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The impact of marine heatwaves
on rocky intertidal communities:
evidence of accumulative
carryover effects of
marine heatwaves

Ken Ishida1*†, Michikusa Tachibana1, Yuan Yao1, Yoko Wada2

and Takashi Noda3

1Graduate School of Environmental Science, Hokkaido University, Sapporo, Japan, 2Faculty of
Agriculture, Miyazaki University, Miyazaki, Japan, 3Faculty of Environmental Earth Science, Hokkaido
University, Sapporo, Japan
The frequency and duration of marine heat waves (MHWs) have recently

increased. There is therefore an urgent need to understand the response of

marine organisms to MHWs. However, most estimates of MHW impacts on

abundances include the effects of environmental stochasticity other than the

MHWs. In addition, although MHWs sometimes persist for year-round or

occur repeatedly for shorter periods, the accumulative carryover effects

(ACEs)— the effects of sequential events accumulating additively over time

— of MHWs on organisms have never been evaluated. Furthermore, the

relationship between species niche traits other than thermal niches and

susceptibility to MHWs is unknown. We examined the impacts of MHWs in

southeastern Hokkaido, northern Japan, in summer from 2010 to 2016 on

rocky intertidal communities by distinguishing MHW effects from

environmental stochasticity. We asked (1) Did MHWs have ACEs on four

major functional groups: macroalgae, sessile invertebrates, herbivorous

invertebrates, and carnivorous invertebrates? (2) Does ignoring ACEs lead

to biased assessments? (3) How did the effects of the MHWs on functional

groups and their subsequent recovery differ? And (4) How does the

susceptibility to MHWs differ with species niche (thermal and vertical) traits?

We detected ACEs of MHWs and found that if they are ignored, the effects of

MHWs can be underestimated. Although MHWs are known to reduce the

abundance of macroalgae and increase that of sessile invertebrates in rocky

intertidal habitats, our results show that macroalgal abundance increased

during and after MHWs, whereas sessile invertebrates showed no change

during or after MHWs. The abundance of herbivorous mollusks decreased

during and after MHWs. Carnivorous invertebrates declined during MHWs and

in the first year after MHWs. During and after MHWs, abundances of species

with low thermal niches decreased and those with high thermal niches

increased. There were no differences in response to MHWs between

vertical niches when accumulative carryover effects were ignored. These
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results emphasize the importance of considering ACEs when assessing the

response of marine organisms to MHWs, and that more studies of these

responses are needed for a variety of ecosystems, regions and organisms to

predict the responses of marine organisms.
KEYWORDS

Marine heatwave, Rocky intertidal, community dynamics, accumulative carryover
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1 Introduction

Marine heatwaves (MHWs) are anomalous, sea-surface-

temperature warm events and are defined as when an upper

determined threshold (the 90th percentile of temperature relative

to the long-term climatology) is exceeded for five or more days

(Hobday et al., 2016), in which multiples of the 90th percentile

difference (2× twice, 3× three times, etc.) from the mean

climatology value define each of the category I (Moderate), II

(Strong), III (Severe), and IV (Extreme) MHW, respectively

(Hobday et al., 2018). MHWs are known to sometimes persist for

long periods (year-round) (Hobday et al., 2018) or to recur annually

for short periods (e.g., every summer) (Miyama et al., 2021a;

Miyama et al., 2021b). From 1925 to 2016, MHW frequency and

duration increased by 34% and 17%, respectively, with a 54%

increase globally in annual marine heatwave days (Oliver et al.,

2018). Also, the number of MHW days is projected to further

increase as a result of global warming (Frölicher et al., 2018).

Therefore, there is an urgent need to understand the response of

marine organisms to MHWs.

In elucidating the response of marine ecosystems toMHWs, it is

important to focus on revealing the impacts of MHWs on

functional groups and species niche traits for various habitats,

organisms, and regions. This is because understanding the

differences in responses to MHWs by functional group will lead

to a better understanding of the effects of MHWs at the community

and ecosystem level. In addition, the relationship between species

niche traits such as thermal tolerance and species’ responses to

MHWs is important because it will lead to an understanding of the

physiological and ecological processes behind differences between

species in MHW effects.

The effects of MHWs on marine ecosystems have been reported

for various parts of the world such as the Mediterranean, Northeast

Pacific, and western Australia (Hobday et al., 2018; Smale et al.,

2019). These studies have shown that biological responses to

MHWs are diverse (negative, positive, or neutral) across multiple

trophic levels (i.e., lower to upper trophic levels) and taxonomic

groups (e.g., plankton, algae, invertebrates, fishes, birds, and

mammals) (Ruthrof et al., 2018; Sanford et al., 2019; Smale et al.,

2019; Suryan et al., 2021). The effects of MHWs vary among species:

the abundances of cold-affinity species decreased after one MHW

(Smale et al., 2017) and those of warmer-water species increased

(Smale et al., 2017; Sanford et al., 2019; Miner et al., 2021) for
02
herbivorous invertebrates (sea urchins and gastropods), barnacles

and Rhodophyta. Many studies have reported differences in the

response of different functional groups to MHWs (Smale and

Wernberg, 2013; Wernberg et al., 2013; Smale et al., 2019; Suryan

et al., 2021; Weitzman et al., 2021), and there are also reported cases

of indirect spillover of MHW effects to other functional groups

(Smale and Wernberg, 2013; Wernberg et al., 2013; Smale et al.,

2017). For example, the decline in abundance of herbivorous

macroinvertebrates (sea urchins and gastropods) after the 2011

MHW in western Australia is possibly because, in addition to direct

thermal stress, invertebrate populations were also likely affected by

the indirect effects of loss of habitat and food resources (Smale et al.,

2017). Responses to an MHW can vary regionally. For example, in

the warm regions along the west coast of Australia, the community

structures of algae (Smale and Wernberg, 2013; Wernberg et al.,

2013), invertebrates (Wernberg et al., 2013) and fishes (Wernberg

et al., 2013), and the abundances of herbivorous macroinvertebrates

(Smale et al., 2017) were significantly different after the 2011 MHW,

whereas no effects were detected in the cooler regions.

Despite the many studies that have been conducted in recent

years, about howMHWs have impacted marine organisms and these

studies are lacking from several perspectives. First, most previous

studies have evaluated the impact of heat waves using comparisons

of abundances from several surveys before and after an MHW

(Smale and Wernberg, 2013; Wernberg et al., 2013; Smale et al.,

2017; Sanford et al., 2019; Thomsen et al., 2019; Weitzman et al.,

2021). Therefore, the estimated impacts of MHWs on abundances

include not only the direct effects of MHWs, but also the effects of

environmental stochasticity—that is, unpredictable spatiotemporal

fluctuation in environmental conditions (Fujiwara and Takada,

2017)— other than the MHWs. Second, accumulative carryover

effects—that is, those occurring when the effects of sequential events

accumulate over time (Ryo et al., 2019)— of MHWs on organisms

are largely unknown. Accumulative carryover effects can occur when

the effects of successive events accumulate additively over time,

because short intervals between events inhibit the system from

recovering to its original state (Ryo et al., 2019). The concept of

the accumulative carryover effect is important because it focuses on

the cumulative effect of frequent small perturbations that can

significantly affect the state of the system, even though the impact

of each individual event is small or negligible. An urgent need is to

understand the accumulative carryover effects of MHWs on marine

ecosystems, because weak MHWs (such as category I and II) occur
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more frequently than strong ones (Hobday et al., 2018; Miyama

et al., 2021a; Miyama et al., 2021b). Third, there has been little

investigation of the relationship between species niche traits and

susceptibility to MHWs, other than for the thermal niche traits of

individual species (Smale et al., 2017; Sanford et al., 2019; Miner

et al., 2021; Harvey et al., 2022). Identifying the species niche traits

susceptible toMHWs can be useful for understanding and predicting

the ecological processes of marine organism responses to MHWs

(Smale et al., 2017; Sanford et al., 2019; Miner et al., 2021; Harvey

et al., 2022).

The rocky intertidal zone is a habitat where the intensity of

desiccation stress varies widely over a narrow vertical range (Noda,

2009). The rocky intertidal benthic assemblages are composed of

organisms of various trophic levels, they are classified as algae,

sessile animals (most species are suspension feeders), grazers and

carnivores (Menge, 1976; Menge et al., 1986; Okuda et al., 2010;

Iwasaki et al., 2016). In the rocky intertidal zone, each species

inhabits a specific elevation range depending on its desiccation

tolerance, with the more desiccation-tolerant species generally

being found in the upper intertidal zone. Rocky intertidal

communities are some of the best study systems for assessing the

response of marine benthic communities to MHWs. First, the

component species of rocky intertidal communities have a variety

of trophic levels. Second, the abundance of most species can

accurately be quantified in a non-destructive way. Therefore, it is

relatively easy to continuously obtain highly accurate time-series

data for the abundance of community component species before

and after MHWs.

Relatively few previous studies have described the effects of

MHWs on rocky intertidal communities, with one case in the South

Island of New Zealand in 2017–2018 (Thomsen et al., 2019) and

another in the northeast Pacific during 2014–2016 (Sanford et al.,

2019; Miner et al., 2021; Suryan et al., 2021; Weitzman et al., 2021;

Spiecker and Menge, 2022). The impact of MHWs on rocky

intertidal organisms was relatively well documented in the latter

series of studies, which have revealed that the effects of MHWs vary

by functional group. For example, the abundance of macroalgae

(Fucus) and that of predatory invertebrates (sea stars) declined

precipitously after the onset of the MHW; in contrast, the

abundance of sessile invertebrates (mussels) increased (Suryan

et al., 2021). In addition, algae cover (Fucus and other fleshy

macroalgae) declined during and after the MHW, whereas that of

sessile animals (barnacles and mussels) increased (Weitzman et al.,
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2021). The effects of MHWs may also differ among species

depending on their thermal niche, with the geographic

distributions of southern species shifting northwards with striking

increases in recruitment (Sanford et al., 2019). In these studies,

however, the effects of MHWs on abundance are estimated by

methods that cannot isolate the effects of MHWs from overall

environmental stochasticity, so the estimates are not

highly accurate.

Differences in response to an MHW by functional group have

also been reported in rocky intertidal communities (Suryan et al.,

2021; Weitzman et al., 2021), but so far the differences in response

using the abundance of an entire functional group have not been

evaluated. Also not yet evaluated are the presence and extent of

accumulative carryover effects of MHWs. Furthermore, the

relationship between the vertical niches of sessile organisms as a

species niche trait and susceptibility to MHWs has never been

investigated. In rocky intertidal community, sessile species live in a

narrow elevation range of the rock surface, where various

environmental stresses change acutely across vertical gradient. Each

species lives in a suitable position that is caused by physiological

characteristics and outcome of species interaction, which is the

vertical niche. Among rocky intertidal sessile organisms, species

with higher vertical niches (i.e., species living in the upper

intertidal zone) may be less susceptible to the effects of anomalous

sea surface warming due to MHWs. First, the upper intertidal zone

has a shorter immersion period than the lower intertidal zone.

Second, thermal extremes and variation increase from low to high

elevations in intertidal habitats (Benedetti-Cecchi et al., 2006; Watt

and Scrosati, 2013). Therefore, species with higher vertical niches

may have acclimated to higher temperature environments.

In the summer (July–September) of all years from 2010 to 2016,

MHWs classified as category I or II occurred in the Oyashio water

off southeast Hokkaido, northern Japan (Miyama et al., 2021a;

Miyama et al., 2021b). The sea surface temperature in summer of all

of these years was continuously higher by more than 1°C than its

climatology, 17.5°C, as defined for the period between 1993 and

2009, and the average summer sea surface temperature between

2010 and 2016 was 18.9°C (Figure 1; Miyama et al., 2021a). The

MHW events have been attributed to a weakening of the influence

from cold Oyashio water resulting from an increase in anticyclonic

eddies from the warm Kuroshio Extension (Miyama et al., 2021a;

Miyama et al., 2021b). After the end of this series of MHWs,

sea surface temperatures declined to normal in 2017 and 2018
FIGURE 1

Time series of the July–September mean sea surface temperature (°C) from 1982 to 2018 southeast of Hokkaido, Japan (143–147°E, 40–43°N). The
blue line shows the 1993–2009 mean; the red line shows the 2010–2016 mean. (From Miyama et al., 2021a).
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(Figure 1; Miyama et al., 2021a; Miyama et al., 2021b).

Subsequently, anticyclonic eddies returned in 2019 and 2020, and

sea surface temperatures again increased (Miyama et al., 2021b). In

this study, we examined the impacts of the MHWs that occurred in

southeastern Hokkaido from 2010 to 2016 on community

abundance (i.e., the sum of the abundances of all species in the

community) of the four main functional groups of rocky intertidal

communities and on the abundances of individual species during

the MHWs from 2010 to 2016 and for two years after the end of the

MHWs (when sea surface temperatures were at normal levels).

Although nearshore temperature dynamics vary at smaller spatial

scales (Krumhansl et al., 2020; Krumhansl et al., 2021), we

estimated the effect size of the MHWs at the regional scale,

covering an entire metapopulation of most of rocky intertidal

organisms (along shorelines at scales of several to tens of

kilometers). This is because population persistence are generally

maintained by persistence of metapopulation, a group of local

populations connected each other with dispersal, not by

persistence of individual local population. Therefore, if the spatial

extent of a stressor encompasses an entire metapopulation, its

impacts at the metapopulation scale is crucial to understand the

ecological consequence of the stressor.

We included only two years after the MHWs (2017 and 2018)

for evaluation; the marine conditions in the study area were far

from normal in the three subsequent years because anticyclonic

eddies again raised sea surface temperatures in 2019 and 2020

(Miyama et al., 2021b), and in 2021 there was an outbreak of

harmful algae (Misaka and Ando, 2021; Iwataki et al., 2022). We

specifically asked the following questions: (1) Did MHWs have

accumulative carryover effects at the regional scale on the

community abundance of the four functional groups and the

abundance of individual species? (2) If accumulative carryover

effects of MHW are found, we also examine how ignoring

accumulative carryover effects leads to biased assessments. (3)

How did the effects of the MHWs on these community

abundances at the regional scale differ between the MHWs

(2010–2016) and the subsequent recovery in the first two years

afterward (2017 and 2018)? (4) How did the impacts of MHWs on

the abundance of each species at the regional scale during the

MHWs (2010–2016), and in the first (2017) and second (2018)
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years after the MHWs differ depending on species niches traits

(thermal and vertical niches)? We assessed the effects of MHWs at

the regional scale because the thermal environment is expected to

have large spatial variation within the range encompassing the

metapopulation scale of marine benthos (Helmuth et al., 2002;

Helmuth et al., 2006).
2 Materials and methods

2.1 Study area

The study area is located on the coast along the Northwest

Pacific Ocean in southeast Hokkaido, Japan (Figure 2). The area is

within the cold temperate provinces (Spalding et al., 2007) and is

impacted by the cold Oyashio current (Payne et al., 2012; Ishida

et al., 2021; Miyama et al., 2021a; Miyama et al., 2021b). In the study

area, the mid-tidal zone is dominated by the native barnacle

Chthamalus dalli and perennial seaweeds such as the crustose

coralline alga Corallina pilulifera, the red algae Gloiopeltis furcata

and Chondrus yendoi, and the brown alga Analipus japonicus

(Kanamori et al., 2017; Ishida et al., 2021). Invertebrate predators

include the whelk Nucella lima and the starfish Leptasterias

ochotensis (Noda and Ohira, 2020). The invasive barnacle Balanus

glandula invaded this area in 2004, but it did not become a

dominant species, with an average cover of less than 5% (Noda

and Ohira, 2020). There was a massive harmful algal bloom in this

region during September–November 2021 (Misaka and Ando, 2021;

Iwataki et al., 2022). The dominant species of the bloom was

identified as Karenia selliformis (Gymnodiniales, Dinophyceae)

(Iwataki et al., 2022). Misaka and Ando (2021) have reported on

the mortality of marine organisms such as salmon, sea urchins,

whelks, octopuses, and Sipuncula caused, by the bloom.
2.2 Census design

We used hierarchical nested sampling (Noda, 2004) for the

layout of each site. Five rocky shores were chosen for the census of

intertidal organisms along the coast in southeast Hokkaido, Japan,
FIGURE 2

Location of five rocky shores chosen for a census of intertidal organisms along the coast in southeast Hokkaido, Japan, along the Northwest Pacific Ocean.
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by the Northwest Pacific Ocean (Figure 2). Within each shore, we

established four or five permanent census plots (the total number of

plots was 21) on steep rock walls in semi-exposed locations. Each

plot was 50 cm wide by 100 cm high, with the vertical midpoint

corresponding to mean tidal level. Abundances of all sessile

organisms (macroalgae and sessile invertebrates) were determined

by placing 200 grid points at 5-cm intervals both vertically and

horizontally on the rock surface within each census plot and

identifying and recording the species occupying each grid point.

The abundances of all mobile organisms (herbivorous and

carnivorous invertebrates) were recorded as the number of

individuals of each species that appeared within each census plot.

The abundances of sessile and mobile organisms in each census plot

just after summer (October or November) from 2004 to 2018 were

used to calculate the total abundances summed over all plots at all

shores for each species in each year.

2.3 Data analysis

To evaluate the impact of MHWs on community abundance

and the abundance of each species at the regional scale, we

calculated the total abundance over all plots for each species in

each year. We used the data for the total abundance of all plots

because the thermal environment is expected to have large spatial

variation within the range encompassing the metapopulation scale

of marine benthos (Helmuth et al., 2002; Helmuth et al., 2006).

Because the differences in the number of plots at each shore was

small (all shores had 4 or 5 plots), we ignored any differences in

abundance between shores and used the same method to obtain the

total abundance at the regional scale. We believe that this had little

effect on the estimation of regional abundance.

When assessing the effect of MHWs on the abundance of

individual species, we selected common species that occurred in

more than seven records in surveys during the 15 years. The data

for rare species that were recorded only a few times in the 15-year

period could contain large observational errors, making it difficult to

accurately estimate abundance and the traits of species’ niches. In the

case of the invasive barnacle Balanus glandula, whose introduction to

the study area occurred relatively recently, the population dynamics

may not have reached equilibrium (Noda and Ohira, 2020), making it

difficult to precisely assess the effects of MHWs on their population

dynamics. They were therefore excluded from the analysis. On the

basis of the above criteria, 25 rocky intertidal macro-benthic species

were included in analysis of the effects of MHWs at the species level:

12 algae, 5 sessile invertebrates, 6 herbivorous mollusks, and 2

carnivorous invertebrates (Tables 1, 2).
2.4 Estimation of effect sizes

To evaluate the effects of MHWs on each functional group and

each species, we calculated the effect sizes (Iwasaki et al., 2016; Noda

et al., 2017; Iwasaki and Noda, 2018) of the abundance of each

functional group and each species from before the MHWs (2004–

2009) to during (2010–2016) and after (2017 and 2018) using the

following formulas:
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Effect   size   of   each   functional   group =
Fduring   or   after − �Fbefore

SD(Fbefore)

Effect   size   of   each   species =
(Sduring   or   after + 0:5) − �Sbefore

SD(Sbefore)

where Fduring or after represents sum of the log10(abundance) of

each functional group for each year during or after the MHWs. �F

before and SD(Fbefore) are the mean and standard deviation,

respectively, for the sum of log10(abundance) of each functional

group for each year before the MHWs. Sduring or after represents the

sum of log10(abundance) of each species for each year during or

after the MHWs. �S before and SD(Sbefore) are the mean and standard

deviation, respectively, for the sum of log10(abundance + 0.5) of

each species for each year before the MHWs. The ± 95% CIs are

only available for the MHWs, as these events occurred in several

consecutive years. Here, if the 95% confidence interval does not

cross the zero line, or if the absolute value of the effect size is greater

than 1.96 (where there is no confidence interval for the estimated

effect size), then this fact indicates that an abundance is significantly

different from that before the MHWs.

While many previous studies assessed effects of MHWs by

comparing abundances from a single pre-MHW survey and several

post-MHW surveys (Smale and Wernberg, 2013; Wernberg et al.,

2013; Smale et al., 2017; Sanford et al., 2019; Thomsen et al., 2019;

Weitzman et al., 2021), this study assessed MHW effects based on

effect sizes calculated using abundance data from multiple pre- and

post-MHW surveys. Thus, this study provides a more accurate

assessment of the effects of MHW because the results are less

influenced by environmental stochasticity other than MHW than

most previous studies. Firstly, because the reference state

abundance (abundance when not affected by heatwaves) in this

study is determined as a multi-year average, the effect of

environmental stochasticity other than heatwaves on the change

in abundance before and after MHW is less than in previous studies.

Secondly, because the effect of the MHW on abundance is assessed

as the relative magnitude of the change in abundance before and

after a MHW to the magnitude of the temporal variation of

abundance in a normal year.
2.5 Species niche traits

We estimated the thermal niche for all species as a species niche

trait. We also estimated the vertical niche for sessile species.

2.5.1 Thermal niches
The position of the thermal niche (i.e., the preferred

temperature) for each species was estimated from information on

sea surface temperatures in the ecoregion in which each species was

distributed (Spalding et al., 2007) using the following formula:

Thermal   niche =

(SSTs   of   northern   range   limit +

SSTs   of   southern   range   limit)  
2
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where SSTs are mean annual sea surface temperatures. The

mean annual sea surface temperatures for each ecoregion

corresponding to the northern and southern range limits were

obtained from Payne et al. (2012).

An ecoregion is part of a biogeographic schema, that is, a global

hierarchical classification system based on marine coastal

environments (Spalding et al., 2007). The biogeographic schema

is a nested system of 12 realms, 62 provinces and 232 ecoregions

(Spalding et al., 2007). Our study area is included within the

Oyashio Current ecoregion within the temperate northern Pacific

realm. In previous studies, thermal niches were estimated by

defining northern (i.e., cold-affinity) species and southern (i.e.,

warmer-water) species using species occurrence reports (Smale

et al., 2017; Sanford et al., 2019). Thus, we obtained occurrence

reports for each species from Hayashi (1943; 1947); Toyokokujigyo

Corporation (1980); Pasco Corporation (1988); Korn and Kulikova

(1995); Yoshida (1998); Higo et al. (1999); Okutani (2000);

Selivanova (2002); Kado (2003); Latypov and Kasyanov (2003);

Nishi (2003); Okuda et al. (2010); Yamazaki (2011); Fukui and

Kashiwao (2012); Cox et al. (2014); Kanamori et al. (2017);

Association for the Research of Littoral Organisms in Osaka Bay
Frontiers in Marine Science 06
(2018); Hanyuda et al. (2018); Ito et al. (2018; 2019); Marko and

Zaslavskaya (2019); Klochkova et al. (2020; 2021); Noda and Ohira

(2020), and Ishida et al. (2021). Here, we focused on the distribution

of each species in four ecoregions along the coastal northwest

Pacific within the temperate northern Pacific realm: Kamchatka

Shelf and Coast, Oyashio Current, Northeastern Honshu, and

Central Kuroshio Current. These four ecoregions with their

distinct latitudinal gradients in sea surface temperatures (Payne

et al., 2012) are suitable as indicators of biogeographic affinity for

each species. For example, for species distributed in the Gulf of

Alaska (51.0–64.8°N) and the Oyashio Current (39.6–52.8°N), the

northern limit would be the Gulf of Alaska, but the mean annual

surface seawater temperature in this ecoregion is higher than that in

the Oyashio Current (Payne et al., 2012); this is contrary to the

“expected” latitudinal gradient of the colder north and the warmer

south. In addition, using these four ecoregions for defining ranges

reflects the natural distribution of the area. For example, Ulva

pertusa, which is distributed in tropical regions, may have been

introduced from temperate regions as a non-indigenous species

(Hanyuda et al., 2016). The number of reported occurrences of

individual species was well described within these four ecoregions,
TABLE 1 Accumulative carryover effects of MHWs on the abundances of 17 sessile species.

Functional group Phylum Taxon Intercept Slope

Estimate P Estimate
P

Macroalgae

Rhodophyta Chondrus yendoi 1.86 0.07 –0.13 0.49

Corallina pilulifera –0.83 0.49 0.52 0.09

Gloiopeltis furcata –0.21 0.79 0.32 0.12

Hildenbrandia spp. 1.35 <0.001 0.07 0.28

Neorhodomela oregona –1.53 0.19 0.18 0.47

Neosiphonia yendoi –0.03 0.96 0.27 0.10

Pterosiphonia bipinnata 1.65 0.07 –0.49 0.03

Chlorophyta Cladophora opaca 0.40 0.11 –0.13 0.04

Ulva pertusa –0.61 0.38 0.00 1.00

Ochrophyta Alaria praelonga 0.33 0.77 –0.06 0.81

Analipus japonicus 0.83 0.31 –0.05 0.77

Fucus evanescens 1.47 0.07 –0.16 0.30

Sessile invertebrates

Porifera Halichondria panicea –0.20 0.80 0.01 0.95

Annelida Neodexiospira spirillum 0.55 0.44 0.11 0.48

Arthropoda Chthamalus dalli –2.57 0.07 0.38 0.19

Corophium sp. –0.15 0.88 –0.04 0.84

Semibalanus cariosus 2.16 0.04 –0.60 0.02
fr
ontiersin.o
Linear regression analysis treated the effect size of species abundance a response variable and the number of years (1–7) since the onset of MHWs as the explanatory variable. Shown are estimated
coefficients for the intercept and slope (Estimate), and p-values (P). An accumulative carryover effect was considered present if the slope was significant and the intercept was not. Bold indicates
p < 0.05.
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and the occurrence reports in four ecoregions of many species were

similar, so we can accurately determine cold-affinity species and

warmer-water species.

2.5.2 Vertical niches
For each of the 17 sessile species, the mode of zonation was

estimated as a measure of their vertical niche position. First, we

estimated the vertical profile of the distribution of each species over

the entire vertical extent of the intertidal zone. For this, in May 2017

we extended each survey plot in the 2004–2018 survey by 50 cm

vertically above and below the original plot, placed 400 grid points at

5-cm intervals both vertically and horizontally on the rock surface

within each extended survey plot as in the 2004–2018 survey, and

recorded the species of sessile organisms occupying each grid point.

The elevation of each grid point was estimated by using the slope of

the rock walls measured at 25-cm vertical intervals on each rock.

Thus, we obtained data for the occupancy within each 200 cm high

by 50 cmwide census plot (400 grid points) inMay 2017, data for the

occupancy within each 100 cm high by 50 cm wide census plot (200

grid points) obtained from the surveys conducted in autumn from

2004 to 2018, and an estimated elevation for each grid point. From

these data, we determined the mean abundance of each sessile

species in the each of 20 elevation classes (100–90 cm, 90–80

cm… –80 to –90 cm, and –90 to –100 cm from mean tidal level),

corresponding to the rock surface in each census plot divided into

10-cm elevation intervals. The vertical niche of each sessile species

was calculated from the average abundance of all elevation classes

obtained using the following formula:

Vertical   niches = o
20
H=1H � SS,H

o20
H=1SS,H

where H is the elevation class defined as 1 at –90 to –100 cm

frommean tidal level. SS,H represents the frequency of occurrence of
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species S in elevation class H. Values of vertical niches are larger in

species that inhabit higher elevations.
2.6 Statistical analysis

If there are accumulative carryover effects from MHWs on

population and community dynamics, then the difference in

abundance during MHWs and under normal conditions (i.e., the

absolute value of the effect size) should be small immediately after

the MHW, but then increase with the elapsed time from the MHW

event. Therefore, to detect whether there was a temporal trend in

the changes in the community abundance of the four functional

groups or the abundance of each species during the MHWs, we

conducted linear regression analysis, with the number of years (1–7)

since the onset of the MHWs as the explanatory variable and the

effect sizes of the abundances of four functional groups and 25

species from 2010 to 2016 as response variables. Here, a significant

slope and a non-significant intercept were considered evidence of

accumulative carryover effects. This is because a significant slope

indicates a linear increase or decrease, and a non-significant

intercept (i.e., the intercept is not different from 0) indicates no

change from before the MHWs.

To determine whether ignoring accumulative carryover effects

would result in a biased assessment of the effects of MHWs on the

abundance of each functional group and each species during the

MHWs and for two years after they ended (when sea surface

temperatures returned to normal), we calculated both the average

effect sizes from 2010–2016 and the accumulative carryover effect

sizes. For the latter measure, we used the effect size in the last year of

the MHWs (2016) for species for which an accumulative carryover

effect was detected, and the average effect size from 2010 to 2016 for

species for which no accumulative carryover effect was found. We
TABLE 2 Accumulative carryover effects on the abundances of eight mobile species.

Functional group Phylum Taxon Intercept Slope

Estimate P Estimate P

Herbivorous mollusks

Mollusca Lacuna (Epheria) decorata –0.83 0.20 0.08 0.57

Littorina brevicula –2.39 0.18 0.98 0.03

Littorina sitkana 0.55 0.59 –0.51 0.07

Lottia cassis 3.73 0.19 –1.49 0.04

Lottia radiata –0.77 0.46 –0.06 0.81

Stenotis uchidai 0.28 0.77 –0.58 0.03

Carnivorous invertebrates

Nucella lima 0.86 0.33 –0.67 0.01

Echinodermata

Leptasterias ochotensis similispinis –1.50 0.33 –0.66 0.09
frontiers
For linear regression analysis the effect size of species abundance was treated as the response variable and the number of years (1–7) since the onset of MHWs was the explanatory variable. Shown
are estimated coefficients for the intercept and slope (Estimate), and p-values (P). An accumulative carryover effect was considered present if the slope was significant and the intercept was not.
Bold indicates p < 0.05.
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compared the average effect size from 2010 to 2016 and the effect

size in the last year of the MHWs (2016) to determine whether it is

important to consider the accumulative carryover effects.

We examined how the effects of MHWs on the abundance of

each species of sessile organisms (macroalgae and sessile

invertebrates) differed following during the onset of the MHWs

(2010–2016) and during the first year (2017) and the second year

(2018) after the MHWs, depending on species niche traits (thermal

and vertical niches). We performed multiple regression analysis in

which the effect size of the abundance of sessile species from 2010–

2016, 2017, and 2018, or consideration of the accumulative carryover

effect, were treated as response variables, and the species niche traits

(standardized thermal niches and standardized vertical niches) were

explanatory variables. The two functional groups of sessile species

were combined because the number of sessile invertebrate species (5

species) was much smaller than that of macroalgae (12 species).

We examined how the effects of MHWs on the abundance of

each species of mobile organism (herbivorous mollusks and

carnivorous invertebrates) differed following during the onset

(2010–2016) and during the first (2017) and second year (2018)

after the MHWs, depending on thermal niche. We performed linear

regression analysis, in which the effect size of the abundance of

mobile species from 2010–2016, 2017, and 2018, or consideration of

the accumulative carryover effects were treated as response

variables, and the standardized thermal niches were explanatory

variables. The two functional groups were combined as mobile

species because the number of species of carnivorous invertebrates

was low (2 species) compared to herbivorous mollusks (6 species).

All linear and multiple regressions were performed after checking

the data for normality by using the Shapiro-Wilk test. In addition,

we have checked that the residuals are normally distributed using

the Q-Q plot. All statistical analyses were executed using R

version 4.1.2.
3 Results

3.1 Accumulative carryover effects

The accumulative carryover effects of the MHWs on

community abundance at the regional scale varied among four
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functional groups of rocky intertidal organisms. There was a

positive carryover effect for macroalgae and a negative one for

carnivorous invertebrates (Table 3), whereas there were no apparent

accumulative carryover effects for sessile invertebrates or

herbivorous mollusks. The interpretation of the impact of MHWs

on the community abundance of functional groups was the same

with (the last year of the MHWs) or without (during the MHWs)

consideration of accumulative carryover effects (Figure 3).

The accumulative carryover effects of the MHWs on regional

population size varied among functional groups. Accumulative

carryover effects were detected for 6 out of the 25 species (24%);

i.e., these species increased or decreased in abundance with the

number of years after the onset of the MHWs (Tables 1, 2). Negative

accumulative carryover effects were detected for 2 out of 12 species

of macroalgae (16.7%) and one of the two species of carnivorous

invertebrates, whereas a positive accumulative carryover effect was

detected for one out of six species of herbivorous mollusks (2%). In

contrast, no accumulative carryover effects were detected for sessile

invertebrate species. For three of the six species for which

accumulative carryover effects were detected, the interpretation of

MHW effects on individual species abundance differed when

accumulative carryover effects were considered (the last year of

the MHWs) or not considered (during the MHWs) (Figures 4, 5).

Although the abundance of these species was not significantly

affected by the MHW during the MHW period, the effect sizes

calculated to account for accumulative carryover effects showed

significant decreases for two species (Pterosiphonia bipinnata for

large algae and Lottia cassis for herbivorous mollusks) and

significant increases for one species (Littorina brevicula for

herbivorous mollusks) (Figures 4, 5).
3.2 Effect size of community abundance
for each functional group during and
after MHWs

The effect of the MHWs on community abundance at the

regional scale varied among the four functional groups of the

rocky intertidal community. There were significant positive effects

on macroalgae during the MHWs (2010–2016), in the last year of

the MHWs (considering accumulative carryover effects), and in the
TABLE 3 Accumulative carryover effects on community abundances of four functional groups of rocky intertidal organisms in southeast Hokkaido, Japan.

Functional group Intercept Slope

Estimate P Estimate P

Macroalgae 0.92 0.07 0.30 0.02

Sessile invertebrates –1.60 0.21 0.23 0.40

Herbivorous mollusks 0.51 0.60 –0.49 0.06

Carnivorous invertebrates 0.85 0.38 –0.69 0.02
frontiers
For linear regression analysis, the effect size of community abundance was treated as the response variable and the number of years (1–7) since the onset of MHWs was the explanatory variable.
Shown are estimated coefficients for the intercept and slope (Estimate), and p-values (P). An accumulative carryover effect was considered present if the slope was significant and the intercept was
not. Bold indicates p < 0.05.
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first and second years after the MHWs (Figure 3). The MHWs did

not have any significant impact on sessile invertebrates. MHWs had

significant negative effects on herbivorous mollusks during the

MHWs (2010–2016), and in the first and second years after the

MHWs (Figure 3). MHWs had significant negative effects on

carnivorous invertebrates during the MHWs, in the last year of

the MHWs (considering accumulative carryover effects), and in the

first year after the MHWs.
3.3 Effect size of abundance of each
species during and after MHWs

The effect of the MHWs on regional population size varied

among functional groups. For macroalgae, MHWs had significant

positive effects on 50% of the species during the MHWs (50.0%),

whereas there were no significant effects on the majority of species

in 2017 and 2018 (both 66.7%) (Figure 4). MHWs had a significant

positive effect on Corallina pilulifera andHildenbrandia spp. during

the MHWs (2010–2016), and in the first and second years after the

MHWs. MHWs had positive effects on the majority of species of

macroalgae during the MHWs (2010–2016), and in the first and the

second year after the MHWs. The effects of the MHWs on regional

population size in the last year of the MHWs (considering

accumulative carryover effects) differed between two species for

which there were negative accumulative carryover effects: the

population size of Pterosiphonia bipinnata decreased significantly,

but that of Cladophora opaca did not.

For sessile invertebrates, most species (80–100%) were

unaffected by MHWs during the MHWs (2010–2016), or in the

first or second years after the MHWs (Figure 4).

For herbivorous mollusks, MHWs had significant negative

effects on 50% or more of the species during the MHWs (50.0%),

and in the first and second years after the MHWs (66.7% and 50.0%,

respectively) (Figure 5). The MHWs had a significant negative
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impact on Littorina sitkana and Stenotis uchidai during the MHWs

(2010–2016), and in the first and second years after the MHWs.

MHWs had negative effects on the majority of species of

herbivorous mollusks during the MHWs (2010–2016), and in the

first and second years after the MHWs. MHWs had a positive effect

on Littorina brevicula in the last year of the MHWs (considering

accumulative carryover effects), and in the first and second years

after the MHWs, in which positive accumulative carryover effects

were detected. MHWs had a significant negative impact in the last

year of the MHWs (considering accumulative carryover effects) for

both species for which negative accumulative carryover effects

were found.

For the two carnivorous invertebrate species, MHWs had

significant negative effects on both during the MHWs (2010–

2016) and in the first year after the MHWs (Figure 5). The

MHWs also had a significant negative impact on Leptasterias

ochotensis similispinis during the second year after the MHWs.

MHWs had a significant negative impact in the last year of the

MHWs (considering accumulative carryover effects) for Nucella

lima , for which there were also negative accumulative

carryover effects.
3.4 Effects of MHWs by species niche traits

The results of multiple regression analysis for sessile organisms

showed significant effects only for thermal niches, regardless of the

response variables. That is, the MHWs caused changes in

composition of sessile assemblages at a regional scale by reducing

the abundances of species with low thermal niches (i.e., cold-affinity

species) and increasing those of species with high thermal niches

(i.e., warmer-water species) (Table 4 and Figure 6).

The results of linear regression analysis for mobile organisms

showed significant effects for thermal niches regardless of the

response variables. That is, the MHWs caused changes in the
FIGURE 3

Effect sizes of MHWs on the community abundance of four functional groups during the MHWs (2010–2016), in the last year of the MHWs (2016;
shown only for functional groups where accumulative carryover effects were detected), and in the first (2017) and second (2018) years after the
MHWs. The mean ( ± 95% CI) is only presented for effect sizes during the MHWs. An abundance is significantly different from that before the MHWs
if the 95% confidence interval does not cross the zero line or if the absolute value of the effect size exceeds 1.96 (where there is no confidence
interval for the estimated effect size). The dotted lines represent 0 and ±95% CI.
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composition of mobile assemblages at a regional scale by reducing

the abundances of species with low thermal niches (i.e., cold-affinity

species) and increasing those of species with high thermal niches

(i.e., warmer-water species) (Table 5 and Figure 6).
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The results of multiple regression analysis for each species of

sessile organisms when considering accumulative carryover effects

showed a significant interaction between thermal and vertical

niches (Table 6). This indicates that the increase in abundance
FIGURE 5

Effect sizes of MHWs on the abundances of eight mobile species during the MHWs (2010–2016), in the last year of the MHWs (2016; shown only for
species where accumulative carryover effects were detected), and in the first (2017) and second (2018) years after the MHWs. The mean ( ± 95% CI)
is only presented for effect sizes during the MHWs. An abundance is significantly different from that before the MHWs if the 95% confidence interval
does not cross the zero line or if the absolute value of the effect size exceeds 1.96 (where there is no confidence interval for the estimated effect
size). The dotted lines represent 0 and ±95% CI.
FIGURE 4

Effect sizes of MHWs on the abundances of 17 sessile species during the MHWs (2010–2016), in the last year of the MHWs (2016; shown only for
species where accumulative carryover effects were detected), and in the first (2017) and second (2018) years after the MHWs. The mean ( ± 95% CI)
is only presented for effect sizes during the MHWs. An abundance is significantly different from that before the MHWs if the 95% confidence interval
does not cross the zero line or if the absolute value of the effect size exceeds 1.96 (where there is no confidence interval for the estimated effect
size). The dotted lines represent 0 and ±95% CI.
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due to MHWs in warmer-water species is more pronounced for

species with higher vertical niches.

The results of linear regression analysis for each species of

mobile animal when considering the accumulative carryover effects

showed no effect by thermal niche (Table 7).
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4 Discussion

In this study, we evaluated the impacts of the MHWs in

southeastern Hokkaido in summer (July–September) from 2010

to 2016 on the abundances and by species niche traits of rocky
A B

D E F

C

FIGURE 6

Relationship between the effect size of MHWs on species abundances of sessile and mobile organisms during the MHWs, and in the first two years
after the MHWs, and standardized thermal niches. Each plot includes the regression line for each model. (A) Sessile organisms during the MHWs,
(B) sessile organisms in 2017, (C) sessile organisms in 2018, (D) mobile organisms during the MHWs, (E) mobile organisms in 2017, and (F) mobile
organisms in 2018. The open circles in (A–C) indicate macroalgae and the filled circles indicate sessile invertebrates. The open circles in (D–F)
indicate herbivorous mollusks, and the filled circles indicate carnivorous invertebrates.
TABLE 4 Results of multiple regression analysis testing how the effects of MHWs on the abundance of each sessile species of rocky intertidal
organism (macroalgae and sessile invertebrates) for each period differ depending on thermal and vertical niches.

Response variable Explanatory variable Estimate Std. error t-value P

Effect size of the abundance of sessile species during MHWs Intercept 0.356 0.192 1.852 0.087

Thermal niche 0.432 0.198 2.179 0.048

Vertical niche 0.057 0.203 0.280 0.784

Thermal niche × Vertical niche 0.262 0.223 1.175 0.261

Effect size of the abundance of sessile species in 2017 Intercept 0.322 0.256 1.259 0.230

Thermal niche 0.784 0.264 2.974 0.011

Vertical niche –0.097 0.270 –0.358 0.726

Thermal niche × Vertical niche 0.403 0.297 1.358 0.198

Effect size of the abundance of sessile species in 2018 Intercept 0.607 0.382 1.588 0.136

Thermal niche 0.867 0.395 2.198 0.047

Vertical niche –0.242 0.404 –0.598 0.560

Thermal niche × Vertical niche 0.469 0.444 1.057 0.310
The response variables are the mean effect size during the MHWs (2010–2016), and the effect sizes in the first (2017) and second (2018) years after the MHWs. Explanatory variables include the
estimated coefficients, standard errors, t-values, and P-values. Bold indicates p < 0.05.
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intertidal communities (macroalgae, sessile invertebrates,

herbivorous mollusks and carnivorous invertebrates) by

separating the effects of MHWs from those of other

environmental stochasticity. We found positive and negative

accumulative carryover effects of MHWs (i.e., a continued

increase or decrease in abundance with the number of years

elapsed since the onset of the MHWs) in the community

abundance of macroalgae and carnivorous invertebrates,

respectively (Table 3). At the species level, accumulative carryover

effects were detected in 6 out of 25 species (Tables 1, 2). The

interpretation of the effect of MHWs on the community abundance

of functional groups did not change with or without consideration

of accumulative carryover effects (Figure 3). However, it is

important to consider the accumulative carryover effects. Because,

abundance of some species was underestimated when ignored

accumulative carryover effects (Figures 4, 5). In addition, we

found differences in the response to MHWs in terms of

community abundance among four functional groups.

Macroalgae increased during and after the MHWs, whereas

sessile invertebrates showed no response (Figure 3). Herbivorous

mollusks decreased in abundance during and after the MHWs.

Carnivorous invertebrates decreased in abundance during the

MHWs and in the first year afterward. Finally, we found reduced

abundances of species with low thermal niches (i.e., cold-affinity

species) and increased abundances of those with high thermal

niches (i.e., warmer-water species) (Tables 4, 5, and Figure 6).

The increase in abundance of warmer-water species due to MHWs

is more pronounced for species with higher vertical niches, but this
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became evident only when accumulative carryover effects were

considered (Table 6).
4.1 Detection of accumulative carryover
effect by MHWs

The frequency of MHWs has increased in recent years (Hobday

et al., 2018; Oliver et al., 2018). Therefore, it is important to clarify

whether MHWs have an accumulative carryover effect when they

occur continuously or persist over multiple years. In this study,

accumulative carryover effects caused by consecutive MHWs were

detected in both the community abundance of some functional

groups and the abundance of some individual species. These results

indicate that repeated weak MHWs, such as category I and II, had

cumulative effects on marine communities and populations.

The 5 species out of 25 for which negative accumulative

carryover effects were found included four species for which

significant negative effects were detected in the last year of the

MHWs (2016)—the macroalga Pterosiphonia bipinnata ,

herbivorous mollusks Lottia cassis and Stenotis uchidai, and the

predatory invertebrate Nucella lima—as well as one species for

which no MHW effects were detected in 2016: the macroalga

Cladophora opaca (Figures 4, 5). This suggests that these five

species are particularly susceptible when MHWs occur

continuously or persist for a period of time. In Cladophora opaca,

the mechanism by which negative accumulative carryover effects

were observed but without significant negative effects in 2016 is
TABLE 6 Results of multiple regression analysis testing how the effects of MHWs on the abundance of each sessile species of rocky intertidal organism (macroalgae and sessile
invertebrates) in 2016 (i.e., considering the accumulative carryover effect) differ depending on thermal and vertical niches.

Response variable Explanatory variable Estimate Std. error t-value P

Effect size of the abundance of sessile species Intercept 0.266 0.207 1.288 0.220

Thermal niche 0.661 0.213 3.101 0.008

Vertical niche –0.083 0.218 –0.381 0.709

Thermal niche × Vertical niche 0.561 0.240 2.340 0.036
The response variable is the effect size obtained by considering accumulative carryover effects. Explanatory variables include estimated coefficients, standard errors, t-values, and P-values. Bold
indicates p < 0.05.
TABLE 5 Results of linear regression analysis testing how the effects of MHWs on the abundance of each mobile species of rocky intertidal organism
(herbivorous mollusks and carnivorous invertebrates) for each period differ depending on thermal niche.

Response variable Explanatory variable Estimate Std. error t-value P

Effect size of the abundance of mobile species during MHWs Intercept –1.463 0.291 –5.029 0.002

Thermal niche 1.424 0.311 4.578 0.004

Effect size of the abundance of mobile species in 2017 Intercept –2.448 0.773 –3.168 0.019

Thermal niche 2.215 0.826 2.682 0.036

Effect size of the abundance of mobile species in 2018 Intercept –1.338 0.366 –3.651 0.011

Thermal niche 2.750 0.392 7.022 <0.001
The response variables are the mean effect size during the MHWs (2010–2016), and the effect sizes in the first (2017) and second (2018) years after the MHWs. Explanatory variables include
estimated coefficients, standard errors, t-values and P-values. Bold indicates p < 0.05.
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unknown, but perhaps this species had a higher thermal niche

(Table 8) than the other four species for which negative

accumulative carryover effects were found, and it was not affected

in 2016 because it is less sensitive to MHWs.
4.2 Evaluation considering accumulative
carryover effects

The interpretation of the impact of MHWs on the community

abundance of functional groups was the same with or without

consideration of accumulative carryover effects, with a significant

increase in macroalgae and a significant decrease in carnivorous

invertebrates (Figure 3). In contrast, the interpretation of the impact

of MHWs on the abundance of individual species for which

accumulative carryover effects were found differed when those
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effects were considered. There were no significant effects during

the MHWs, but for the effect size calculated considering

accumulative carryover effects two of the six species

(Pterosiphonia bipinnata in macroalgae and Lottia cassis in

herbivorous mollusks) showed a significant decrease and one

species (Littorina brevicula in herbivorous mollusks) showed a

significant increase (Figures 4, 5). These results emphasize that

the response of organisms to MHWs should be evaluated even when

accumulative carryover effects are considered.

Our results show that sequential MHWs caused an

accumulative carryover effect on some marine community

abundance and population size. In some species, the effects of the

MHWs could be underestimated if the accumulative carryover

effects were not considered. However, there are still outstanding

questions regarding the accumulative carryover effects of MHWs on

marine organisms. First, it is not clear how the tendency to cause
TABLE 8 Species niche traits of 17 sessile species.

Functional group Phylum Taxon Species niche traits

Thermal niche Vertical niche

Macroalgae

Rhodophyta Chondrus yendoi 9.6 5.3

Corallina pilulifera 12.7 5.5

Gloiopeltis furcata 12.7 11.9

Hildenbrandia spp. 13.7 5.3

Neorhodomela oregona 4.8 4.6

Neosiphonia yendoi 13.7 10.9

Pterosiphonia bipinnata 4.8 9.7

Chlorophyta Cladophora opaca 13.7 6.1

Ulva pertusa 13.7 2.5

Ochrophyta Alaria praelonga 5.8 5.5

Analipus japonicus 8.6 10.9

Fucus evanescens 8.6 6.5

Sessile invertebrates

Porifera Halichondria panicea 12.7 2.3

Annelida Neodexiospira spirillum 13.7 5.3

Arthropoda Chthamalus dalli 8.6 11.2

Corophium sp. 9.6 7.6

Semibalanus cariosus 8.6 9.0
Columns show species’ thermal and vertical niches. Values of thermal and vertical niches are larger in species that inhabit warmer regions and higher elevations, respectively.
TABLE 7 Results of linear regression analysis testing how the effects of MHWs on the abundance of each mobile species (herbivorous mollusks and
carnivorous invertebrates) in 2016 (i.e., considering the accumulative carryover effect) differ depending on thermal niche.

Response variable Explanatory variable Estimate Std. error t-value P

Effect size of the abundance of mobile species Intercept –2.240 0.852 –2.630 0.039

Thermal niche 1.882 0.911 2.066 0.084
The response variable is the effect size obtained by considering accumulative carryover effects. Explanatory variables include estimated coefficients, standard errors, t-values, and P-values.
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accumulative carryover effects depends on species niche traits. For

example, species with longer life histories and smaller dispersal

ability are more likely to show accumulative carryover effects on

population size when sequential MHWs occur. Unfortunately, we

were unable to test this hypothesis in this study because there were

fewer annual and non-planktonic species (7 and 4 species,

respectively) than perennial and planktonic species. Second, it is

not clear which functional groups and species niche traits of the

organisms affected are particularly susceptible to the accumulative

carryover effects of MHWs. In this study, four of the five species for

which negative accumulative carryover effects were found (Tables 1,

2) had significant negative effects detected in the last year of the

MHWs (2016), whereas one species showed no significant negative

effects in 2016 (Figures 4, 5). This suggests that there are functional

groups or species niche traits that are particularly susceptible

among those that show accumulative carryover effects. However,

this hypothesis could not be tested in this study because of the small

number of species showing an accumulative carryover effect.
4.3 Effect size of community
abundance for each functional
group during and after MHWs

The response of rocky intertidal communities to MHWs has

been mainly investigated for relatively strong MHWs (categories I–

III) (Hobday et al., 2018) in the northeast Pacific (Sanford et al.,

2019; Miner et al., 2021; Suryan et al., 2021; Weitzman et al., 2021;

Spiecker and Menge, 2022). Little is known, therefore, about how

relatively weak MHWs (categories I and II) affect rocky intertidal

communities. We examined the effects of category I and II MHWs

(Miyama et al., 2021a; Miyama et al., 2021b) that occur every

summer (July–September) at our study site, thus filling this gap in

our knowledge. Despite the relatively weak category I or II MHWs

that occurred in southeastern Hokkaido, Japan, from 2010 to 2016,
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there were few signs of community abundance recovery in the

major functional groups by the second year after the MHWs. Of the

functional groups that increased or decreased in abundance during

and after MHWs (macroalgae, herbivorous mollusks and

carnivorous invertebrates), both macroalgae and herbivorous

mollusks remained higher and lower in abundance, respectively,

in the second year after the MHWs (2018) (Figure 3).

There are two possible reasons for the increase in macroalgal

community abundance during the MHWs in southeastern

Hokkaido. First, the increase in overall abundance of macroalgae

may have been caused by an increase in warmer-water species due

to the increase in sea surface temperatures caused byMHWs. This is

because the species that comprise the macroalgae are relatively

dominated by warmer-water species with thermal niches greater

than 10 (Tables 8, 9). Four of these species, which include the

dominant crustose coralline algae Corallina pilulifera and the red

alga Gloiopeltis furcata (Kanamori et al., 2017; Ishida et al., 2021),

showed increases in both the mean effect size during the MHWs,

and in the effect size in the first and second years after the MHWs

(Figure 4). Second, the increase in community abundance of

macroalgae may have been caused by a trophic cascade resulting

from a decline in herbivorous invertebrate abundance due to

MHWs. This is supported by the fact that the abundance of algal

communities in rocky intertidal zones is restricted by grazing

pressure (Cubit, 1984; Guerry et al., 2009; Poore et al., 2012). The

community abundances of herbivorous mollusks and carnivorous

invertebrates showed a negative response to MHWs (Figure 3).

Compared to macroalgae and sessile invertebrates, many species of

herbivorous mollusks and carnivorous invertebrates have lower

thermal niches (Tables 8, 9); also, the higher trophic levels are

regulated by environmental stress (Menge and Sutherland, 1987;

Menge and Olson, 1990), which may have caused a decline in

community abundance.

Our results show a significant positive effect of MHWs for the

community abundance of macroalgae in all periods (during and
TABLE 9 Species niche trait of eight mobile species.

Functional group Phylum Taxon Species niche traits

Thermal niche

Herbivorous mollusks

Mollusca Lacuna (Epheria) decorata 9.6

Littorina brevicula 13.7

Littorina sitkana 8.6

Lottia cassis 9.6

Lottia radiata 9.6

Stenotis uchidai 5.8

Carnivorous invertebrates

Nucella lima 8.6

Echinodermata

Leptasterias ochotensis similispinis 5.8
Columns show species’ thermal niche. Values of thermal niche are larger in species that inhabit warmer regions.
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after the MHWs), whereas MHWs had no effect on the community

abundance of sessile invertebrates in any period (Figure 3). In

contrast, previous studies showed a decrease in algae after the 2014–

2016 northeast Pacific MHW in the Gulf of Alaska, but an increase

in sessile animals (Suryan et al., 2021; Weitzman et al., 2021).

Despite being in the same ecosystem (i.e., rocky intertidal zones),

there are a variety of factors that might have caused the differences

in responses between this study and those in the Northeast Pacific

region. There were differences in MHW intensity (categories I and

II, Miyama et al., 2021a; Miyama et al., 2021b vs. categories I–III,

Hobday et al., 2018), species composition (Fucus and mussels are

not dominant species in our study area; Kanamori et al., 2017;

Ishida et al., 2021) and in thermal niches of the component species.

More reports on the responses of marine organisms to MHWs are

needed for various ecosystems, regions, and organisms, including

information on the intensity of MHWs, in order to identify factors

that result in differences in responses to MHWs in the same

ecosystem. Identification of these factors would facilitate our

understanding of the areas and functional groups that are

susceptible to MHWs and would thus help in the conservation of

marine ecosystems.
4.4 Effects of MHWs by species niche traits

Identifying the species niche traits susceptible to MHWs will

improve the predictability the responses of marine organisms to

MHWs. Our results show that the abundances of species with low

thermal niches decreased during and after MHWs, whereas those of

species with high thermal niches increased (Tables 4, 5, and

Figure 6). Previous studies have suggested a decrease in

abundance of cold-affinity species (Smale et al., 2017) and an

increase in warmer-water species (Smale et al., 2017; Sanford

et al., 2019; Miner et al., 2021). These studies suggest that

focusing on thermal niches can be useful for understanding and

predicting the ecological processes behind the responses of marine

organisms to MHWs. When we considered accumulative carryover

effects for mobile animals, there were no differences in the response

to MHWs by thermal niche (Table 7), possibly because the

abundance of Lottia cassis, which has a relatively high thermal

niche among mobile animals (Table 9), was drastically reduced by

accumulative carryover effects (Figure 5).

Our examination of the effects of thermal and vertical niches on

species-specific responses to MHWs did not support our prediction

that sessile rocky intertidal species with higher vertical distributions

(i.e., higher vertical niches) would likely be less affected by MHWs.

One possible reason why our prediction was not supported by our

results is that the MHWs might affect regional-scale population

sizes of rocky intertidal sessile species through complex

mechanisms, including direct and indirect effects of changes in

seawater temperature, which to date have been rarely examined in

empirical studies. To deepen our understanding of the influence of

MHWs on rocky intertidal communities, studies focusing on the

underlying mechanisms that cause interspecific differences in

MHW responses are eagerly awaited. As a cause of interspecific

differences in responses to MHWs, both this and previous studies
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emphasize the importance of thermal niches. However, the

influence and importance of vertical niches are still unknown.

Although the present study demonstrates that the increase in

abundance of warmer-water species due to MHWs is more

pronounced for species with higher vertical niches, a previous

study suggested that vertical niches may not be an important

factor for explaining interspecific differences in response to

MHWs; in the Northeast Pacific, changes in the percent cover of

each rocky intertidal taxon during and after marine heat waves were

similar in both the middle and lower strata of the intertidal zone

(Weitzman et al., 2021).
5 Conclusions

In this study, we examined the response of rocky intertidal

communities to relatively weak (categories I and II) MHWs that

occurred southeast of Hokkaido, northern Japan, in summer (July–

September) from 2010 to 2016. The specific questions addressed

were (1) Did MHWs have an accumulative carryover effect on the

community abundance of the four main functional groups or on the

abundance of each species? (2) How did the effects of MHWs on the

community abundance of the four functional groups during the

MHWs (2010–2016) and subsequent recovery in the first (2017)

and second (2018) years after the MHWs differ? (3) How did the

susceptibility to MHWs differ depending on two species niche traits,

i.e., thermal and vertical niches?

We found that (1) the continuous MHWs had an accumulative

carryover effect on both functional group abundance and the

abundance of individual species. In addition, some species for

which accumulative carryover effects were detected were

underestimated when those effects were not considered.

(2) The community abundance of macroalgae and herbivorous

mollusks increased and decreased, respectively, during the MHWs

(2010–2016), and in the first and second years after the MHWs, and

the community abundance of carnivorous invertebrates decreased

during the MHWs and in the first year after. The increase in

community abundance of macroalgae may have occurred because

the macroalgal communities are composed of a relatively large

number of warmer-water species, and/or by a trophic cascade

resulting from a decrease in the community of herbivorous

invertebrates. The decline in community abundance of

herbivorous mollusks and carnivorous invertebrates may have

been caused by the fact that these communities are composed of

a relatively large number of species with more cold-affinity.

(3) The abundance of species distributed in colder water (i.e.,

lower thermal niches) decreased and those distributed in warmer

water (i.e., higher thermal niches) increased. There were no

detectable differences in response to MHWs between species

distributed at higher vertical positions (i.e., higher vertical niches)

and those at lower vertical positions (i.e., lower vertical niches)

when accumulative carryover effects were not considered. On the

other hand, the increase in abundance due to MHWs in warmer-

water species is more pronounced for species with higher vertical

niches when accumulative carryover effects are considered.
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The results of this study agree with those of a previous study

conducted on subtidal communities (Smale et al., 2017) in that the

susceptibility to MHWs is related to the thermal niche traits of the

species. On the other hand, for the response of functional groups to

MHWs, our results are not consistent with those of previous study

(Weitzman et al., 2021), despite being in the same intertidal

ecosystem (i.e., rocky intertidal). Thus the findings from studies

to date are insufficient to predict the effects of MHWs on marine

ecosystems, and further studies are needed to elucidate the response

of marine organisms to MHW events of various intensities and

durations for a variety of ecosystems, regions, and organisms.
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