015) and remained high after 

Figure 1.  The Channel Islands National Marine Sanctuary (CINMS) and the Marine Protected Area (MPA) 
network are shown in a composite 2009 sea surface temperature grid, a thermally typical year. Typically, the 
islands span a strong east–west gradient in sea surface temperature due to their location at the confluence of 
the California Current and the California countercurrent. This variable environment was replaced with a more 
uniformly warm SST regime during the 2014–2016 marine heatwave. PISCO long-term kelp forest monitoring 
sites are shown as black dots. Map was created using ArcGIS 10.7.1 (https ://deskt op.arcgi s.com/).

https://desktop.arcgis.com/
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the marine heatwave (2016, Fig. 2A). In 2017, warm-water species density came back into the ROPE which may 
be indicative of beginning recovery but it also had the highest median compared with any year outside of the 
marine heatwave. Warm-water species recruitment also spiked rapidly and significantly (i.e. beyond the ROPE—
see “Methods”) at the onset of the marine heatwave (2014) and remained high until 2016 (Fig. 2D). Diversity 
within the warm-water species group lagged in its response (Fig. 2C), only rising above the ROPE in 2017, over 
a full year after the marine heatwave subsided. Detection of diversity responses may lag periods of anomalous 
temperature conditions due to sampling methodology missing rare species, time needed for adult migration or 
multiple years of strong larval recruitment.

The cool-water species group appeared less responsive overall to warm-water conditions. Although cool-
water species did display non-significant short-term decreases in density, biomass density, and diversity over the 
timeframe of the marine heatwave (Fig. 2A–C), they were insignificant in comparison to historical variability. 
Cool-water species recruitment responded significantly to the end of the marine heatwave with a large spike of 
recruitment in 2016 after multiple years of warmer water conditions (Fig. 2D). The lack of significant responses 
for this group suggests that cool-water species in the region might be less susceptible to rapid climate drivers. In 
our system, the cool-water species are typically larger and longer-lived species of the genus Sebastes (Rockfishes) 
and are characterized by slower life  histories12,29,34. Previous work on rockfishes has linked their slow response to 
management action to their slow life history  traits34. Other studies have found that fishery productivity responses, 
both positive and negative, to warming climate are faster for fishes with shorter life histories and these species 
also shift ranges more rapidly in response to  climate14,15. Because life histories can determine species-specific 
climate responses, cool-water species may be less responsive to acute climate events in the California Current; 
however chronic exposure to warm conditions may still pose a threat to cool-water  fishes35–37.

Of the four demographic measures that we assessed, biomass was less responsive to the marine heatwave in 
the Channel Islands than numerical density. The increase in biomass for the warm-water species group after the 
onset of the marine heatwave was not statistically significant (Fig. 2B). Warm-water species biomass was below 
the ROPE in 2002 and from 2004 to 2008; potentially due to a lag in biomass gains following MPA implementa-
tion in 2003. Other work in the Channel Islands region has found biomass increases to be spatially variable after 
MPA implementation with fishes around the warmer eastern islands displaying larger and more rapid changes 
in biomass compared to the cooler western  islands29. Because MPA implementation increased biomass of warm-
water species throughout the time-series, the biomass variability across the dataset may mask the effects of the 
marine heatwave. Cool-water species biomass also displayed some evidence of a decline in response to the marine 
heatwave, but the declines were not severe enough to fall below the ROPE.

Figure 2.  Time series of annual density (A), biomass density (B), effective species number (C), and recruitment 
(D) are shown for warm-water species (red) and cool-water species (blue). Region of Practical Equivalence and 
Highest Density Interval (ROPE + HDI) tests results are denoted by circles below panels. Darker shaded circles 
identify years that fall outside the ROPE and are significantly different than others in the time series. Numbers 
inside the circle are the approximate percentage of data that fall within the ROPE within that year. Significant 
increases in density, effective species and recruitment of the warm-water species group was observed during the 
marine heatwave period (as denoted by the red box).
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The fish community also responded to less severe, “routine” climatic drivers like El Niño and La Niña; how-
ever, responses were less extreme and did not persist long after the event (~ 1 year). Cool-water species diversity 
in 2010 (Fig. 2C), biomass in 2011 (Fig. 2B) and recruitment in 2008 (Fig. 2D) increased beyond the ROPE 
during cold La Niña conditions. Warm-water species densities were also higher than the ROPE in 2009 during a 
moderate El Niño event. Response signals to routine climatic events for warm-water species are not as prevalent 
across all monitoring data; possibly due to their extreme responses to the marine heatwave event masking the 
ability of the HDI + ROPE tests to detect milder responses to less severe climatic drivers like El Niño.

Assessing MPA effectiveness to mitigate heatwave induced community structure shifts. Just 
as species with different traits may respond differentially to climate  drivers38–40, they also react uniquely to dif-
ferent conservation  measures3,22,29,40–42. Using linear mixed models, we found that MPAs did not mitigate the 
observed community shifts in numerical density resulting from the marine heatwave (Fig. 3). The density of 
warm-water species increased significantly over time (Fig. 3, Supplemental Table 1) and the density of the cool-
water species group decreased over time (Fig. 3, Supplemental Table 1) but there was no effect of MPA status 
on these trends. That is, density of warm-water species increased similarly both inside and outside MPAs, while 
cool-water species showed similar declines inside and outside. Prior work has shown that single species recovery 
after an acute climate event can be enhanced within an  MPA22, but our work suggests that MPAs do not appear 
to dampen the magnitude of community changes for either cool or warm-water species groups in our system. 
Additionally, in our case, ecosystem recovery did not appear to be rapid; densities inside and outside MPAs 
remained altered and overall warm-water species abundance did not drop to pre-heatwave values by 2016. It is 
important to note that using an acute event may not be indicative of long-term change, but it appears that MPAs 
are unlikely to act as a lone solution to mitigate the whole community structure shifts due to climate  change43.

The reason MPAs did not appear to mitigate marine heatwave impacts on community structure in our study 
may be that non-targeted species (i.e. fish species not targeted in fisheries) responded significantly to the marine 
heatwave while targeted species only displayed non-significant, muted responses. Thus, the very species we 
expect to most benefit from cessation of fishing, were not the species most effected by the heatwave. According 
to linear mixed models, targeted status, year and the interactions between the two (Supplemental Table 2) were 
important in driving the communities’ response to the marine heatwave. Targeted species in this, and many 
marine systems are typically larger, longer-lived, and higher in the food  web44,45, which may make them more 
resilient to climate events of this  magnitude14. In our classification scheme, targeted cool species outnumber the 
non-targeted species while the inverse is true for warm-water species. This means that the strong response by 
non-targeted warm species is buoyed by the fact that there are more species in those categories then in  others31. 
Marine heatwaves with higher temperature maximums or that persist for longer than a few years may be required 
to trigger targeted species to respond. Because targeted species already have lower abundance than non-targeted 
species in our system (Fig. 4), detecting changes in abundance in relation to climate stressors may be a chal-
lenge. The complex synergies of management strategies, fishing and climate are still poorly understood. Further 
research will be needed to disentangle these effects, but our work shows that MPAs are likely not the only tools 
managers should be utilizing if they wish to mitigate the effects of marine heatwaves.

Figure 3.  Density of warm-water species (top panel) and cool-water species (bottom panel) inside (green) and 
outside (purple) MPAs in the years before (2013) during (2014–2015) and after (2016) the marine heatwave. 
Warm-water species density increased during the marine heatwave while cool-water species density decreased 
regardless of MPA protection. Linear mixed models found that Year was the only significant factor (warm-water 
species: ANOVA,  X2 = 36.11, df = 3, p < .0001; cool-water species ANOVA,  X2 = 26.23, df = 3, p < .001) while MPA 
status (warm-water species: ANOVA,  X2 = 0.79, df = 1, p = 0.37; cool-water species ANOVA,  X2 = 0.07, df = 1, 
p = 0.79) and the interaction between year and MPA status (warm-water species: ANOVA,  X2 = 4.41, df = 3, 
p = 0.22; cool-water species ANOVA,  X2 = 0.31, df = 3, p = 0.96) were non-significant.
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Conclusion
This study showed that the structure of kelp forest fish communities was responsive to acute climate forcing and 
was altered after exposure to a marine heatwave. The potential mechanisms producing this shift in community 
structure include mortality, adult movement (especially to cooler, deeper waters beyond the sampling depth) 
and recruitment; for example, recruitment of warm-water species increased after the heatwave began. It is likely 
that each of these mechanisms contributed to the overall changes observed in the kelp forest fish community, 
however, the exact contribution is likely to vary across the diversity of species in this dataset. Additional data 
would be needed to fully elucidate the role of each underlying mechanisms within this diverse community. Rather 
than use a whole-community thermal  index5,16,46, we showed that there were unique responses for groups with 
different thermal affinities. With density and recruitment being the most responsive, managers may want to 
focus on these metrics as rapid and sensitive indicators to change while biomass and density should be used to 
understand lagging or persistent community shifts. With climate warming predicted to continue and accelerate, 
an improved understanding of trait-specific responses will become  important31,46; especially if families of species 
or ecological niches are lost to a degree that hampers ecosystem function. Species classification techniques, in this 
case thermal tolerances, can help resource managers better track particular resource species or species groups 
responses to distinct environmental drivers (e.g., temperature, pH, hypoxia, drought) and test if management 
actions are effectively mitigating climate stressors. We found that a scientifically designed and very well studied 
network of MPAs in our  system47, did not mitigate the rapid responses in density of the two thermal groupings of 
kelp forest fishes. Additional data will be needed to assess if MPAs allow for more rapid recovery after heatwave 
events but managers hoping to preserve whole ecosystems may need to explore other avenues to locally mitigate 
effects of climate change in conjunction with MPA measures, such as restoration or stock enhancements. As the 
majority of community structure change was driven by non-targeted species, adjusting fishing pressure (by MPAs 
or other methods) may not be a viable avenue to address community level effects of acute temperature events 
unless fishing pressure is reallocated to previously non-targeted warm-water species. Other work has shown that a 
number of fisheries stocks see increases in Maximum Sustainable Yield from  warming14 and managers may need 
to consider increasing utilization of these specific stocks. Whatever management decisions are made, resource 
managers need to have flexible and dynamic management measures as marine heatwaves will likely continue 
into the future and act as consistent disturbance events in temperate oceans worldwide.

Methods
Site. The Channel Islands National Marine Sanctuary (Fig. 1) is located in an established marine thermal 
transition zone between the cooler California Current and the warmer California Countercurrent. Four islands 
with rocky reef habitat are situated offshore, separated from the mainland by a deep basin, the Santa Barbara 
Channel. The two water bodies mix in approximately the middle of the Santa Barbara Channel and water tem-
peratures can differ as much as 10 °C across the channel. Fishing activity occurs heavily in the region with three 
major fishing ports supporting commercial and recreational fisheries that target a variety of species.

Figure 4.  Density of warm-water species (top panel) and cool-water species (bottom panel) for both targeted 
(yellow) and non-targeted (orange) species in the years before (2013) during (2014–2015) and after (2016) the 
marine heatwave. Non-targeted species responded more strongly to the marine heatwave with warm-water 
species densities rising while cool-water species densities decreased. Linear mixed models found that effects 
of targeted status (warm-water species: ANOVA,  X2 = 118.69, df = 1, p < .001; cool-water species ANOVA, 
 X2 = 23.43, df = 1, p < .001), year (ANOVA,  X2 = 30.55, df = 3, p < .001; cool-water species ANOVA,  X2 = 26.20, 
df = 1, p < .001) and the interactions between the two (ANOVA,  X2 = 19.68, df = 3, p < .001; cool-water species 
ANOVA,  X2 = 9.89, df = 3, p = .019) were all significant. Post-hoc comparisons show that density of non-targeted 
species changed during the marine heatwave with warm-water species (top panel) increasing and cool-water 
species (bottom panel) decreasing.
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A variety of marine spatial management protections and jurisdictions co-occur in the channel including 
Channel Islands National Marine Sanctuary, Channel Islands National Park, two California State Parks and 
a series of no-take and limited-take MPAs. The MPAs, which are the only spatial management measure that 
restricts fishing, were established in 2003 in state waters (< 3 nm) and expanded into federal waters (> 3 nm) in 
2007. Long-term monitoring studies of kelp forest fish communities in the Santa Barbara Channel detected rapid 
recovery of abundance and biomass—after MPA implementation, but this pattern was observed primarily at the 
eastern islands located in typically warmer  waters29.

The Santa Barbara Channel has been subjected to a series of periodic climatic drivers with the potential 
to impact the ecosystem including El Niño Southern Oscillation Index, Pacific Decadal Oscillation, a marine 
heatwave beginning in 2014 and variable upwelling strength (Supplemental Figure 1). There was a weak El Niño 
from 2006 to 2007 which was followed by a weak La Niña in 2008–2009. This was followed by a stronger ENSO 
with a moderate El Niño in 2009–2010 that raised water temperatures and dampened upwelling. This was fol-
lowed by a strong La Niña in 2010–2011 that reversed conditions. In 2014, a marine heatwave increased water 
temperature and those conditions persisted until June 2016. We consider data collected during the summer of 
2016 to be post-marine heatwave as the large majority data collected was after June 2016.

Classification. Kelp forest fish species were classified as warm-water or cool-water based on each species’ 
biogeographic distribution and abundance patterns relative to Point Conception (warm-water species centered 
to the south and cool-water species centered to the north of this Point) as described in  Freedman31. Three types 
of quantitative data were used to assign thermal classification: densities from in situ surveys, museum/aquarium 
collection events, and the geographic range midpoints from literature sources. In addition to quantitative data, 
an expert opinion poll was used to further classify species. Data from each of the four information sources were 
combined to create a single composite thermal classification for each fish species. Equal weight was given to each 
data type and fish were considered to be warm-water or cool-water based on the dominant classification (i.e., 
the one to which it was most often assigned). If no clear classification was apparent, the species was considered 
eurythermal. Species classified as eurythermal constituted a small proportion of species observed in monitoring 
data and were not used in further quantitative analysis.

Subtidal diver surveys. Fish species densities and biomass were generated from SCUBA surveys con-
ducted by the Partnership for Interdisciplinary Studies of Coastal Oceans (PISCO; full methodology can be 
found online at http://www.pisco web.org). The data used in this study were collected from 59 sites that were 
sampled annually from June to October; however, not all sites were surveyed in all years. The number of sam-
pling sites increased in 2003 to capture the effects of the newly established MPAs. At each study site, divers 
conducted 8 to 12 transects that were 30 × 2 ×  2  m at each of three levels in the water column: benthic, midwater 
and kelp canopy (when canopy was present at a site). Transect locations were selected through a stratified ran-
dom design with multiple non-permanent transects located in fixed strata (e.g. outer, middle, and inner rocky 
reef). On each transect, a single SCUBA diver counted and estimated the total length in centimeters for each 
fish, excluding small cryptic fishes. Values (fish/m2) were averaged across all transects and then summed by site 
annually for each thermal group (i.e., warm-water and cool-water). In order to estimate biomass, fish lengths 
were converted to weights based on allometric relationships in published and web-based sources (http://www.
fishb ase.org). When length–weight relationships did not exist, parameters from similar-bodied congeners were 
used. Shannon’s diversity was calculated by site annually for warm-water and cool-water species assemblages and 
transformed into effective species numbers, also known as Hill  Numbers48, by taking the exponential function of 
Shannon’s diversity. Hill numbers were used to provide a comparable metric between years.

Recruitment. Recruitment of larval fishes to the kelp forest was measured using artificial larval fish collec-
tors (Standardized Monitoring Units for Recruitment of Fishes—SMURFs)49. Rates of settlement to SMURFs 
provide quantifiable measures of larval delivery independent of availability and quality of nearby settlement 
habitat. At each of seven sites at the Channel Islands, three replicate SMURFs were sampled bi-weekly and indi-
vidual recruit fish were identified to the lowest taxonomic level possible. Further methods for PISCO SMURF 
collections can be found in Hamilton et al.40. Recruitment to SMURFs was first calculated as the number of fish 
per SMURF per day in order to standardize for slight variations in sample frequency. Recruitment (Fish per 
SMURF per day) was then summed by site and year for warm-water and cool-water species separately.

Bayesian highest density internals (HDI) and region of practical equivalence (ROPE). In order 
to identify when a community shifted from a baseline reference, Bayesian Highest Density Internals (HDI) and 
Region of Practical Equivalence (ROPE) testing was conducted on density, biomass, effective species number 
and recruitment for warm-water and cool-water species groups separately using the ‘sjstats’ package in  R32,33,50. 
A 95% HDI value was determined for each parameter (e.g., annual density, biomass, effective species number, 
recruitment) and compared to that parameter’s ROPE; ROPE sizes were determined by the variability of the full 
timeseries for each dataset. When a parameter’s HDI fell within the ROPE, all the most credible parameter val-
ues were practically equivalent to the accepted value (i.e., the fish community at that time point was practically 
equivalent to others in the timeseries). A parameter value was rejected when its 95% HDI falls entirely outside 
the ROPE, which means that all of the most credible parameter values in the time series were not practically 
equivalent to those of the rejected value (i.e., the fish community at that time point was different from others in 
the timeseries). This methodology also allows for undecided determinations, where HDI was neither completely 
within or outside the ROPE. HDI and ROPE testing was conducted on each data type for warm-water and cool-
water species groups independently with site as a random effect.

http://www.piscoweb.org
http://www.fishbase.org
http://www.fishbase.org
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Assessing MPAs’ ability to mitigate effects of acute climate drivers. Using the marine heatwave 
as an in situ experiment, we truncated the subtidal survey data to the years immediately before (2013), during 
(2014–2015), and after (2016) the marine heatwave. To test if MPAs had an effect on fish density during the 
marine heatwave period, we used linear mixed models for warm-water and cool-water species independently 
with year, MPAs status (inside/outside an MPA) and the interaction between the two as fixed effects on density 
with site as a random effect. We used density as it was the rapidly responsive variable to the marine heatwave in 
the prior analysis. All three MPA types were included as species being discussed are not allowed to be taken in all 
MPA types. Using the R package “nlme”, linear mixed models were built stepwise and the best fitting models were 
compared with Akaike Information Criterion (AIC)51. To test if targeted status (i.e., if a fish species is targeted 
by fishing by either recreational or commercial interest) affected density changes during the marine heatwave 
period, we used linear mixed models for warm-water and cool-water species groups with year, targeted status 
and the interaction between the two as fixed effects on density with site as random effect. Linear mixed models 
were built stepwise and compared with AIC to determine models of best fit. ANOVAs were run on the results 
of each best fitting model to determine significant effects, using Tukey’s post-hoc comparison between groups 
when ANOVAs were significant (lsmeans package R)52.

Received: 25 June 2020; Accepted: 11 November 2020

References
 1. Smale, D. A. et al. Marine heatwaves threaten global biodiversity and the provision of ecosystem services. Nat. Clim. Chang. 9, 

306–312 (2019).
 2. Wernberg, T. S. et al. Climate-driven regime shift of a temperate marine ecosystem. Science 353, 169–172 (2016).
 3. Bates, A. E. et al. Resilience and signatures of tropicalization in protected reef fish communities. Nat. Clim. Chang. 4, 1–6 (2014).
 4. Vergés, A. et al. The tropicalization of temperate marine ecosystems: Climate-mediated changes in herbivory and community 

phase shifts. Proc. R. Soc. B. 281, 20140846 (2014).
 5. Wernberg, T. et al. An extreme climatic event alters marine ecosystem structure in a global biodiversity hotspot. Nat. Clim. Chang. 

2, 78–82 (2013).
 6. Hobday, A. J. et al. A hierarchical approach to defining marine heatwaves. Prog. Oceanogr. 141, 227–238 (2016).
 7. Holbrook, N. J. et al. A global assessment of marine heatwaves and their drivers. Nat. Commun. 10, 2624 (2019).
 8. Oliver, E. C. J. et al. Projected marine heatwaves in the 21st century and the potential of ecological impact. Front. Mar. Sci. 6, 734 

(2019).
 9. Pecl, G. T. et al. Biodiversity redistribution under climate change: Impacts on ecosystems and human well-being. Science 355, 

eaai9214 (2017).
 10. McHenry, J., Welch, H., Lester, S. E. & Saba, V. Projecting marine species range shifts from only temperature can mask climate 

vulnerability. Glob. Chang. Biol. 25, 4208–4221 (2019).
 11. Fogarty, H. E., Burrows, M. T., Pecl, G. T., Robinson, L. M. & Poloczanska, E. S. Are fish outside their usual ranges early indicators 

of climate-driven range shifts?. Glob. Chang. Biol. 23, 2047–2057 (2017).
 12. Garcia Molinos, J. et al. Climate velocity and the future global redistribution of marine biodiversity. Nat. Clim. Chang. 6, 83–88 

(2016).
 13. Cheung, W. W. L. et al. Projecting global marine biodiversity impacts under climate change scenarios. Fish Fish. 10, 235–251 

(2009).
 14. Free, C. M. et al. Impacts of historical warming on marine fisheries production. Science 363, 979–983 (2019).
 15. Perry, A. L., Low, P. J., Ellis, J. R. & Reynolds, J. D. Climate change and distribution shifts in marine fishes. Science 308, 1912–1915 

(2005).
 16. Bates, A. E., Stuart-Smith, R. D., Barrett, N. S. & Edgar, G. J. Biological interactions both facilitate and resist climate-related func-

tional change in temperate reef communities. Proc. R. Soc. B. 284, 20170484 (2017).
 17. Krumhansl, K. A. et al. Global patterns of kelp forest change over the past half century. PNAS 113, 13785–13790 (2016).
 18. Howell, P. & Auster, P. J. Phase shift in an estuarine finfish community associated with warming temperatures. Mar. Coast. Fish. 4, 

481–495 (2012).
 19. Roberts, C. M. et al. Marine reserves can mitigate and promote adaptation to climate change. PNAS 114, 6167–6175 (2017).
 20. Caselle, J. E., Davis, K. & Marks, L. M. Marine management affects the invasion success of a non-native species in a temperate reef 

system in California, USA. Ecol. Lett. 21, 43–53 (2018).
 21. Olds, A. D., Pitt, K. A., Maxwell, P. S., Babcock, R. C. & Conolly, R. M. Marine reserves help coastal ecosystems cope with extreme 

weather. Glob. Chang. Biol. 20, 3050–3058 (2014).
 22. Micheli, F. et al. Evidence that marine reserves enhance resilience to climatic impacts. PLoS ONE 7, e40832 (2012).
 23. Sandin, S. A. et al. Baselines and degradation of coral reefs in the Northern Line Islands. PLoS ONE 3, e1548 (2008).
 24. Bates, A. E. et al. Climate resilience in marine protected areas and the “Protection Paradox”. Biol. Conserv. 236, 305–314 (2019).
 25. Jacox, M. G., Tommasi, D., Alexander, M. A., Hervieux, G. & Stock, C. A. Predicting the evolution of the 2014–2016 California 

Current system marine heatwave from an ensemble of coupled global climate forecasts. Front. Mar. Sci. 6, 497 (2019).
 26. Gentemann, C. L., Fewings, M. R. & García-Reyes, M. Satellite sea surface temperatures along the West Coast of the United States 

during the 2014–2016 northeast Pacific marine heat wave. Geophys. Res. Lett. 44, 312–319 (2017).
 27. Hu, Z. Z., Kumar, A., Jha, B., Zhi, J. & Huang, B. Persistence and predictions of the remarkable warm anomaly in the Northeastern 

Pacific Ocean during 2014–16. J. Clim. 30, 689–702 (2017).
 28. Cavangaugh, K. C., Reed, D. C., Bell, T. W., Castorani, M. C. N. & Beas-Luna, R. Spatial variability in the resistance and resilience 

of giant kelp in Southern and Baja California to a multiyear heatwave. Front. Mar. Sci. 23, 413 (2019).
 29. Caselle, J. E., Rassweiler, A., Hamilton, S. L. & Warner, R. R. Recovery trajectories of kelp forest animals are rapid yet spatially 

variable across a network of temperate marine protected areas. Sci. Rep. 5, 14102 (2015).
 30. Winant, C. D. & Bratkovich, A. W. Temperature and currents on the Southern California shelf: A description of variability. J. Phys. 

Oceanogr. 11, 71–86 (1981).
 31. Freedman, R. F., Understanding the efficacy of spatial management on emerging threats. Dissertation, University of California 

Santa Barbara, Santa Barbara, CA (2019)
 32. Kruschke, J. K. & Liddell, T. M. The Bayesian new statistics: Hypothesis testing, estimation, meta-analysis, and power analysis 

from a Bayesian perspective. Psychon. Bull. Rev. 25, 178–206 (2018).



8

Vol:.(1234567890)

Scientific Reports |        (2020) 10:21081  | https://doi.org/10.1038/s41598-020-77885-3

www.nature.com/scientificreports/

 33. Kruschke, J. Doing Bayesian Data Analysis: A Tutorial with R, JAGS and Stan (Academic Press, London, 2014).
 34. Leaman, B. M. Reproductive styles and life history variables relative to exploitation and management of Sebastes stocks. Environ. 

Biol. Fishes. 30, 253–271 (1991).
 35. Day, P. B., Stuart-Smith, R. D., Edgar, G. J. & Bates, A. E. Species’ thermal ranges predict changes in reef fish community structure 

during 8 years of extreme temperature variation. Divers. Distrib. 24, 1036–1046 (2018).
 36. Bowler, D. E. et al. Cross-realm assessment of climate change impacts on species’ abundance trends. Nat. Ecol. Evol. 1, 0067 (2017).
 37. Horta e Costa, B. Tropicalization of fish assemblages in temperate biogeographic transition zones. Mar. Ecol. Prog. Ser. 504, 241–252 

(2014).
 38. Filbee-Dexter, K. & Wernberg, T. Rise of turfs: A new battlefront for globally declining kelp forests. Bioscience 68, 64–76 (2018).
 39. Harris, R. M. B. et al. Biological response to press and pulse of climate trends and extreme events. Nat. Clim. Chang. 8, 579–587 

(2018).
 40. Hamilton, S. L., Caselle, J. E., Malone, D. P. & Carr, M. H. Incorporating biogeography into evaluations of the Channel Islands 

marine reserve network. PNAS 107, 18272–18277 (2010).
 41. Grober-Dunsmore, R. L. et al. Vertical zoning in marine protected areas: Ecological consideration for balancing pelagic fishing 

with conservation of benthic communities. Fisheries. 33, 598–610 (2011).
 42. Hanson, A. J. Global change in forests: Responses of species, communities, and biomes: Interactions between climate change and 

land use are projected to cause large shifts in biodiversity. Bioscience 51, 765–779 (2001).
 43. Bruno, J. F., Côté, I. M. & Toth, L. T. Climate change, coral loss, and the curious case of the parrotfish paradigm: Why don’t marine 

protected areas improve reef resilience?. Annu. Rev. Mar. Sci. 11, 307–334 (2019).
 44. Essington, T. E., Beaudreau, A. H. & Wiedenman, J. Fishing through marine food webs. PNAS 103, 3171–3175 (2006).
 45. Pauly, D., Christensen, V., Dalsgaard, J., Froese, R. & Torres, F. Jr. Fishing down marine food webs. Science 279, 860–863 (1998).
 46. Bowler, D. & Böhning-Gaese, K. Improving the community-temperature index as a climate change indicator. PLoS ONE 12, 

e0184275 (2017).
 47. Airamé, S. et al. Applying ecological criteria to marine reserve design: A case study from the California Channel Islands. Ecol. 

Appl. 13, 170–184 (2003).
 48. Hill, M. Diversity and evenness: A unifying notation and its consequences. Ecology 54, 427–432 (1973).
 49. Amman, A. J. SMURFs: Standard monitoring units for the recruitment of temperate reef fishes. J. Exp. Mar. Biol. Ecol. 299, 135–154 

(2004).
 50. Lüdecke D. sjstats: Statistical Functions for Regression Models (Version 0.17.9) https ://CRAN.R-proje ct.org/packa ge=sjsta ts (2020).
 51. Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D. & R Core Team. nlme: Linear and Nonlinear Mixed Effects Models. R package version 

3.1–145, https ://doi.org/10.5281/zenod o.12844 72, https ://CRAN.R-proje ct.org/packa ge=nlme (2020).
 52. Lenth, R. V. Least-squares means: The R Package lsmeans. J. Stat. Softw. 69, 1–33. https ://doi.org/10.18637 /jss.v069.i01 (2016).

Acknowledgements
We would like to thank NOAA’s Integrated Ecosystem Assessment program for funding to complete this work 
including Toby Garfield, Chris Harvey and Becky Shuford. We also would like to recognize the PISCO staff who 
have been collecting this long-term dataset for over 20 years. Thank you especially to Katie Davis and Peter 
Carlson who helped with data QA/QC and provided feedback throughout the project.

Author contributions
R.F., C.C.: Contributed to the conception, design, analysis, data interpretation and manuscript drafting of this 
work. J.B., J.C.: Contributed to the conception, analysis, data interpretation and manuscript drafting of this work.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https ://doi.org/10.1038/s4159 8-020-77885 -3.

Correspondence and requests for materials should be addressed to R.M.F.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

https://CRAN.R-project.org/package=sjstats
https://doi.org/10.5281/zenodo.1284472
https://CRAN.R-project.org/package=nlme
https://doi.org/10.18637/jss.v069.i01
https://doi.org/10.1038/s41598-020-77885-3
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Marine protected areas do not prevent marine heatwave-induced fish community structure changes in a temperate transition zone
	Quantifying heatwave impacts to the fish community. 
	Assessing MPA effectiveness to mitigate heatwave induced community structure shifts. 
	Conclusion
	Methods
	Site. 
	Classification. 
	Subtidal diver surveys. 
	Recruitment. 
	Bayesian highest density internals (HDI) and region of practical equivalence (ROPE). 
	Assessing MPAs’ ability to mitigate effects of acute climate drivers. 

	References
	Acknowledgements


