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Summary

Chapter 1

1. I reviewed previous studies that examined community dynamics. The result showed
that the quantification of community dynamics has been conducted using a variety of
aggregate properties (community abundance, species richness, and diversity), univariate
non-aggregate properties (individual species abundances), and multivariate non-
aggregate properties (species composition), and that there are three main significances of
the study of community dynamics: (1) to deepen our understanding of the variability of
ecosystem, community, and population dynamics and its driving mechanisms, and (2) to
deepen our understanding of many key ecological phenomena such as stability,
succession, community assembly and synchrony, and (3) to elucidate the driving
mechanisms of community dynamics.

2. I reviewed the studies on marine community dynamics. The results indicated that many
previous studies analyze community dynamics after disturbance caused by experimental
manipulation, while marine community dynamics after natural disturbance, in particular
ocean current fluctuations, eruption, marine heatwave, ice scour, and freshwater flooding,
have not been rarely examined yet. Future work should use long-term continuous
community data, including periods before and after natural disturbances, to determine the
effects of natural disturbances on community dynamics. Especially, influence of ocean
current fluctuations on marine community dynamics is the most important topic of the
research area. This is because ocean current fluctuations occur over a wide area and have
a large spatial range of influence.

3. The target system was examined for assessing the effect of the ocean current
fluctuations on community dynamics, and it was shown that the rocky intertidal

vi



community is one of the best model systems.

Chapter 2

1. Evaluating the ecological resilience of communities is crucial for predicting their
potential to recover from various natural disturbances such as ocean current fluctuations.
In contrast, community temporal invariability can be relatively easily estimated for
various metrics through short-term investigations. Thus, if ecological resilience can be
estimated based on community temporal invariability, this would be advantageous from
a management and conservation perspective.

2. I investigated spatial variation in patterns of a long-term trajectory of community
dynamics representing different aspects of four ecological resilience (stable, reversible,
abrupt, or linear) and temporal variability of species richness, species composition, and
community abundance, as well as their interdependence by analyzing 16-year census data
from 141 rocky intertidal sessile assemblages from six regions along the Pacific coast of
Japan.

3. The result shows that while the stable trajectory was the most common, there was
considerable difference in trajectory of community dynamics among regions, with a faster
recovery to steady-state equilibrium in low-latitude regions. Furthermore, trajectories and
various metrices of temporal variabilities varied among regions, depending on the
strength of ocean current fluctuations. Thus, the relationship between community
temporal invariability and trajectory may be weak or absent, at least at the regional scale.
4. In regions where fluctuations in the flow patterns of the ocean current are greater,
temporal variability in species richness and species composition is greater, while temporal
variability in community abundance is smaller. Temporal variability of species
composition was greater near the Kuroshio Current than near the Oyashio, while temporal
variability of community abundance was the opposite.
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Chapter 3

1. Ocean current fluctuations are associated with the occurrence of marine heatwaves
(MHWs), which are anomalously sea water temperature warm event, have increased. In
recent years, the frequency and duration of MHWs. Therefore, there is an urgent need to
understand the response of marine organisms to MHWs. However, there are several issues
that have not yet been considered.

2. I investigated the response of rocky intertidal communities in the southeast Hokkaido
to marine heat waves during 2010-2016 caused by ocean current fluctuations. I evaluated
the impacts of MHWs on the abundances and species niche (thermal and vertical) traits
of rocky intertidal communities (macroalgae, sessile invertebrates, herbivorous mollusks
and carnivorous invertebrates) by separating the effect of environmental stochasticity.

3. I found that the accumulative carryover effects (i.e., continued increase or decrease in
abundance with the number of years elapsed since the onset of the MHWs) of MHWSs
were detected both in the community abundance of functional groups and in the
abundance of each species. Furthermore, the community abundance of macroalgae and
herbivorous mollusk increased and decreased during MHWs and up to two years later,
respectively. Thus, during and after MHWs, abundances of species with low thermal
niches decreased and those with high thermal niches increased. The increase in abundance
in warmer-water species due to MHWs is more pronounced for species with higher
vertical niches, only when accumulative carryover effects were considered.

4. These results emphasize that the response of organisms to MHWs should be evaluated
even when accumulative carryover effects are considered. There were few signs of
community abundance recovery in the functional groups by the second year after the
MHWs caused by ocean current fluctuations. Focusing on thermal niches can be useful
for understanding and predicting the ecological processes of responses of marine
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organisms to MHWs, while importance of vertical niches is still unknown.

Chapter 4

1. I summarized Chapter 1 to 3. Next, I discussed effects of ocean current fluctuations on
community dynamics of marine organisms.

2. My study supported previous studies that spatiotemporal variations in ocean currents
drive community dynamics. Therefore, the important role of ocean current fluctuations
as a driver of marine community dynamics may be universal in marine ecosystems.
However, since most of the evidences were obtained at the population level of single
species or few species, assessments of the importance of ocean current fluctuations as a
driver of marine community dynamics are awaited as future researches. My study also
shows that analyses, using various properties, provides a comprehensive understanding
of the impact of ocean current fluctuations on the community dynamics and a greater
understanding of the processes and mechanisms behind that impact. It is recommended
to take an approach, where multiple properties are quantified at the same time when
evaluating the effects of ocean current fluctuations on community dynamics. Furthermore,
my study demonstrates that long-term data over a period of 10 years is extremely useful
in assessing the effects of ocean current fluctuations on community dynamics. Despite
the outstanding efficacy of long-term data over 10 years to assess the effects of ocean
current fluctuations on community dynamics, many previous studies have been conducted
over relatively short time series.

3. In elucidating the response of community dynamics to ocean current fluctuations, the
knowledge lacking in previous studies, including this study, is how species traits other
than thermal niche are related to species response to ocean current fluctuations. Therefore,
future studies are needed to evaluate and predict the effects of ocean current fluctuations
on community dynamics, taking into account various species traits, such as nutritional
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(trophic) niches, dispersity, in addition to thermal niche.
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Chapter 1

General Introduction

1.1. Significance of the study of community dynamics

In general, biological communities change over time. This is because communities are
exposed to different natural and anthropogenic environmental changes that can cause
changes in their composition. In addition to environmental changes, demographic
stochasticity, and dispersal can also drive temporal changes in biological communities.
Large number of previous studies focusing on temporal changes in biological
communities have been conducted in various taxonomic groups in terrestrial and aquatic
environments (Cusson et al. 2015; Gotelli et al. 2017; Houlahan et al. 2018; Pires et al.
2018; Smale et al. 2019; Hillebrand and Kunze. 2020; Avolio et al. 2021) and much
knowledge has been accumulated. However, compared to spatial variation in
communities, not much is known about community dynamics. For example, there are
books on spatial ecology (Cantrell et al. 2010) but not on temporal ecology (Ryo et al.
2019). In addition, 300 000 versus 10 000 Google search hits of the terms ‘spatial
ecology’ and ‘temporal ecology’, respectively (Ryo et al. 2019). It is a general pattern
that the number of species increases with increasing area — species-area relationship,
and a similar idea that the number of species increases with increasing of time period of
survey — species-temporal relationship. Despite this interest in community dynamics is
common to studies of spatial variation in communities, the reason why there are fewer
studies of temporal changes compared to spatial variation is that spatial variation in
communities can be evaluated for its patterns and processes by a one-time study
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(snapshot type study), whereas community dynamics require repeated studies in the

same community.

To evaluate community dynamics, researchers should repeat surveys of the same
community, in which community dynamics are quantified as changes in the values of
specific community properties: aggregative properties (community abundance and
diversity) and/or non-aggregative properties (individual species abundances (univariate)
and community composition (multivariate)) (Table 1-1). Quantify changes in
aggregative properties over time are changes in community abundance (e.g., Joseph and
Cusson. 2015; Pinedo et al. 2015; Xu et al. 2019; Antdo et al. 2020; Weitzman et al.
2021), or diversity (e.g., Munari. 2011; Joseph and Cusson. 2015; Pinedo et al. 2015;
Xu et al. 2019; Antdo et al. 2020; Weitzman et al. 2021). Clarifying dynamics in
abundance of functional groups, the units of ecosystem components, and their driving
factors will lead to an understanding of the dynamics of the ecosystem. Ecosystems are
composed of multiple functional groups (e.g., Watling and Steneck. 1982; Steneck and
Dethier. 1994; Peterson et al. 1998) that have similar modes of interaction with other
groups of organisms. The exchange of materials and energy between these functional
groups is the function of an ecosystem. Therefore, the aggregate properties of
community abundance as a unit can be used to understand the patterns of dynamics in
the entire community/ecosystem units. Moreover, measuring dynamics in aggregate
properties is useful for understanding the processes of dynamics in the entire
community. For example, by focusing on dynamics in species richness, the degree of

species turnover in the entire community can be determined.

Univariate non-aggregative properties are quantified in individual species abundances
(e.g., Southward. 1991; Menge et al. 1997; Noda et al. 2016; Ohgaki et al. 2019), so it
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will deepen our understanding of population dynamics. Because population ecology
(i.e., understanding population dynamics) has primarily studied the variable
characteristics and drivers of population dynamics for a single species (sometimes a
small group of interacting species) (e.g., Southward. 1991; Ohgaki et al. 2019). Thus,
quantification by univariate non-aggregative properties leads to an understanding of the
physiological and ecological processes behind species differences through increases and

decreases in the species of interest.

The quantification of multivariate non-aggregative properties is mainly done by
multivariate measures, based on pairwise resemblances (similarity, dissimilarity or
distance) among survey units (Anderson et al. 2011; Legendre and Legendre. 2012;
Legendre et al. 2013; Borcard et al. 2018). When multivariate measures are used, they
include the (dis) similarity between consecutive times (e.g., Donohue et al. 2013;
Mrowicki et al. 2016) or the (dis) similarity between the reference time and each
subsequent time (e.g., Bagchi et al. 2017; Miner et al. 2021). All species interact
directly and indirectly with many other species in the community through predation,
prey and competition (e.g., Sanford. 1999; Poore et al. 2012; Pulsford et al. 2016;
Hacker et al. 2019). Therefore, if we focus on only a few species, we will not be able to
understand neither the patterns nor the processes of dynamics of all species. Thus,
quantifying at the community composition unit provides insights that cannot be revealed
by intraspecific density and environmental factors alone for the single species unit

focus.

There are several important implications of focusing on the properties of aggregate,
univariate and multivariate non-aggregate properties, to reveal the community
dynamics. First, it is possible to answer different ecological questions. Second, by
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answering several different ecological questions simultaneously, it is possible to further
deepen our understanding of the patterns of community dynamics and the processes
behind them. Third, even in the case of insufficient data, it is possible to obtain some
scientific understanding of the characteristics of the community dynamics by use one of

the properties.

Community dynamics are closely related to many key ecological phenomena. Because
they are quantified by assessing the community dynamics itself. These themes include
stability (Pimm. 1991; Grimm. 1996; Donohue et al. 2016; Kéfi et al. 2019), succession
describing the development and trajectory of communities and ecosystems over time
(relatively long times) after a known disturbance (Odum. 1969; Farrell. 1991; Young et
al. 2001; Prach et al. 2007; Prach and Walker. 2011; Pulsford et al. 2016; Chang and
Turner. 2019), community assembly describing rules and mechanisms (often stochastic
factors such as priority effects) that dictate local diversity patterns formed from a
regional species pool regardless of disturbance history (Young et al. 2001; Fukami et al.
2015; Chang and HilleRisLambers. 2016) and synchrony (Loreau and De Mazancourt.

2008; Gross et al. 2014; Valdivia et al. 2021a).

Among the phenomena closely related to biological community dynamics, the
community stability has received particular attention recent years. Stability is a
multidimensional concept consisting of several components (Pimm. 1984; Grimm and
Wissel. 1997; Kéfi et al. 2019). Stability components include (1) resistance, which is the
degree to which a change in community following a disturbance (Pimm. 1984;
Hillebrand et al. 2018; Pennekamp et al. 2018; Radchuk et al. 2019), (2) engineering
resilience/recovery, which is the capacity of a community to return to its undisturbed
state following a disturbance (Thrush et al. 2009; Hillebrand et al. 2018; Ingrisch and
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Bahn. 2018; Radchuk et al. 2019), (3) (in) variability, which is the (inverse of)
coefficient of variation of a (in) variable in community of variation (Pimm. 1984;
Houlahan et al. 2018; Antdo et al. 2020) and (4) persistence, which is often used as a
measure of the susceptibility of systems to invasion by new species or the loss of native
species (Pimm. 1984; Donohue et al. 2013; Mrowicki et al. 2016). Thus, components of
stability include not only assesses biological community dynamics in response to
disturbance, but also the be evaluated when focusing on community dynamics without
considering disturbance. The stability component also includes functional stability as
quantified by aggregate properties and compositional stability as measured by non-
aggregate properties. Examples of stability, quantified by aggregative properties,
includes (1) the temporal (in) variability of the species richness or abundance, which is
evaluated as the (inverse of) coefficient of variation of the species richness or
abundance over time (Pimm. 1984; Bulleri et al. 2012; Donohue et al. 2013; Mrowicki
et al. 2016; Antao et al. 2020), (2) the functional resistance, which is measured as the
log response ratio of the abundance in a disturbed community compared to a control
community at the first sampling after disturbance treatment (Hillebrand et al. 2018;
Radchuk et al. 2019; Hillebrand and Kunze. 2020; Polazzo and Rico. 2021; Valdivia et
al. 2021a, b), (3) the functional recovery, which is measured as the log response ratio of
the abundance in a disturbed community compared to a control community at the final
sampling (Hillebrand et al. 2018; Radchuk et al. 2019; Hillebrand and Kunze. 2020;
Polazzo and Rico. 2021; Valdivia et al. 2021a, b). Examples of stability, assessed by
non-aggregative properties includes (1) compositional turnover with aspects of
persistence, which measured by the average of the jaccard (dis) similarity of
consecutive surveys (Pimm. 1984; Donohue et al. 2013; Mrowicki et al. 2016; Eagle et
al. 2021), (2) the compositional resistance, which is measured as Bray-Curtis (dis)
similarity of the community composition between treatment and control at the first
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sampling after disturbance treatment, (3) the compositional recovery, which is measured
as Bray-Curtis (dis) similarity of the community composition between treatment and
control at the final sampling (Hillebrand et al. 2018; Radchuk et al. 2019; Hillebrand
and Kunze. 2020; Polazzo and Rico. 2021; Valdivia et al. 2021a, b). Functional stability
and compositional stability have different aspects, and both would need to know more
about how these metrics are interrelated. For example, despite functional stability is
stable, compositional stability is unstable due to more rapid changes in species
composition through asynchronous fluctuations or compensatory dynamics. In this case,

the interpretation would be the exact opposite.

As of 1997, there were 163 definitions of stability (Grimm & Wissel. 1997), and this
stability component has increased over the years (Kéfi et al. 2019), although the number
of stability components used in studies focusing on the relationship between stability
components is generally 2~6 (Donohue et al. 2013; Mrowicki et al. 2016; Hillebrand et
al. 2018; Pennekamp et al. 2018; Radchuk et al. 2019; Hillebrand and Kunze. 2020;
White et al. 2020; Eagle et al. 2021; Polazzo and Rico. 2021; Valdivia et al. 2021a, b).
As mentioned earlier, quantifying only one component of stability could change the
interpretation of stability, but many previous studies have analyzed only one component
(Donohue et al. 2016; Kéfi et al. 2019). Therefore, studies describing the relationship
between stability components have increased in recent years (Donohue et al. 2013;
Hillebrand et al. 2018; Pennekamp et al. 2018; Radchuk et al. 2019; Hillebrand and
Kunze. 2020; White et al. 2020; Eagle et al. 2021; Polazzo and Rico. 2021; Valdivia et

al. 2021a).

Thus, while the theme of research on community dynamics is aimed at a deeper
understanding of various key ecological phenomena, another important goal of research
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on community dynamics is to understand the driving factors of community dynamics.
Particular attention has been paid to natural disturbances and inorganic environmental
factors, such as temporal changes in temperature and nutrient concentrations, as drivers
of communities (Buma. 2015; Joseph and Cusson. 2015; Coté et al. 2016; Micheli et al.
2016; Cimon and Cusson. 2018; Iwasaki and Noda. 2018; Komatsu et al. 2019; Orr et al.

2020; Avolio et al. 2021).

1.2. Previous studies on marine community dynamics: a review

The number of publications of previous studies on marine community dynamics has been
increasing in recent years. The number of studies of temporal changes in marine
communities per year was less than 50 from 1990-2000, less than 105 from 2001-2010,
and less than 190 from 2011-2021 (Fig. 1-1). From 1990 to 2021, the number of research
on the marine community dynamics and that on ecology increased 59-fold and 10-fold,
respectively (Fig. 1-2). While community dynamics have been quantified by using three
types of properties, including aggregative properties, univariate non-aggregate properties,
and multivariate non-aggregative properties (Table 1), the properties used to quantify
marine community dynamics were biased; relatively, few studies quantify community

dynamics at multivariate non-aggregative properties (Fig. 1-3).

Among the key ecological phenomena quantified by assessing the community dynamics
themselves, i.e., stability, succession, community assembly, and synchrony, stability and
succession were the key ecological phenomena that were most frequently studied in
marine community dynamics (Fig. 1-4). Many previous studies dealing with stability
aimed to deepen understanding of the factors affecting stability (Bulleri et al. 2012;
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Mrowicki et al. 2016; Miner et al. 2021; Valdivia et al. 2021b) and tried to elucidated
relationship among various properties of multiple stability components (Donohue et al.
2013; White et al. 2020; Valdivia et al. 2021a). Many previous studies dealing with
succession aimed to clarify the temporal transitional patterns in various community
properties and their underlying mechanism (Sousa. 1979; Lubchenco. 1983; Turner. 1983;
Sousa. 1984; Farrell. 1991; McCook and Chapman. 1997; Foster et al. 2003; Petraitis and
Dudgeon. 2005; Petraitis et al. 2009; Valdivia et al. 2014; Martins et al. 2018). A common
trend in previous studies on marine community dynamics dealing with stability or
succession is that many of them analyze community dynamics after disturbance caused
by experimental manipulation (Sousa. 1979; Lubichenco. 1983; Turner. 1983; Sousa.
1984; Farrell. 1991; Foster et al. 2003; Petraitis and Dudgeon. 2005; Petraitis et al. 2009;
Donohue et al. 2013; Valdivia et al. 2014; Mrowicki et al. 2016; Martins et al. 2018;
White et al. 2020; Valdivia et al. 2021a, b), while marine community dynamics after
natural disturbance have not been rarely examined yet. This may be because long-term
community data, including periods before and after natural disturbances, have seldom

been available from marine communities.

An important goal of research on community dynamics is to elucidate the driving
factors of community dynamics. As drivers of community dynamics, disturbances and
change in abiotic environmental factors have been particularly paid attention (Joseph
and Cusson. 2015; Coté et al. 2016; Micheli. et al. 2016; Cimon and Cusson. 2018;
Iwasaki and Noda. 2018; Orr et al. 2020). While in marine ecosystems, many
environmental variables, such as temperature, nutrient, salinity, primary productivity,
wave action, desiccation, and tidal action, have been considered to be the main causes
of spatiotemporal variation in the abundance and distribution of marine organisms;
Sanford et al. 1999; Menge et al. 2003; Nielsen and Navarrete. 2004; Schoch et al.
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2006; Gomes and José. 2009; Vinueza et al. 2014; Kunze et al. 2021), these
environmental factors: temperature, nutrient, salinity and primary productivity have
been paid attention as driver of marine community dynamics (Fig. 1-5). While in marine
ecosystems, various disturbance agents, such as upwelling fluctuation, cyclone, ocean
current fluctuation, eruption, marine heatwave, ice scour and freshwater flooding, often
significantly impact the abundance and distribution of marine organisms (Haymon et al.
1993; Menge et al. 2003; Nielsen and Navarrete. 2004; Guillemot et al. 2007; Munari.
2011; Petraitis et al. 2015; Russell. 2015; Noda et al. 2016; Wolff et al. 2016; Ohgaki et
al. 2019), only two disturbance events: upwelling fluctuation and cyclone, have been
paid attention as driver of community dynamics (Fig. 1-6). Many of them analyze
community dynamics after disturbance caused by experimental manipulation (Sousa.
1979; Lubichenco. 1983; Turner. 1983; Sousa. 1984; Farrell. 1991; Foster et al. 2003;
Petraitis and Dudgeon. 2005; Petraitis et al. 2009; Donohue et al. 2013; Valdivia et al.
2014; Mrowicki et al. 2016; Martins et al. 2018; White et al. 2020; Valdivia et al. 2021a,
b), while marine community dynamics after natural disturbance have not been rarely
examined yet. This may be because long-term community data, including periods before

and after natural disturbances, have seldom been available from marine communities.

In summary, while many previous studies analyze community dynamics after
disturbance caused by experimental manipulation, our knowledge about the marine
community dynamics caused by various natural disturbance events on marine
community dynamics, especially ocean current fluctuations, eruption, marine heatwave,
ice scour, and freshwater flooding, is still limited. Thus, future works to aim to elucidate
the effects of these natural disturbances on community dynamics using long-term
community data, including periods before and after natural disturbances are eagerly
awaited. Especially, influence of ocean current fluctuations on marine community
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dynamics is the most important topic of the research area. This is because ocean current
fluctuations occur over a wide area and have a large spatial range of influence. In
addition, ocean current fluctuations are also associated with the occurrence of marine

heatwaves (e.g., Miyama et al. 2021).

1.3. Rocky intertidal communities: a model system for assessing

the effects of ocean current fluctuations on community dynamics

Rocky intertidal communities are one of the best study systems for examining the effects
of ocean current fluctuation on community dynamics. First, because the lifespan of most
rocky intertidal organisms ranges from several months to several years, ocean current
fluctuation is likely to be reflected in the community dynamics. Second, rocky intertidal
communities consist of a wide range of unbiased taxa with various life forms, including
macroalgae, sessile animals (bivalves, crustaceans, and coelenterate), herbivorous
invertebrates (sea urchins and gastropods), and carnivorous invertebrates (starfish and
gastropods; Okuda et al. 2010; Iwasaki et al. 2016), which ensures generality in assessing
the effects of ocean current fluctuations on marine benthic communities. Third, rocky
intertidal organisms can be easily and precisely identified, and their abundance can be
accurately and non-destructively quantified, thus allowing for continuous and accurate
quantification of a variety of community properties (Tsujino et al. 2010; Kanamori et al.
2017). Fourth, previous studies of rocky intertidal communities have accumulated a
wealth of knowledge about the environmental factors that drive community dynamics
(Menge et al. 1997; Menge. 2000; Menge et al. 2003; Nielsen and Navarrete. 2004;
Schoch et al. 2006; Vinueza et al. 2014; Menge et al. 2015), which can help interpret the
response of community dynamics to in ocean current fluctuations.
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In the following chapters, I will evaluate the effects of ocean current fluctuations on rocky
intertidal community dynamics. In chapter 2, I examine spatial variation that captures the
trajectories of the community quantified by aggregate properties and multivariate non-
aggregate properties as stability. In chapter 3, I quantify community dynamics by using

aggregate and univariate non-aggregate properties to examine the underlying mechanisms.
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Fig. 1-1. Annual changes in the number of articles on marine community dynamics. I
searched the Web of Science for articles published the period 1990-2021 using the
following search statement: (“communit®*” AND “trajector*” OR “communit*” AND
“temporal change” OR “communit*” AND “temporal varia*”’ OR “community change”
OR “community dynamic*”). Of these, I extracted marine communities by using the
following search statement: (“rocky intertidal” OR “seaweed bed” OR “kelp bed” OR
“sandy beach” OR “estuary” OR “coral reef” OR “mangrove” OR “deep sea” OR
“hydrothermal” OR “cold seep” OR “pelagic”).
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Fig. 1-2. Annual changes in the number of articles on marine community dynamics (blue;
same data with Fig. 1-1), and in the number of previous studies on ecology (black: articles
published the period 1990-2021 using the following search statement: (ecology) on Web

of Science).
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Fig. 1-3. Number of articles of marine community dynamics contain terms aggregative
properties, univariate non-aggregate properties, and multivariate non-aggregative
properties in the Web of Science for articles published the period 1990-2021 using the
following search statement: (“‘community abundance” OR “community biomass” OR
“community cover*” OR “community densit*” OR “total” AND “abundance” OR “total”
AND “biomass” OR “total” AND “cover*” OR “total” AND “densit*” OR “species
richness” OR “number of species” OR “diversity"), (‘“abundance” OR “biomass” OR
“cover*” OR “densit*” NOT “community abundance” NOT “community biomass” NOT
“community cover*” NOT “community densit*” NOT “total” AND “abundance” NOT
“total” AND “biomass” NOT “total” AND “cover*” NOT “total” AND “densit*”), and

(“similarit*” OR “dissimilarit*”) , respectively.
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Fig. 1-4. Number of articles of marine community dynamics that contain terms stability,
succession, community assembly, and synchrony in the Web of Science for articles
published the period 1990-2021 using the following search statement: (“stability" OR
"resilience" OR "resistance" OR '"recovery" OR "persistence"), ("succession" OR
"succession*"), ("community assembly"), and ("synchrony" OR "asynchrony" OR
"synchronicity" OR "asynchronicity" OR "synchronous" OR "asynchronous"),

respectively.

26



600+

4001
200— . I
0

Temperature Nutrient Salinity Primary Wave Desiccation Tidal
productivity action action

Number of articles

Environmental factor

Fig. 1-5. Number of articles of marine community dynamics that contain terms
temperature, nutrient, salinity, primary productivity, wave action, desiccation, and tidal
action in the Web of Science for articles published the period 1990-2021 using the
following search statement: (“"temperature" OR "temperature*"), ("nutrient*" OR
"nutriments"), ("salinity"), ("chlorophyll a" OR "chlorophylla" OR "Chl a" OR "Chl-a"
OR "chlorophyll-a"),( "wave action" OR "wave-action") ,("desiccation" OR "aerial

exposure"), and ("tidal action" OR "tidal-action" OR "tidal level fluctuat*"), respectively.
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Fig. 1-6. Number of articles of marine community dynamics that contain terms
upwelling fluctuation, cyclone, ocean current fluctuation, eruption, marine heat wave,
earthquake, ice scour, and freshwater flooding in the Web of Science for articles published
the period 1990-2021 using the following search statement: ("upwelling*" OR
"upwelling fluctuation*"), ("cyclone" OR "cyclonic" OR "storm" OR "typhoon" OR
"hurricane" OR "willy-willy" OR "tornado"), ("ocean current*" OR "ocean current
fluctuation*"), ("eruption" OR "eructation" OR "lava flow" OR "volcanic ash"),("marine
heatwave" OR "marine heatwaves") ,( "earthquake" OR "earthquakes" OR "earth-quake"
OR "earth-quakes"), ("ice scour" OR "ice-scour" OR "ice scour*" OR "ice-scour*" OR

"drift ice" OR "ice drift"), and ("freshwater flooding") respectively.
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Table 1-1. Properties and their Unit and Purpose of study to evaluate dynamics of

biological communities.

Properties Unit Purpose of study
Aggregative Changes in community abundance and Understanding the patterns of temporal changes in the
properties diversity. entire community/ecosystem units and /or the processes of

Univariate non-
aggregative
properties

Multivariate non-
aggregative
properties

Changes in individual species abundances.

The (dis) similarity between consecutive times
or the (dis) similarity between the reference
time and each subsequent time .

temporal changes in the entire community.

Understanding of the physiological and ecological
processes behind species differences through increases and
decreases in the species of interest.

Understanding the patterns of temporal changes in the
community composition unit.
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Chapter 2

Quantifying the dynamics of rocky intertidal sessile
communities along the Pacific coast of Japan:
implications for ecological resilience

2.1. Introduction

The composition of biological communities generally varies temporally because of
environmental changes and ephemeral disturbances, the magnitude and frequency of
which vary with location. It is therefore crucial for the proper management and
conservation of ecosystems to quantify patterns of community trajectories and to assess
their spatial variability. Understanding patterns of community trajectories also provides
insights into ecological resilience—that is, the movement of a community within and
between stable domains (Holling et al. 1996; Peterson et al. 1998; Gunderson. 2000;
Thrush et al. 2009)—which is useful for community conservation and for predicting the
potential of a community to recover from various disturbances. Bagchi et al. (2017)
developed an empirical method that allows researchers to categorize the dynamics of a
focal community into one of four trajectories: stable (i.e., species composition does not
undergo any appreciable change over time), abrupt (a relatively sudden change in
community composition), reversible (the community undergoes major changes in
composition and later returns to the original state), and linear (slow, incremental change
in community composition over time) (Fig. 2-1, Table 2-1). The stable trajectory is
defined by using an asymptotic model from the onset of movement away from a

community defined as the baseline community as
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where (SDI), is the Serensen dissimilarity index relative to the baseline community at
time ¢, ¢1 is the asymptote at steady-state equilibrium, and ¢ is the logarithm of the
rate constant.

The abrupt trajectory is defined by a logistic model as

8
DI);= ——— 2
(DD = S @)

where 6 is asymptotic height, 0 is the time at which divergence (i.e., deviation from the
baseline community) reaches half of 6, ¢ is the time between reaching one-half and
three-quarters of the maximum divergence from the baseline community, and 7 is the
time since the beginning of the record.

The reversible trajectory is defined by a double sigmoid mathematical function that
estimates the distance, timing of onset and return phases (8o and 0Or, respectively), and
duration of onset and return (¢o and ¢r, respectively) as
8o 8r

Dot

SDI); = — .
( ) 1+exp( 50 ) 1+exp(9;);t)

3)

Here 8o and 6r are the asymptotic heights for onset and return phases of community
change, 0o and 6r are the times of onset and return phases at which change reaches one-
half of its asymptotic height, and ¢o and ¢r are the times elapsed between reaching one-
half and three-quarters of the change distance for onset and return phases, respectively. ¢
is the time interval from the beginning of the record.

Finally, the linear trajectory is defined with a linear model as
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where « is the diffusion constant, £denotes the time since the beginning of the record,
and ¢ is an error term representing the intercept. These four trajectories provide a
quantitative basis to compare and interpret ecological resilience, because each trajectory
is related to distinct concepts of ecological resilience. However, trajectory analysis

requires a long-term census of the community.

In contrast, temporal invariability of a community can be relatively easily measured. For
example, it doesn’t require long-term census, many temporal replicates and fitting to
mathematical models, and it has been quantified for both aggregative properties (e.g.,
community biomass) and non-aggregative properties (e.g., community composition) for
various communities, depending on the research topic and question (Tilman et al. 2006;
Hillebrand et al. 2018; Radchuk et al. 2019). In this study, I defined temporal invariability
as the coefficient of variation (CV; aggregative properties) or mean (non-aggregative
properties) of a variable over time (Donohue et al. 2013). Both ecological resilience and
temporal invariability are components of community stability, which is a
multidimensional concept (Pimm. 1984; Donohue et al. 2013; Donohue et al. 2016;
Hillebrand et al. 2018; Pennekamp et al. 2018; Radchuk et al. 2019; Kéfi et al. 2019). The
relationship between components of com-munity stability may depend on the properties
by which the components of stability are measured (Hillebrand et al. 2018; Radchuk et
al. 2019). Therefore, elucidating how community trajectories covary with temporal
invariability, which has been quantified for various community properties, across space
provides a good opportunity to deepen our understanding of the dimensionality of
community stability. Also, it provides insights of efficient strategies for evaluating the
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community trajectories. For example, it is reasonable to predict that the temporal
invariability for communities with a stable trajectory is higher than for those with other

trajectories.

There are several fundamental questions related to the spatial variation of trajectories and
temporal invariability of a biological community. First, do the prevalences of the four
trajectories vary spatially? Second, do the features (model coefficients) of these
trajectories vary spatially? The answers to these two questions will improve our
understanding of the consistency and variability in both quantitative and qualitative
features of the trajectories of natural biological communities. Third, how do temporal
invariabilities change among different trajectories or regions? Addressing this question
should provide knowledge useful for predicting the trajectories of natural communities,
understanding multidimensionality of stability and the interdependencies between

components.

Rocky intertidal sessile communities are some of the best study systems for examining
spatial variation of trajectories and temporal invariability. First, intertidal rocky shores
are common and accessible habitats and have a suite of usually well-described and easily
identifiable species (Raffaelli and Hawkins.1996). Second, temporal changes in a rocky
intertidal sessile community can be easily and non-destructively quantified as presence-
or-absence and percent-coverage data at the same site because of the organisms’ sessile
growth habit. In addition, the community dynamics occurs at a tractable time scale
because the component species of rocky intertidal communities have relatively short life
spans. Previous studies demonstrated that the pace of community dynamics (Tsujino et al.
2010; Kanamori et al. 2017) and the strength of its determinant factors, such as larval flux,
growth rate, and the strength of interspecific interactions, varied spatially depending on
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the coastal oceanography, such as intensity and frequency of upwelling (Menge et al.
1997; Sanford. 1999; Menge. 2000; Connolly et al. 2001; Menge et al. 2003; Nielsen et

al. 2004; Schoch et al. 2006; Vinueza et al. 2014; Menge et al. 2015; Hacker et al. 2019).

Here, I examined how the community dynamics of rocky intertidal sessile assemblages
on the steep slopes of rocks vary spatially along the Northwestern Pacific coast of Japan
(between 31°N and 43°N) by explicitly incorporating hierarchical spatial scale into the
monitoring design. I specifically investigated (1) how the relative prevalence of four
trajectories differs among regions, (2) how the features of each trajectory vary among
regions, and (3) how the temporal invariability of species richness, species composition,
and community abundance differs among trajectories or regions, or both. Specifically, I
hypothesized that regional differences in these trajectories and in the community
invariability of rocky intertidal sessile community dynamics along the Pacific coast of
Japan are governed by spatiotemporal variability of the ocean current systems. The study
area is in the Kuroshio—Oyashio transition area, where the warm Kuroshio Current meets
the cold Oyashio Current, and there are marked differences in abiotic environmental
factors between these currents (Qiu. 2001; Qiu. 2002; Sakurai. 2007; Yatsu et al. 2013).
The differences in environmental factors that reflect the current systems would likely

cause differences in patterns of community dynamics.

Both the Kuroshio and Oyashio Currents show spatial and temporal fluctuations (Qiu.
2001; Qiu. 2002; Kawabe. 2005; Sakurai. 2007; Yatsu et al. 2013; Okunishi et al. 2018;
Japan Meteorological Agency). Previous studies have suggested that spatiotemporal
variability of these ocean current systems has likely caused changes in dominant species
(Taniguchi et al.1986; Nomura, and Hirabayashi.2018), recruitment strength(Taniguchi et
al.1986; Yamaguchi.1986; Ohgaki et al.2019), mortality (Kawajiri et al. 1981; Takami et
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al. 2008; Nomura, and Hirabayashi. 2018), and abundance of coastal organisms (Kawajiri
et al. 1981; Taniguchi et al. 1986; Yamaguchi. 1986; Nomura, and Hirabayashi. 2018;
Ohgaki et al. 2019). Therefore, I speculate that increasing spatiotemporal variability of
ocean current systems increases the relative frequencies of the linear, reversible, and
abrupt trajectories and some model coefficients of each trajectory (« of the linear, &, and
Or of the reversible, ¢ of the stable, and 6 of the abrupt trajectory) and decreases the
relative frequency of the stable trajectory and three measures of community temporal

invariability: species richness, species composition, and community abundance.

2.2. Materials and methods

Census design

I used hierarchical nested sampling (Noda. 2004) for the layout of each site. Five rocky
shores were chosen for the census of intertidal sessile organisms in each of six regions
(eastern Hokkaido, southern Hokkaido, Rikuchu, Boso, Nanki, and Osumi; Fig. 2-2)
along the Pacific coast of Japan between latitudes 31°N and 43°N, with intervals between
neighboring regions of 263—513 km (mean + SD: 404.9 + 107.3 km; Sahara et al. 2015).
Coastal marine biota in the area is affected by two major current systems: the warm
Kuroshio along the southwestern coast and the cold Oyashio from the eastern coast of
Hokkaido to the northeastern coast of Honshu (Fig. 2-2a; Qiu. 2001; Sakurai. 2007; Yatsu
et al. 2013). The three northern regions are under the influence of the Oyashio Current,
with conditional influence from the Tsugaru Warm Current, a branch of the Kuroshio, to
southern Hokkaido and Rikuchu (Qiu. 2001; Hanawa and Mitsudera. 1987; Ohtani. 1987;
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Takasugi. 1992; Takasugi and Yasuda. 1994). The Oyashio and the Tsugaru Warm Current
show interannual variations; the southern limit of Oyashio intrusion changes as does the
outflow pattern of the Tsugaru Warm Current (Conlon. 1982; Isoda and Suzuki. 2004;
Sakurai. 2007; Okunishi et al. 2018). Among the three northern regions in my study, the
southern limit of the first Oyashio intrusion—that is, the first branch of the Oyashio
southward migration—is closest to Rikuchu and farthest from eastern Hokkaido
(Okunishi et al. 2018). The three southern regions are strongly influenced by the Kuroshio.
The Kuroshio also shows marked path fluctuations; the variability of the distance between
the three southern regions and the main Kuroshio axis is smallest at Osumi, followed by
Boso, with the greatest variability at Nanki (Qiu. 2001; Kawabe. 2005). In March 2011,
the Rikuchu census area subsided 50 cm and experienced a tsunami, with local wave

heights of 8—15 m, due to the Great East Japan Earthquake (Noda et al. 2016).

Within each region, I chose five shores at intervals of 2.7—17 km (8.2 + 4.3 km; Sahara et
al.2015) along the coastline (Fig. 2-2b). Within each shore, I established five 5000-cm?
permanent census plots (the total number of plots was 150) on steep rock walls in semi-
exposed locations at intervals of 3.1-378 m (37.3 £ 48.9 m; Sahara et al.2015). Each plot
was 50 cm wide by 100 cm high, with the vertical midpoint corresponding to mean tidal
level. The vertical extent of the permanent plots covered 72.4% of the tidal range (138.2
cm between mean high water and mean low water of spring tides; Noda et al. 2016). The
angles of the rock walls in the plots varied between 41° and 103° (71.6° + 15.8°; Sahara
et al.2015) from horizontal (0°). Although the slopes varied across sites, most census sites
(all plots except three) had slopes of 50°-100°, neither moderate nor overhanging.
Detailed study-site descriptions and biogeographic features of the area are presented
elsewhere (Okuda et al. 2004; Nakaoka et al. 2006). In each census plot, the presence or
absence of all sessile species within a quadrat was recorded by eye, whereas coverage of
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sessile organisms was determined by counting their occurrence at 200 grid points at
intervals of 5 cm both vertically and horizontally from 2003 to 2018. From 2007 on, I

was unable to survey 9 out of 150 plots, for example those buried by sediments.

Data analysis

Community trajectory analysis. I quantified rates and patterns of community dynamics
following methods described elsewhere (Bagchi et al. 2017). From presence/absence data
for sessile organisms in individual census plots, I calculated the Serensen dissimilarity
index as a time series for successive years relative to the initial year. For both
presence/absence and coverage data, I excluded rare taxa that accounted for < 2% of
records in each region during the survey period. The frequency of occurrence of each
taxon of sessile organism in each region is in Table S2-2. I next fitted the dissimilarity
estimates from each census plot to mathematical functions defining each trajectory (i.e.,
I determined the model coefficients of each trajectory).

Finally, I judged the models’ goodness-of-fit with the concordance criterion (CC),

which measures the level of agreement between observed and predicted values for linear
and nonlinear models. CC < 0 indicates lack of fit, and CC = 1 indicates perfect fit,

where

; o \2
Z;-l;l(yl'j—yl'j)

: N2 : ~ =\ 2 _ =\2°
2 i=9) +EL, (94-9) +nu(3-F)

CC;=1- (5)

Here ¥ and J are the means of observed (y;) and predicted () values for sample 7,

respectively, and #; is the sample-specific number of observations in the time series.
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I judged parsimony by using the Akaike information criterion (AIC); competing models
with AAIC <2 were included as trajectories for a community. I first checked whether the
fitted model yielded meaningful coefficient estimates. Here, I verified if the coefficients
were of the correct sign and distinguishable from zero at P =0.10 (e.g., whether a > 0 for
the fitted linear model). Second, I checked if the model with the highest CC was also
supported by the AIC. If not, I checked the model with the second-highest CC and its
corresponding AIC. If no winning model emerged at this third step, I then considered the
plot “unresolved”. This three-step screening to identify the best-fit model ensures that (1)
a model is built with meaningful coefficients, (2) the coefficients well-describe the data,
and (3) all coefficients are necessary. From the coefficients, CC, and AIC of each model,
I classified the trajectory for each plot as stable, reversible, abrupt, or linear. Detailed

descriptions of this method are available elsewhere (Bagchi et al. 2017).

Temporal community invariability

I estimated the temporal invariability of species richness, species composition, and
community abundance for each plot. Temporal invariability of species richness was
calculated as the inverse of the coefficient of variation (CV) of species richness from
presence/absence data. Temporal invariability of species composition was the mean of the
Jaccard similarity in sessile community composition (calculated from species
presence/absence data) between consecutive years (Pimm. 1984; Mrowicki et al. 2016).
Finally, temporal invariability of community abundance was calculated from coverage
data as the inverse of the CV of total sessile community coverage (Bulleri et al. 2012;
Donohue et al. 2016).
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Statistical analysis

To detect regional differences in the proportional distribution of trajectories, I performed
Fisher’s exact test by using Monte Carlo simulations with 10,000 iterations. The
following analyses were applied to local communities with linear or stable trajectories
because my trajectory analyses showed that most correctly categorized trajectories were
linear or stable (Fig. 2-3). To evaluate how community stability varied among regions
within each trajectory, I performed one-way analysis of variance (ANOVA), in which
each coefficient estimate of the best-fit model was treated as a response variable, and
region was a fixed factor. To evaluate how temporal invariability of species richness,
species composition, and community abundance varied among regions and trajectories, I
performed two-way ANOVA, in which the response variables were (1) the inverse of the
CV of species richness, (2) the mean of the Jaccard similarity between consecutive years,
and (3) the inverse of the CV of total sessile community cover, as indicators of temporal
invariability, and region and trajectory (linear or stable) were fixed factors. For significant
ANOVAs (P < 0.05), I performed post hoc Bonferroni pairwise comparisons to evaluate

differences between significant groups.

To examine how differences in current systems and the strength of current fluctuations
influenced trajectories and temporal invariability of species richness, species composition,
and community abundance, I performed multiple regression analyses, in which each
trajectory coefficient and the three measures of temporal invariability were treated as
response variables, and current systems and current fluctuations were explanatory
variables. Here, current system was defined as a dummy variable (Kuroshio=0,
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Oyashio = 1), and current fluctuations in each current system were assigned categorical
values in descending order of fluctuation in the flow patterns of the ocean current (eastern
Hokkaido = 1, southern Hokkaido =2, Rikuchu = 3, Boso =2, Nanki = 3, and Osumi = 1).
All ANOVAs and multiple regressions were performed after checking the homogeneity
of variance of the data (Levene’s test) and applying the appropriate transformation. To
evaluate the interdependence among the three measures of temporal community
invariability, I calculated Spearman's rank correlation coefficients. All statistical analyses

were executed with R version 3.5.2.

2.3. Results

The stable trajectory was the most common of the four trajectories, followed by the linear
trajectory (except at Rikuchu and Osumi). The abrupt trajectory was detected only in
eastern Hokkaido and at Rikuchu, and the reversible trajectory was not detected (Fig. 2-
3). The proportions of trajectories differed significantly among regions (Fisher’s exact

test, P<0.001).

All coefficients (a, a coefficient of the linear trajectory, and ¢1 and ¢», coefficients of the
stable trajectory) estimated from the best-fit models varied significantly among regions
(Table S2-1). At the sites with linear dynamics, the Osumi community was more invariant
than the Nanki community (parameter a; Table 2-2). At the sites with stable dynamics,
community stability around the steady-state equilibrium in southern Hokkaido was higher
than that of other regions (parameter ¢1) and the recovery rates to steady-state equilibrium
in the Nanki and Osumi communities were faster than those of other regions (parameter
¢»; Table 2-2). Multiple regression analyses suggest that parameters a and ¢ were higher
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with stronger current fluctuations, and parameter ¢, was lower in areas under the
influence of the Kuroshio Current (Table 2-3).

There was a significant interaction between region and trajectory for the temporal
invariability of species richness. However, neither the temporal invariability of species

composition nor community abundance varied significantly among trajectory types

(Table 2-4).

The temporal invariability of species richness, species composition, and community
abundance varied among regions (Table 2-4). The species richness of communities in
Osumi classified as having linear trajectories was more invariable than that of
communities in southern Hokkaido with linear trajectories and those in Nanki with stable
trajectories (Fig. 2-4a). The species composition of communities in eastern Hokkaido and
Osumi were significantly more stable than those in other regions (Fig. 2-4b). Community
abundance at sites in southern Hokkaido and Boso was more stable than that in other

regions (Fig. 2-4c).

Current fluctuation reduced the temporal invariability of both species richness and species
composition while increasing the temporal invariability of community abundance (Table
2-3). Kuroshio Current regions exhibited lower temporal invariability of species
composition but higher temporal invariability of community abundance than Oyashio
Current regions (Table 2-3). Significant correlations were detected among the three
measures of temporal invariability. The mean of the Jaccard similarity between
consecutive years was positively correlated with the inverse of the CV of species richness,

whereas it was negatively correlated with the inverse of the CV of community abundance

(Fig. S2-1).
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2.4. Discussion

The study area is located in the Kuroshio—Oyashio transition area, in which the Oyashio
is characterized by low temperature, low salinity, and high primary productivity and the
Kuroshio is characterized warmer temperatures, higher salinities, and generally low
primary productivity (Qiu. 2001; Qiu. 2002; Sakurai. 2007; Yatsu et al. 2013). Previous
studies in the area have shown that species richness in intertidal sessile assemblages
within each region decreases with increasing latitude (Okuda et al. 2004), and a cluster
analysis of similarities showed that the rocky intertidal assemblages could be first
classified overall into two groups (comprising the three northern regions and the three
southern regions), and then further separated into distinct groups for each region, except
for the two southern regions (Nanki and Osumi; Nakaoka et al.2006). Despite these
previously reported regional differences, I found a consistent pattern in the proportional
distribution of trajectories across regions. The stable trajectory was the most common,
followed by linear, whereas the other trajectories were rarely detected. A similar pattern
has been observed in perennial grass communities, where stable and linear trajectories
were the first and second most common, respectively (Bagchi et al. 2017). In plant and
animal communities across the globe, the majority exhibit regulated fluctuations of both
species richness and total abundance (Gotelli et al. 2017). In addition, both within and
across meta-analyses that include terrestrial and aquatic systems, threshold transgressions
are rarely detectable (Hillebrand et al. 2020). These studies suggest that biological
communities are generally regulated. Furthermore, the trajectories in common between
rocky intertidal sessile assemblages and perennial grass communities at the regional scale
suggest that some sessile communities in marine benthic and terrestrial habitats show
stable or linear dynamics. Testing this hypothesis will require more research on the spatial
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variation of trajectories in various habitats and taxa.

I did find a significant regional difference in the relative frequency of trajectories
(Fisher’s exact test; P<0.001). Interestingly, the frequency of the stable trajectory per
plot was the highest at Rikuchu, despite this site experiencing subsidence and a large
tsunami during the 2011 Great East Japan Earthquake. This result suggests that the impact
of the March 2011 earthquake on rocky intertidal sessile community dynamics was
relatively small (Iwasaki. et al. 2016). Although the earthquake obviously affected the
population size of some sessile species (Noda. et al. 2016, 2017), it did not significantly

affect the dynamics of species composition in the local communities.

The linear trajectory is defined by using a linear model in which a is the diffusion
constant; the stable trajectory is defined by using an asymptotic model in which ¢ i is the
asymptote at steady-state equilibrium and ¢ » is the logarithm of the rate constant (Bagchi
et al. 2017). @ and ¢ | increased with greater current fluctuation. These results appear to
support the idea that variation in environmental conditions influences species
composition (Nuvoloni et al. 2016). ¢> was lower for communities influenced by the
Kuroshio Current (Nanki and Osumi in particular) than for those influenced by the
Oyashio Current and in other regions. This suggests a faster recovery to steady-state
equilibrium in regions at lower latitudes, presumably because marine organisms living in
warmer environments are faster growing and shorter lived (Clarke. 1983; Moss et al.

2016).

I found that the relationship between community trajectories and temporal invariability
was absent or weak. The trajectory analysis method that I used (Bagchi et al. 2017)
provides an accurate and robust method for distinguishing community dynamics that
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provides insights into characteristics of ecological resilience and their interpretation;
however, it requires long-term census data for the community, many temporal replicates
and fitting to mathematical models. In contrast, community temporal invariability is
easier to estimate. Therefore, if a community trajectory could be estimated from the
community temporal invariability, it would not only advance our understanding of the
multidimensional nature of community stability (Pimm. 1984; Donohue et al. 2013;
Donohue et al. 2016; Kéfi et al. 2019) but would also greatly improve our ability to
establish plans for the sustainable use and conservation of ecosystems by predicting
natural community dynamics. Here, I examined whether there is a relationship between
these trajectories and temporal invariability. My results did not show any clear
relationship, at least for rocky intertidal sessile communities, indicating that direct
estimation is necessary to identify the trajectories of a community. To clarify this issue,
further research is necessary on the relationship between community temporal
invariability and ecological resilience for rocky intertidal sessile communities and for

other community types.

Temporal invariability of species richness, species composition, and community
abundance are components of stability that characterize community dynamics. Therefore,
understanding their spatial variation is crucial for the evaluation and management of
ecosystems. Here, I detected significant differences between regions and between ocean
current systems in the temporal invariability of species composition and community
abundance of rocky intertidal sessile communities. The temporal invariability of biomass
of an algal assemblage was shown to decrease with increasing latitude along the European
coast (Bulleri et al. 2012). This pattern could result from a decrease in the mean value or
an increase in the standard deviation of the aggregate property, or both (Bulleri et al.
2012). My results show that the temporal invariability of community abundance was less

44



stable near the Oyashio Current (that is, at higher latitudes) than near the Kuroshio.
However, it did not show an explicit trend along a latitudinal gradient. As expected, the
effect of spatiotemporal fluctuations in the flow patterns of ocean currents emerged in the
temporal invariability of species richness, species composition and community

abundance of rocky intertidal sessile communities.

2.5. Conclusions

The present study examined how community dynamics of intertidal sessile assemblages
on steep rocky slopes vary spatially along the Northwestern Pacific coast of Japan
between 31°N and 43°N. The majority of communities exhibited stable dynamics in
species composition (i.e., species composition did not undergo any appreciable change)
during the 16 years studied. I found no clear interdependence between the community
trajectories and quantified temporal invariabilities for species richness, species
composition, or community abundance. Therefore, direct estimation is necessary to
identify the trajectories of a community. Regional differences were detected in both
trajectories and temporal invariabilities, associated with spatiotemporal variability of the
ocean current systems in this area. Future research is needed to elucidate the linkage
between spatiotemporal variability of the ocean current systems in the Kuroshio—Oyashio

transition area and the dynamics of rocky intertidal sessile communities.
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Fig. 2-1. Conceptual diagram of four trajectories of community change (Bagchi et al.
2017). The y-axis represents the dissimilarity index of species composition between an
initial time and each subsequent time. Each trajectory represents a different concept of

community ecological resilience.
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Fig. 2-2. Maps showing (a) major ocean current systems around Japan, and (b) the six
study regions along the Northwestern Pacific coast of Japan between 31°N and 43°N.
Five rocky shores (shaded squares) were chosen for the census of intertidal sessile
organisms in each region. The red solid and broken lines in (a) show alternative current

paths. This figure was generated with R version 3.5.2 and the GADM database

(www.gadm.org), version 2.5.
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Fig. 2-3. Relative frequencies of trajectories representing the patterns of ecological
resilience of rocky intertidal sessile communities along the Pacific coast of Japan, based
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Table 2-1. Four community trajectories used in this study and their corresponding

concepts of ecological resilience as quantitatively identified by Bagchi et al. (2017).

Community trajectory

Description

Corresponding concepts of ecological resilience

Linear
Reversible
Stable
Abrupt

Slow, incremental change with time

Major changes, with return to original state

No appreciable change over time
Relatively sudden change

Nonequilibrium, phase shift
Engineering resilience
Resistance, or asymptotic state

State transition, threshold, regime shift, tipping point
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Table 2-2. Summary of model coefficients (mean = SD) for each trajectory found for
communities of rocky intertidal sessile organisms in six regions along the Pacific coast
of Japan. Different superscript letters signify statistically significant differences as
shown by post hoc Bonferroni pairwise comparisons (P < 0.05). NA (not available)

indicates that a trajectory was not applicable in a particular region.

Region Linear Stable Abrupt
Eastern 0=0.0142+0004 ;= 0.34°+0.09 8=10.26+0.09
Hokkaido @,=-0.69"+ 0.45 0=2.32+0.62
¢=1.34+0.09
Southern ¢ =0.012%+0.004 ;= 0.32°+0.04 NA
Hokkaido gy =-0.92"+ 0.36
Rikuchu NA @ = 0.48°+0.06 6=041+0
¢ =—0.66"+ 0.47 0=1.62+0
9=0.66+0
Boso a=0.012"+0.006 ¢;= 0.39°+0.05 NA
9, =—0.83%+0.34
Nanki a=0.017"+0.003 ¢ = 0.41%+0.06 NA
©,=—-1.29"+0.29
Osumi @=0.008°£0.002 ¢;= 0.39"°+0.09 NA

9, =-1.41"+0.54
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Table 2-3. Results of multiple regression analysis for the effects of current systems and
strength of current fluctuations on model coefficients of each trajectory type (linear [«];
stable [¢b1, ¢2]) and on three measures of community temporal invariability (species
richness, species composition, and community abundance). Columns report the

estimated coefficients for explanatory variables, their standard errors, t-values and P-

values.
Response variable Explanatory variable Estimate Std. Error  t-value P

Intercept 0.0057 0.0026 2.19 0.0377

Linear o
Current systems 0.0037 0.0019 1.94 0.0639
Transformation: none Current fluctuation 0.0033 0.0013 2.59 0.0157
Intercept 0.2785 0.0288 9.66 <0.001

Stable ¢,
Current systems -0.0024 0.0188  -0.13 0.9000
Transformation: none Current fluctuation 0.0553 0.0116 4.78 <0.001
Intercept -1.1808 0.1691  -6.99 <0.001

Stable ¢,
Current systems 0.3777 0.1100 3.44 <0.001
Transformation: none Current fluctuation 0.0281 0.0679 0.41 0.6804
o Intercept 0.8254 0.0349  23.67 <0.001

Species richness
Current systems -0.0415 0.0241 -1.72 0.0886
Transformation: log;o Current fluctuation -0.0499 0.0148  -3.37 0.0011
. . Intercept -0.1749 0.0110 -15.85 <0.001
Species composition
Current systems 0.0223 0.0076 2.92 0.0043
Transformation: log;o Current fluctuation -0.0360 0.0047  -7.69 <0.001
) Intercept 0.8981 0.0808 11.12 <0.001
Community abundance

Current systems -0.2539 0.0559 -4.54 <0.001
Transformation: logyg Current fluctuation 0.0693 0.0343 2.02 0.0461
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Table 2-4. Results of two-way ANOVA for the effects of region and trajectory (linear or
stable)? on three measures of community temporal invariability (species richness (a),

species composition (b), and community abundance (c)).

Source of variation df MS F P

(a) Species richness

Region 5 0.05431  4.209 0.00174
Trajectory® 1 0.00417  0.323 0.57113
Region x Trajectory 4 0.05376 4.166  0.00383
Residuals 91 0.01291

Transformation: log;q
Levene's test: F =1.7328, P > 0.05

(b) Species composition

Region 5 0.020171 13.978 <0.001
Trajectory® 1 0.000529 0.366 0.5464
Region x Trajectory 4 0.002939 2.037 0.0958
Residuals 91  0.001443

Transformation: logyg
Levene's test: F = 1.5378, P > 0.05

(c) Community abundance

Region 5 1.1666  29.392 <0.001
Trajectory® 1 0.0213  0.537 0.465
Region x Trajectory 4 0.0684 1.725 0.151
Residuals 91 0.0397

Transformation: log;o
Levene's test: F = 0.7907, P > 0.05

aPlease see main text for a description of community trajectories.
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Table S2-1. Results of ANOVAs for the effect of region on model coefficients of each
trajectory type (linear [a], stable [b and c]) of rocky intertidal sessile communities in six

regions along the Pacific coast of Japan.

Source of variation df MS F P
(a) 0, coefficient of the linear trajectory

Region 4 0.00006155 3.163 0.032
Residuals 24 0.00001946

Transformation: none
Levene's test: F = 1.9349, P > 0.05

(b) ¢4, coefficient of the stable trajectory

Region 5 0.05187 11.49 <0.001
Residuals 67 0.00451

Transformation: none

Levene's test: F = 0.5406, P > 0.05

(c) oy, coefficient of the stable trajectory

Region 5 0.9775 5.364 <0.001
Residuals 67 0.1822

Transformation: none

Levene's test: F = 0.7071, P > 0.05
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Table S2-2. Frequency of occurrence of each sessile organism in each region. The

frequency of occurrence was calculated as the number of census where each sessile

organism was recorded within each region/ total number of census investigated at each

region % 100 (%).

Phylum, Kingdom and Domain Taxon Region
Eastern Hokkaido ~ Southern Hokkaido Rikuchu Boso Nanki Osumi

Bacteria

Cyanobacteria Cyanophyceae spp. - 16.83 48.43 43.32 59.50 45.00

Eukarya

Plantae

Rhodophyta Acrosorium yendoi - 8.58 3.70 - - -
Ahnfeltiopsis flabelliformis - - 5.13 - - -
Bostrychia tenella - - - - - 2.25
Caulacanthus ustulatus - 2211 4473 9597 7825 79.75
Chondracanthus intermedius - - 2365 96.47 44.75 50.75
Chondria crassicaulis - 16.83 2165 4.28 - -
Chondrophycus undulata - - - 655 7.75 1825
Chondrus elatus - - 5.98 - - -
Chondrus nipponicus - - 6.27 - - -
Chondrus ocellatus - - 5.98 3.27 10.50 -
Chondrus spp. - - - 378 575 425
Chondrus verrucosus - - 1823 4761 425 225
Chondrus yendoi 94.44 53.47 49.29 - - -
Congregatocarpus pacificus 5.05 - - - - -
Corallina pilulifera 94.70 71.29 13.68 65.74 450 17.50
Corallinales spp. 5.30 78.88 90.60 99.50 99.00 99.00
Dermonema pulvinatum - - - 1385 9.25 -
Dumontia simplex - 8.25 - - - -
Gelidium divaricatum - - 2279 831 3350 57.00
Gloiopeltis furcata 93.94 95.05 50.71 - - -
Grateloupia spp. - - - - 6.25 -
Hildenbrandia spp. 36.11 93.07 92.88 10.83 98.00 98.00
Jania adhaerens - - - - 8.00 925
Laurencia okamurae - - 598 5894 4.00 3075
Laurencia spp. - - - 327 575 525
Lomentaria hakodatensis - 12.54 8.55 - - -
Mastocarpus pacificus 14.14 41.91 - - - -
Mazzaella japonica - 7.59 - - - -
Nemalion vermiculare - 891 7.12 - - -
Neorhodomela aculeata 4.29 3.96 - - - -
Neorhodomela oregona 12.88 - - - - -
Neodilsea yendoana - 6.27 - - - -
Neosiphonia yendoi 57.58 10.56 313 - - -
Odonthalia corymbifera 3.03 - - - - -
Palisada yamadana - - - - - 4.00
Palmaria palmata - 5.61 - - - -
Peyssonnelia conchicola - - - 17.63 19.50 15.00
Polyopes affinis 4.04 15.84 27.07 - 2.75 -
Polyopes prolifer - - 6.84 8.31 - -
Polysiphonia spp. - 5.61 3.70 5.29 - -
Porphyra yezoensis - 6.60 - - - -
Pterocladiella tenuis - - 513 7.05 1825 7.50
Pterosiphonia bipinnata 17.93 - - - - -
Ptilota filicina 7.07 2.97 - - - -
Rhodellophyceae spp. - - - 378 1275 575
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Table S2-2. Continued

Phylum, Kingdom and Domain Taxon Region
Eastern Hokkaido ~ Southern Hokkaido Rikuchu Boso Nanki Osumi
Chlorophyta Boodlea coacta - - - 27.46 850 27.50
Chaetomorpha aerea 16.92 64.69 11.40 - - -
Chaetomorpha moniligera 7.32 32.01 - - - -
Cladophora herpestica - - - - - 6.50
Cladophora opaca 56.57 69.97 56.70 - - -
Cladophora spp. - - 969 1385 875 16.25
Codium fragile - 2.64 - - - -
Collinsiella cava - - - - 7.00 -
Palmophyllum spp. - - - - 2.25 -
Ulva pertusa 64.65 61.39 15.38 - - -
Ulva sppl.(It used to be accepted as Enteromorpha spp.) 4.29 15.18 456 6222 47.00 21.00
Ulva spp2. - - - 7456 43.25 69.50
Ulvella spp. - - - - 70.50 82.00
Valonia spp. - - - - 2.50 -
Ochrophyta Alaria crassifolia - 5.94 - - - -
Alaria praelonga 4.80 - - - - -
Analipus japonicus 96.72 88.78 60.40 - - -
Bacillariophyceae spp. 3.28 11.88 - 1889 6.00 4.25
Ceramium spp. - - - 227 225 450
Colpomenia bullosa 16.16 8.58 - - - -
Colpomenia sinuosa - - 3.99 403 825 -
Dictyopteris pacifica - 231 - - - -
Dictyota dichotoma - 19.14 6.84  6.05 - -
Endoplura aurea - - 40.74  63.73 - -
Fucus evanescens 31.82 6.27 - - - -
Ishige okamurae - - - 71.03 33.75 39.00
Ishige sinicola - - - 38.79 - -
Leathesia marina 39.90 58.42 513 1562 850 -
Melanosiphon intestinalis 20.45 23.76 - - - -
Myelophycus simplex - - - 15.11 - 2.75
Neoralfsia expansa - - - - 52.25 23.00
Petalonia binghamiae 3.03 3.30 - - - -
Petrospongium rugosum - - - 20.40 - -
Phaeophyceae spp. - 27.06 5897 3879 67.50 83.00
Ralfsia verrucosa - 42.90 21.08 - - -
Saccharina japonica var. japonica - 4.95 - - - -
Sargassum fusiforme - - 1197 5340 2325 -
Sargassum thunbergii - 28.71 570 6.30 - -
Scytosiphon lomentaria 3.03 7.92 - - - -
Silvetia babingtonii - 25.08 - - - -
Sphacelaria spp. 25.25 19.14 3.42 - - -
Tracheophyta Phyllospadix iwatensis - 9.90 - - - -
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Table S2-2. Continued

Phylum, Kingdom and Domain Taxon Region
Eastern Hokkaido ~ Southern Hokkaido Rikuchu Boso Nanki Osumi
Animalia
Porifera Halichondria okadai - - - 22.67 550 4.00
Halichondria panicea 4.80 6.93 1140 19.65 14.75 53.00
Haliclona permollis - - - - - 21.75
Haliclona spp. - - - 3652 375 1575
Hymeniacidon sinapium - - 4.56 252 525 16.75
Cnidaria Actinia equina - 2541 - 6.05 - -
Anthopleura kurogane - 4.29 - - - -
Anthopleura uchidai - 15.18 26.78 7481 7.75 10.25
Campanulariidae spp. - - 741 - - -
Cnidopus japonicus 14.14 11.88 - - - -
Dynamena crisioides - - - - 11.25 1850
Haliplanella lineata - - - - 750 7.75
Mollusca Acar plicata - - - 3.78 - -
Arca boucardi - - - 327 525 -
Arcidae spp. - - - 403 775 1025
Cardita leana - - - 4.28 - -
Chama sp. - - - - 13.00 -
Crassostrea gigas - - 49.57 - 6.75 3.50
Hormomya mutabilis - - - 8.56 - -
Isognomon nucleus - - - - - 4.50
Mytilus coruscus - 3.63 14.25 - - -
Mytilus galloprovincialis - - 35.33 - - -
Mytilus trossulus 6.57 22.44 - - - -
Pinctada martensii - - - - - 2.25
Saccostrea kegaki - - 1054 403 42.00 41.00
Saccostrea mordax - - - - 40.50 70.75
Septifer bilocularis - - - 16.12 36.75 64.50
Septifer virgatus - 45.21 60.68 - 550 30.75
Serpulorbis imbricatus - - - 21.66 1550 25.75
Xenostrobus atratus - - - - 15.75 -
Annelida Hydroides ezoensis - 18.81 87.46 9.82 - -
Neodexiospira spirillum 18.69 33.33 39.60 - - -
Neodexiospira spp. - - - 69.77 13.00 18.25
Polychaeta spp. - - - - - 19.25
Pseudopotamilla occelata - 9.90 15.38 - - -
Sabellidae spp. - - - - - 9.00
Serpulidae spp. - - - 11.84 27.25 39.25
Spirobranchus kraussii - - - 69.27 8350 57.50
Arthropoda Amphibalanus amphitrite - - - - - 3.00
Balanus glandula 58.08 31.68 58.40 - - -
Capitulum mitella - - 7.69 327 5225 69.25
Chthamalus challengeri - 96.70 86.61 51.39 79.00 59.00
Chthamalus dalli 96.97 - - - - -
Corophium sp. 13.64 6.60 - - - -
Perforatus perforatus - - 6.55 - - -
Semibalanus cariosus 18.94 46.53 32.76 - - -
Tetraclita japonica - - - 2,77 57.00 60.50
Tetraclita squamosa - - - - 13.00 40.25
Bryozoa Hippothoidae spp. 2.78 - - - - -
Membraniporidae spp. - - 2.56 - - -
Microporellidae spp. 6.82 3.30 17.09 - - -
Vesiculariidae spp. 2.53 - - - - -
Watersipora cucullata - - 2707 554 450 9.00
Chordata Botryllidae spp. - - 342 - - -
Didemnidae spp. - - - - - 5.50
Polycitor proliferus - - - 13.60 - 8.50

Pyura vittata - - 11.40 - - -




Chapter 3

The responses of rocky intertidal communities in the

southeast Hokkaido to marine heatwaves during
2010-2016

3.1. 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). 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,
b). Category I-IV MHWs are defined on the basis of the degree to which sea surface
temperatures exceed the local climatology (Hobday et al. 2018). 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 (Frélicher 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 to MHWs, 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 MHW:s by functional group will lead to a better understanding of the effects
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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 MHWSs 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 MHWSs 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 herbivorous
invertebrates (sea urchins and gastropods), barnacles and Rhodophyta. Many studies have
reported differences in the response of different functional groups to MHWs (Wernberg
et al. 2013; Smale and Wernberg. 2013; Smale et al. 2019; Suryan et al. 2021; Weitzman
etal. 2021), and there are also reported cases of indirect spillover of MHW effects to other
functional groups (Wernberg et al. 2013; Smale and Wernberg. 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 (Wernberg et al. 2013; Smale and Wernberg. 2013),
invertebrates (Wernberg et al. 2013) and fishes (Wernberg et al. 2013), and the
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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, little is known about
how MHWs 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 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)—may result when MHW events persist for several years or occur
repeatedly over a short period (Hobday et al. 2018; Miyama et al. 2021a, b). However,
the accumulative carryover effects of MHWs on organisms are largely unknown. 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).

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 zone is inhabited
by species of various trophic levels, including algae, sessile animals, grazers and
carnivores (Okuda et al. 2010; Iwasaki et al. 2016), and 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
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communities to MHWSs. 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 MHWSs 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. 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 MHWSs 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
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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 MHWSs has never been investigated.
Among rocky intertidal sessile organisms, species with higher vertical niches may be less
susceptible to the effects of anomalous sea surface warming due to MHWs. This is
because the upper intertidal zone has a shorter immersion period than the lower intertidal
zone, and thermal variation and extremes increase from low to high elevations in intertidal

habitats (Beneditti-Cetti et al. 2006; Watt and Scrosati. 2013).

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, b). 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 (Fig. 3-1; 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,
b). After the end of this series of MHWs, sea surface temperatures declined to normal in
2017 and 2018 (Fig. 3-1; Miyama et al. 2021a, b). Subsequently, anticyclonic eddies
returned in 2019 and 2020, and sea surface temperatures again increased (Miyama et al.
2021b). In this study, I 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 MHWSs from 2010
to 2016 and for two years after the end of the MHWSs (when sea surface temperatures
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were at normal levels). I estimated the effect size of the MHWs at the regional scale,
thereby eliminating the other effects of environmental stochasticity on the community

abundance and the abundance of individual species.

I included only two years after the MHWSs (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). I 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) How did the effects
of the MHWSs 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)? (3) How did the impacts of MHWs on the abundance of each species at the
regional scale during the MHWSs (2010-2016), and in the first (2017) and second (2018)
years after the MHWs differ depending on species niches traits (thermal and vertical
niches)? I 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, 2006).

3.2. Materials and methods

Study area
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The study area is located on the coast along the Northwest Pacific Ocean in southeast
Hokkaido, Japan (Fig. 3-2). 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, b). 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.

Census design

I 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, by the Northwest Pacific Ocean (Fig. 3-2). Within each shore, I
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
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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.

Data analysis

To evaluate the impact of MHWs on community abundance and the abundance of each
species at the regional scale, I calculated the total abundance over all plots for each
species in each year. [ 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, 2006). Because the
differences in the number of plots at each shore was small (all shores had 4 or 5 plots), I
ignored any differences in abundance between shores and used the same method to obtain
the total abundance at the regional scale. I believe that this had little effect on the

estimation of regional abundance.

When assessing the effect of MHWs on the abundance of individual species, I 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,
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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 (Table 3-

1.

Estimation of effect sizes

To evaluate the effects of MHWSs on each functional group and each species, I 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:

quring—after - Fbefore
SD (Fbefore)

Effect size of each functional group =

(Sduring—after + 0. 5) - Ebefore
SD (Sbefore)

where Fauring-afier represents sum of the logio(abundance) of each functional group for each

Effectsize of each species =

year during or after the MHWS. F vefore and SD(Fbefore) are the mean and standard
deviation, respectively, for the sum of logio(abundance) of each functional group for each
year before the MHWS. Sauring-afier represents the sum of logio(abundance) of each species
for each year during or after the MHWS. Sbefore and SD(Sbefore) are the mean and standard
deviation, respectively, for the sum of logio(abundance + 0.5) of each species for each

year before the MHWs.
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Species niche traits

I estimated the thermal niche for all species as a species niche trait. I also estimated the

vertical niche for sessile species.

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 niches

_ (SSTs of northernrange limit + SSTs of southern range limit)
B 2

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). My 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
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using species occurrence reports (Smale et al. 2017; Sanford et al. 2019). Thus, I 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 (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, I 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, and the occurrence reports in four ecoregions of many species were similar,

so I can accurately determine cold-affinity species and warmer-water species.
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Vertical niches

For each of the 17 sessile species, the mode of zonation was estimated as a measure of
their vertical niche position. First, I estimated the vertical profile of the distribution of
each species over the entire vertical extent of the intertidal zone. For this, in May 2017 1
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, I obtained data for the occupancy within each 200
cm high by 50 cm wide census plot (400 grid points) in May 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, I determined the mean abundance of each sessile species in the
each of 20 elevation classes (10090 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:
Yhi1H X Sy

20
YHe1SsH

where H is the elevation class defined as 1 at —90 to —100 cm from mean tidal level. Ssn

Vertical niches =

represents the frequency of occurrence of species S in elevation class H. Values of vertical

niches are larger in species that inhabit higher elevations.
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Statistical analysis

If there are accumulative carryover effects from MHWSs on population and community
dynamics, then the difference in abundance during MHWs and under normal conditions
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 MHWSs, I 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.

To determine whether ignoring accumulative carryover effects would result in a biased
assessment of the effects of MHW s 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), I calculated both the average effect sizes from 2010
2016 and the accumulative carryover effect sizes. For the latter measure, I 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.

I 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 MHWSs (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). I performed
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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).

I examined how the effects of MHWSs 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. I 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. All statistical analyses were executed using R version 4.1.2.

3.3. Results

Accumulative carryover effects

The accumulative carryover effects of the MHWs on community abundance at the
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regional scale varied among four functional groups of rocky intertidal organisms. There
was a positive carryover effect for macroalgae and a negative one for carnivorous
invertebrates (Table 3-2), whereas there were no apparent accumulative carryover effects

for sessile invertebrates or herbivorous mollusks.

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 MHW3s (Table 3-1). 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.

Effect size of community abundance for each functional group
during and after MHW:s

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 MHWSs (2010-2016), in the last year of the MHWSs, and
in the first and second years after the MHWs (Fig. 3-3). 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 (Fig. 3-3). MHWs had significant negative effects on carnivorous
invertebrates during the MHWs, in the last year of the MHWs, and in the first year after
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the MHWs.

Effect size of abundance of each species during and after MHWs

The effect of the MHW:s 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%) (Fig. 3-4). MHWs had a significant positive effect on
Corallina pilulifera and Hildenbrandia 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 MHWSs (2010-2016), and in the first and the second
year after the MHWs. The effects of the MHWSs on regional population size in the last
year of the MHWs 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.

For herbivorous mollusks, MHWs had significant negative effects on 50% or more of the
species during the MHWSs (50.0%), and in the first and second years after the MHWSs
(66.7% and 50.0%, respectively). The MHWs had a significant negative impact on
Littorina sitkana and Stenotis uchidai during the MHWSs (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
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after the MHWs. MHWs had a positive effect on Litforina brevicula in the last year of
the MHWs, and in the first and second years after the MHWs, in which positive
accumulative carryover effects were detected. MHWSs had a significant negative impact
in the last year of the MHW:s for both species for which negative accumulative carryover

effects were found.

For the two carnivorous invertebrate species, MHWSs had significant negative effects on
both during the MHWSs (2010-2016) and in the first year after the MHWs. 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 for Nucella lima, for which there were also negative accumulative carryover

effects.

Effects of MHWs by species niches 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 3-3 and Fig.

3-5).

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 composition of mobile assemblages at a regional scale by reducing the
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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 3-4 and Fig.

3-5).

This result indicates the increase in abundance due to MHWSs in warmer-water species is
more pronounced for species with higher vertical niches. 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 3-5). This indicates that the increase in abundance due to MHWSs 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

3-6).

3.4. Discussion

In this study, I 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 intertidal communities (macroalgae, sessile invertebrates, herbivorous mollusks
and carnivorous invertebrates) by separating the effects of MHWSs from those of other
environmental stochasticity. I 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 3-2). At the species level, accumulative
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carryover effects were detected in 6 out of 25 species (Table 3-1). In addition, I 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 (Fig. 3-3). Herbivorous mollusks decreased in
abundance during and after the MHWSs. 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) (Table 3-3 and
3-4 and Fig. 3-5). The increase in abundance of warmer-water species due to MHWs is
more pronounced for species with higher vertical niches, but this became evident only

when accumulative carryover effects were considered (Tables 3-3 and 3-5).

Accumulative carryover effects

The frequency of MHW s 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 functional groups and the abundance of individual species. 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
(Fig. 3-3). 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 effects were considered. There were no significant effects during the MHWs, but
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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 (Litftorina brevicula in
herbivorous mollusks) showed a significant increase (Fig. 3-4). These results emphasize
that the response of organisms to MHWs should be evaluated even when accumulative

carryover effects are considered.

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 MHWSs (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 (Fig. 3-4). 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 unknown, but perhaps
this species had a higher thermal niche (Table 3-7) than the other four species for which
negative accumulative carryover effects were found, and it was not affected in 2016

because it 1s less sensitive to MHW .

My results show that sequential MHWSs caused an accumulative carryover effect on
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 MHWSs on marine organisms. First, it is not clear how the tendency
to cause accumulative carryover effects depends on species niche traits. For example,
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species with longer life histories and smaller dispersal ability are more likely to show
accumulative carryover effects on population size when sequential MHWSs occur.
Unfortunately, I was 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 (Table 3-1) had significant negative effects detected in the
last year of the MHWSs (2016), whereas one species showed no significant negative effects
in 2016 (Fig. 3-4). 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.

Effect size of community abundance for each functional group
during and after MHW:s

The response of rocky intertidal communities to MHWSs has been mainly investigated for
relatively strong MHWs (categories I-1II) (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. I examined the effects of
category I and I MHWs (Miyama et al. 2021a, b) that occur every summer (July—
September) at my study site, thus filling this gap in our knowledge. Despite the relatively
weak category I or [ MHWs that occurred in southeastern Hokkaido, Japan, from 2010
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to 2016, there were few signs of community abundance recovery in the major functional
groups by the second year after the MHWSs. Of the functional groups that increased or
decreased in abundance during and after MHWSs (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) (Fig. 3-

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 by MHWSs. This is because the species that
comprise the macroalgae are relatively dominated by warmer-water species with thermal
niches greater than 10 (Table 3-7). 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
(Fig. 3-4). 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 MHWSs. 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 (Fig. 3-3).
Compared to macroalgae and sessile invertebrates, many species of herbivorous mollusks
and carnivorous invertebrates have lower thermal niches (Table 3-7); 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. These
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results are likely due to MHWs, as there was no linear increasing or decreasing trend in
the group abundance of the four functional groups in 2004-2009, before the onset of

MHWs (Table S3-1).

My results show a significant positive effect of MHWs for the community abundance of
macroalgae in all periods (during and after the MHWSs), whereas MHW s had no effect on
the community abundance of sessile invertebrates in any period (Fig. 3-3). 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, b vs. categories I-III, Hobday et al. 2018),
species composition (Fucus and mussels are not dominant species in my 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.

Quantifying community abundance responses to MHW:s in southeastern Hokkaido, Japan,
from 2010-2016 by effect size revealed that community abundance of macroalgae
increased both during MHWs and in the first and second year after MHWs, community
abundance of herbivorous mollusks decreased both during MHWs and in the first and
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second year after MHWSs, and community abundance of carnivorous invertebrates
decreased both during MHWs and in the first year after MHWs (Fig. 3-3). When
quantified by changes in community abundance, macroalgae increased 1.271, 1.278, and
1.389 times during MHWs and in 2017 and 2018, respectively, compared to the average
abundance before the MHWSs events (Table S3-2). The abundance of herbivorous
mollusks decreased by a fold of 1.310, 2.017, and 1.712 during MHWSs, 2017, and 2018,
respectively, compared to the mean abundance before the MHWSs (Table S3-2). The
abundance of carnivorous invertebrates declined by a fold of 2.472 and 15.731 during
MHWs and in 2017, respectively, compared to the mean abundance before the MHWs
(Table S3-2). Since most of the previous studies have evaluated the effects of ocean heat
waves based on comparisons of abundance obtained from surveys before and after MHW
events (Smale and Wernberg. 2013; Wernberg et al. 2013; Smale et al. 2017; Sanford et
al. 2019; Thomsen et al. 2019; Weitzman et al. 2021), mentioning changes in abundance
may provide useful information for future meta-analysis of the response of marine

organisms to MHWs in terms of the amount of change in abundance.

Effects of MHWs by species niches traits

Identifying the species niche traits susceptible to MHWSs will improve the predictability
the responses of marine organisms to MHWs. My 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 3-3 and 3-4 and Fig. 3-5). 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

90



for understanding and predicting the ecological processes behind the responses of marine
organisms to MHWs. When I considered accumulative carryover effects for mobile
animals, there were no differences in the response to MHWSs by thermal niche (Table 3-
6), possibly because the abundance of Lottia cassis, which has a relatively high thermal
niche among mobile animals (Table 3-7), was drastically reduced by accumulative

carryover effects (Fig. 3-4).

My examination of the effects of thermal and vertical niches on species-specific responses
to MHWs did not support my 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 my prediction was not supported by my results is that the MHW:s
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 my
understanding of the influence of MHWSs 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 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).
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3.5. Conclusions

In this study, I 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?

I found that (1) the continuous MHWSs 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 herbivorous invertebrates. The decline in community abundance of
herbivorous mollusks and carnivorous invertebrates may have been caused by the fact

92



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 MHWSs 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 MHWSs in warmer-water
species is more pronounced for species with higher vertical niches when accumulative

carryover effects are considered.

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 MHWSs, my 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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Fig. 3-1. 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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Fig. 3-2. 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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Fig. 3-3. Effect sizes of MHWs on the community abundance of four functional groups
during the MHWSs (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 MHWSs. 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).
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Fig. 3-4. Effect sizes of MHWs on the abundances of individual 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).
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Effect size

Standardized thermal niches
Fig. 3-5. Relationship between the effect size of MHWSs 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.
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Fig. 3-6. Relationship between the effect size of MHWSs on species abundances of sessile
and mobile organisms in 2016 (i.e., considering accumulative carryover effects) and
standardized thermal niches. Each plot includes the regression line for each model. (a)
Sessile organisms and (b) mobile organisms. The open circles in (a) indicate macroalgae
and the filled circles indicate sessile invertebrates. The open circles in (b) indicate

herbivorous mollusks and the filled circles indicate carnivorous invertebrates.
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Fig. S3-1. The community abundance of each functional group of rocky intertidal

organisms in southeast Hokkaido, Japan, from 2004 to 2018. The dashed vertical lines

indicate the period of marine heatwaves (MHWs) from 2010 to 2016. Community

abundance is the sum of the abundances of all species within a functional group at all

survey sites for each year.
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Fig. S3-2. The abundance of species in each of four functional groups of rocky intertidal

organisms in southeast Hokkaido, Japan, from 2004 to 2018. The dashed vertical lines

indicate the period of marine heatwaves (MHWs) from 2010 to 2016. Abundances were

calculated by summing the abundance of each species at each census location for each

year.
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Table 3-1. Accumulative carryover effects of MHWSs on the abundances of 25 species.

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), standard errors

(Std. error), and p-values (P). An accumulative carryover effect was considered present

if the slope was significant and the intercept was not.

Functional Intercept Slope
Phylum Taxon - -
group Estimate ~ Std. error P Estimate  Std. error P
Macroalgae
Rhodophyta Chondrus yendoi 1.86 0.79 0.07 -0.13 0.18 0.49
Corallina pilulifera -0.83 1.10 0.49 0.52 0.25 0.09
Gloiopeltis furcata -0.21 0.76 0.79 0.32 0.17 0.12
Hildenbrandia spp. 1.35 0.25 < 0.001 0.07 0.06 0.28
Neorhodomela oregona -1.53 1.00 0.19 0.18 0.22 0.47
Neosiphonia yendoi -0.03 0.59 0.96 0.27 0.13 0.10
Pterosiphonia bipinnata 1.65 0.71 0.07 -0.49 0.16 0.03
Chlorophyta Cladophora opaca 0.40 0.21 0.11 -0.13 0.05 0.04
Ulva pertusa -0.61 0.62 0.38 0.00 0.14 1.00
Ochrophyta Alaria praelonga 0.33 1.04 0.77 -0.06 0.23 0.81
Analipus japonicus 0.83 0.73 0.31 -0.05 0.16 0.77
Fucus evanescens 1.47 0.62 0.07 -0.16 0.14 0.30
Sessile invertebrates
Porifera Halichondria panicea -0.20 0.74 0.80 0.01 0.17 0.95
Annelida Neodexiospira spirillum 0.55 0.65 0.44 0.11 0.15 0.48
Arthropoda Chthamalus dalli -2.57 111 0.07 0.38 0.25 0.19
Corophium sp. -0.15 0.94 0.88 -0.04 0.21 0.84
Semibalanus cariosus 2.16 0.76 0.04 -0.60 0.17 0.02
Herbivorous mollusks
Mollusca Lacuna (Epheria) decorata -0.83 0.56 0.20 0.08 0.13 0.57
Littorina brevicula -2.39 1.52 0.18 0.98 0.34 0.03
Littorina sitkana 0.55 0.96 0.59 -0.51 0.22 0.07
Lottia cassis 3.73 2.48 0.19 -1.49 0.55 0.04
Lottia radiata -0.77 0.96 0.46 -0.06 0.21 0.81
Stenotis uchidai 0.28 0.90 0.77 -0.58 0.20 0.03
Carnivorous invertebrates
Nucella lima 0.86 0.80 0.33 -0.67 0.18 0.01
Echinodermata
Leptasterias ochotensis similispinis -1.50 1.39 0.33 -0.66 0.31 0.09
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Table 3-2. Accumulative carryover effects on community abundances of four functional

groups of rocky intertidal organisms in southeast Hokkaido, Japan. 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 MHWSs was the explanatory variable. Shown

are estimated coefficients for the intercept and slope (Estimate), standard errors (Std.

error), and p-values (P). An accumulative carryover effect was considered present if the

slope was significant and the intercept was not.

] Intercept Slope
Functional group - -
Estimate  Std. error P Estimate  Std. error P
Macroalgae 0.92 0.39 0.07 0.30 0.09 0.02
Sessile invertebrates -1.60 1.13 0.21 0.23 0.25 0.40
Herbivorous mollusks 0.51 0.92 0.60 -0.49 0.21 0.06
Carnivorous invertebrates 0.85 0.87 0.38 -0.69 0.20 0.02
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Table 3-3. Results of multiple regression analysis testing how the effects of MHWSs 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. The

response variables are the mean effect size during the MHWSs (2010-2016), and the effect

sizes in the first (2017) and second (2018) years after the MHWSs. Explanatory variables

include the estimated coefficients, standard errors, t-values, and P-values.

Response variable Explanatory variable Estimate  Std. error t-value P
Effect size of the Intercept 0.356 0.192 1.852 0.087
abundance of Thermal niche 0.432 0.198 2.179 0.048
sessile Species  vertical niche 0057 0203 0280  0.784
during MHWSs Thermal niche x Vertical niche 0.262 0.223 1.175 0.261
Effect size of the Intercept 0.322 0.256 1.259 0.230
abundance of  Thermal niche 0.784 0.264 2.974 0.011
sessile species in  \ertical niche -0.097 0.270 -0.358 0.726
2017 Thermal niche x Vertical niche 0.403 0.297 1.358 0.198
Effect size of the Intercept 0.607 0.382 1.588 0.136
abundance of  Thermal niche 0.867 0.395 2.198 0.047
sessile species in  \fertical niche -0.242 0.404 -0.598 0.560
2018 Thermal niche x Vertical niche 0.469 0.444 1.057 0.310
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Table 3-4. 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. The

response variables are the mean effect size during the MHWSs (2010-2016), and the effect

sizes in the first (2017) and second (2018) years after the MHWSs. Explanatory variables

include estimated coefficients, standard errors, t-values and P-values.

Response variable Explanatory variable Estimate  Std. error t-value P
Effect size of the | iercept 1463 0291  -5029  0.002
abundance of
mobile species h | nich
during MHWs Thermal niche 1.424 0.311 4.578 0.004
Effect size of the | o cnt 2448 0773 3168 0.019
abundance of
mobile species in .
Thermal niche 2.215 0.826 2.682 0.036
2017
Effect size of the |ntercept -1.338 0.366  -3.651 0.011
abundance of
mobile species in
2018 Thermal niche 2.750 0.392 7.022 <0.001
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Table 3-5. Results of multiple regression analysis testing how the effects of MHWSs 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. 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.

Response variable Explanatory variable Estimate  Std. error t-value P
Intercept 0.266 0.207 1.288 0.220
Effect size of the .
Thermal niche 0.661 0.213 3.101 0.008
abundance of

Thermal niche x Vertical niche 0.561 0.240 2.340 0.036
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Table 3-6. 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. 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.

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

Effect size of the Intercept -2.240 0.852 -2.630 0.039

abundance of

mobile SPECes - permal niche 1882 0911 2066  0.084
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Table 3-7. Species niche traits of 25 species. 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.

Species niche traits

Functional group Phylum Taxon Thermal  Vertical
niche 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
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 -
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Table S3-1. Linear trend of community abundances of four functional groups of rocky
intertidal organisms in southeast Hokkaido, Japan. For linear regression analysis, the
community abundance was treated as the response variable and the number of years (1—
6) before the onset of MHWs was the explanatory variable. Shown are estimated
coefficients for the intercept and slope (Estimate), standard errors (Std. error), and p-
values (P).

] Intercept Slope
Functional group - -
Estimate  Std. error P Estimate  Std. error P
Macroalgae 1427.47 138.17 < 0.001 79.49 35.48 0.09
Sessile invertebrates 824.20 115.82 0.002 74.09 29.74 0.07
Herbivorous mollusks 33893.00 3908.00 <0.001 -2050.00 1004.00 0.11
Carnivorous invertebrates 185.40 162.96 0.32 5.46 41.85 0.90
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Table S3-2. Abundances of four functional groups and 25 species of rocky intertidal

organisms in southeast Hokkaido, Japan. Columns show the mean community abundance

and that of 25 species for four functional groups before the marine heat waves (MHWs;
2004-2009), during the MHWSs (2010-2016), and in 2016, 2017 and 2018.

) Abundance
Fugrz[lljopnal Phylum Taxon Before During After
(mean) (mean) 2016 2017 2018
Macroalgae 1705.7 2167.9 2320.0 2179.0 2370.0
Rhodophyta Chondrus yendoi 154.5 232.0 274.0 280.0 187.0
Corallina pilulifera 583.3 686.0 800.0 739.0 900.0
Gloiopeltis furcata 386.7 492.0 458.0 428.0 519.0
Hildenbrandia spp. 11.2 58.9 66.0 102.0 90.0
Neorhodomela oregona 4.0 1.9 1.0 1.0 0.0
Neosiphonia yendoi 90.3 150.3 230.0 195.0 208.0
Pterosiphonia bipinnata 22.8 20.3 0.0 0.0 1.0
Chlorophyta Cladophora opaca 25.2 16.7 11.0 6.0 6.0
Ulva pertusa 1.3 0.4 0.0 1.0 1.0
Ochrophyta Alaria praelonga 2.5 3.7 1.0 1.0 11.0
Analipus japonicus 414.8 477.4 463.0 384.0 407.0
Fucus evanescens 1.3 3.0 2.0 1.0 11.0
Sessile invertebrates 1083.5 979.1 1085.0 1214.0 844.0
Porifera Halichondria panicea 5.7 3.4 7.0 5.0 10.0
Annelida Neodexiospira spirillum 3.3 10.3 6.0 4.0 18.0
Arthropoda Chthamalus dalli 1047.3 893.1 1016.0 1140.0 725.0
Corophium sp. 19.7 11.4 20.0 2.0 2.0
Semibalanus cariosus 6.0 6.9 1.0 2.0 5.0
Herbivorous mollusks 26719.3 203939  13247.0 13490.0 15611.0
Mollusca Lacuna (Epheria) decorata 5.8 11 4.0 3.0 6.0
Littorina brevicula 0.7 11.0 7.0 7.0 22.0
Littorina sitkana 24959.8  19012.7 12427.0 12183.0 14210.0
Lottia cassis 286.3 241.6 88.0 105.0 207.0
Lottia radiata 1422.7 1118.1 720.0 1189.0 1165.0
Stenotis uchidai 41.7 8.0 0.0 0.0 0.0
Carnivorous invertebrates 204.5 82.7 20.0 13.0 55.0
Nucella lima 197.8 80.6 20.0 13.0 55.0
Echinodermata
Leptasterias ochotensis similispinis 4.3 0.7 0.0 0.0 0.0
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Table S3-3. The effect sizes of marine heatwaves (MHWs) on abundances of four
functional groups and 25 species of rocky intertidal organisms in southeast Hokkaido,
Japan. Columns show mean and 95% confidence intervals of the effect size of MHWs on
the community abundance and that of 25 species for four functional groups during the
MHWSs (2010-2016), and in 2016, 2017 and 2018.

) Effect size
F“gf;&”a' Phylum Taxon During MHWSs After MHWSs
Mean 95% Cls 2016 2017 2018
Macroalgae 2.14 0.58 2.76 2.21 2.95
Rhodophyta Chondrus yendoi 1.33 0.67 1.97 2.04 0.74
Corallina pilulifera 1.27 1.22 2.70 2.03 3.68
Gloiopeltis furcata 1.06 0.79 0.84 0.54 1.40
Hildenbrandia spp. 1.63 0.23 1.77 2.12 2.02
Neorhodomela oregona -0.83 0.85 -1.00 -1.00 -2.35
Neosiphonia yendoi 1.05 0.64 2.06 1.73 1.86
Pterosiphonia bipinnata -0.32 0.97 -2.50 -2.50 -1.66
Chlorophyta Cladophora opaca -0.12 0.27 -0.38 -0.84 -0.84
Ulva pertusa -0.61 0.50 -1.14 0.11 0.11
Ochrophyta Alaria praelonga 0.09 0.83 -0.20 -0.20 1.56
Analipus japonicus 0.62 0.59 0.56 -0.22 0.02
Fucus evanescens 0.83 0.56 0.66 0.06 2.45
Sessile invertebrates -0.68 0.97 0.08 0.77 -1.47
Porifera Halichondria panicea -0.16 0.60 0.58 0.37 0.80
Annelida Neodexiospira spirillum 1.00 0.55 0.89 0.60 1.69
Arthropoda Chthamalus dalli -1.05 1.08 -0.12 0.58 -2.17
Corophium sp. -0.33 0.75 0.43 -0.82 -0.82
Semibalanus cariosus -0.23 1.13 -0.86 -0.38 0.37
Herbivorous mollusks -1.45 1.08 -3.44 -3.35 -2.62
Mollusca Lacuna (Epheria) decorata -0.52 0.46 0.38 0.22 0.62
Littorina brevicula 1.53 1.99 2.88 2.88 4.41
Littorina sitkana -1.47 1.12 -3.41 -3.51 -2.74
Lottia cassis -2.25 3.11 -6.95 -5.90 -1.86
Lottia radiata -0.99 0.77 -2.68 -0.63 -0.71
Stenotis uchidai -2.04 1.18 -3.45 -3.45 -3.45
Carnivorous invertebrates -1.91 1.31 -3.44 -4.14 -1.82
Nucella lima -1.83 1.25 -3.29 -3.95 -1.71
Echinodermata
Leptasterias ochotensis similispinis  -4.13 1.53 -5.25 -5.25 -5.25
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Chapter 4
General Discussion

In this chapter, I first summarize the findings from Chapters 1, 2 and 3, then, discuss the

influence of ocean current fluctuation on the marine community dynamics.

4.1. Summary of Chapters 1, 2 and 3

In Chapter 1, I reviewed previous studies that examined community dynamics. First, I
reviewed studies of community dynamics in general. The result showed that the
quantification of community dynamics has been conducted using a variety of aggregate
properties (community abundance, and diversity), univariate non-aggregate properties
(individual species abundances), and multivariate non-aggregate properties (community
composition), and the objectives of community dynamics research have been (1) to
deepen our understanding of the variability of ecosystem, community, and population
dynamics and its driving mechanisms, and (2) to deepen our understanding of many key
ecological phenomena such as stability, succession, community assembly and synchrony,
and (3) to elucidate the driving mechanisms of community dynamics. Next, I reviewed
the studies on marine community dynamics. The results indicated that most studies of
community dynamics in marine communities have evaluated the effects of anthropogenic
disturbance based on experiments, and few studies have evaluated the effects of natural
disturbance. Future work should use long-term continuous community data, including
periods before and after natural disturbances, to determine the effects of natural
disturbances on community dynamics. In particular, the focus on natural disturbances
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such as ocean current fluctuations, eruption, marine heatwave, ice scour, and freshwater
flooding, which have rarely evaluated as drivers of community dynamics, may provide
previously unexplored insights into the factors that influence community dynamics.
Among these disturbances, ocean current fluctuations occur over a wide area and have a
large spatial range of influence. In addition, ocean current fluctuations are also associated
with the occurrence of marine heatwaves (e.g., Miyama et al. 2021). The effects of ocean
current fluctuations on marine community dynamics are therefore of particular
importance for future research. Finally, the target system was examined to determine the
effect of the ocean current on community dynamics, and it was shown that the rocky

intertidal community is one of the ideal model systems.

In Chapter 2, I investigated spatial variation in patterns of a long-term trajectory of natural
communities and spatial variation in temporal variability of species richness, species
composition, and community abundance, as well as their interdependence in the rocky
intertidal sessile communities of the Pacific coast of Japan. I analyzed 16-year census
data for intertidal communities from 30 rocky shores along Japan’s Pacific coast to assign
community change to four possible trajectories (stable, reversible, abrupt, or linear)
representing different aspects of ecological resilience, and to estimate multiple metrics of
temporal invariability (species richness, species composition, and community abundance).
I examined (1) how the prevalence of the four trajectories differs among regions, (2) how
the features (model coefficients) of each trajectory vary among regions, and (3) how the
temporal variabilities differ among trajectories and regions. I found that the stable
trajectory was the most common. Its features differed among regions, with a faster
recovery to steady-state equilibrium in low-latitude regions). Furthermore, trajectories
and temporal invariabilities both varied among regions, seemingly in association with the
strength of ocean current fluctuations. In regions where fluctuations in the flow patterns
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of the ocean current are greater, temporal variability in species richness and species
composition is greater, while temporal variability in community abundance is smaller.
Temporal variability of species composition was greater near the Kuroshio Current than

near the Oyashio, while temporal variability of community abundance was the opposite.

In Chapter 3, I evaluated the response of rocky intertidal communities to marine heat
waves caused by ocean current fluctuations. I examined the impacts of MHWs that
occurred in southeastern Hokkaido, northern Japan, in summer (July—September) from
2010 to 2016 on rocky intertidal communities by separating the effects of environmental
stochasticity from that of MHW. (1) Did MHWs have accumulative carryover effects (i.e.,
continued increase or decrease in abundance with the number of years elapsed since the
onset of the MHWS5s) on community abundance and abundance of each species of the four
functional groups: macroalgae, sessile invertebrates, herbivorous invertebrates, and
predatory invertebrates? (2) How did the effects of the MHWSs on community abundance
of the four functional groups (during the MHWs (2010-2016) and subsequent recovery
(first year (2017) and two years after the MHWSs (2018)) differ? (3) How does the
susceptibility to MHWs differ depending on the species niche (thermal and vertical)
traits? I found that the accumulative carryover effects of MHWSs were detected both in
the functional group abundance and in the abundance of each species. In some species,
the effects of MHWs could be underestimated if accumulative carryover effects were not
considered. While previous studies have reported that MHWSs decline macroalgae and
increase sessile invertebrates in the rocky intertidal habitats, the results of present study
show that macroalgae increased during and after MHWs, while sessile invertebrates did
not respond during and after MHWs. 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
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decreased and those with high thermal niches increased. The increase in abundance in
warmer-water species due to MHW:s is more pronounced for species with higher vertical
niches, only when accumulative carryover effects were considered. These results
emphasize that it is essential to consider accumulative carryover effects when assessing
the response of marine organisms to MHWSs and that more reports on the response of
marine organisms to MHWSs are needed for various systems, regions and organisms to

predict the response of marine organisms.

4.2. Effects of ocean current fluctuations on
community dynamics of marine organisms

My study revealed that ocean current fluctuations drive both spatial (Chapter 2) and
temporal (Chapter 3) variation in the dynamics of rocky intertidal communities. This
important role of ocean current fluctuations as a driver of marine community dynamics
may be universal in marine ecosystems. This is because spatiotemporal variations in
ocean currents have been shown to cause fluctuations in the abundance of various marine
organisms living in both the pelagic and benthic habitats, such as macro algae (Taniguchi
et al. 1986; Johnson et al. 2011; Liu et al. 2013; Liu et al. 2015; Li et al. 2017),
zooplankton (Johnson et al. 2011), hydrozoa (Lo et al. 2014), corals (Nomura and
Hirabayashi. 2018; Keshavmurthy et al. 2019), mollusk (Kawajiri et al. 1981; Kurihara.
2007; Takami et al. 2008; Johnson et al. 2011; Liu et al. 2015), starfishes (Yamaguchi.
1986), sea urchins (Nomura and Hirabayashi. 2018; Ohgaki et al. 2019), lobsters (Johnson
et al. 2011) and fishes (Murase. 2013; Monaco et al. 2021). However, since most of the
evidence is obtained at the population level of single species or few species (Kawajiri et
al. 1981; Yamaguchi. 1986; Taniguchi et al. 1986; Takami et al. 2008; Liu et al. 2013; Liu
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etal. 2015; Li et al. 2017; Ohgaki et al. 2019), an assessment of the importance of ocean
current fluctuations as a driver of marine community dynamics will have to await future

research.

My study shows that analysis using both aggregate properties, univariate and multivariate
nonaggregate properties, provides a comprehensive understanding of the impact of ocean
current fluctuations on the community dynamics of rocky intertidal organisms and a
greater understanding of the processes and mechanisms behind that impact. In Chapter 2,
the response of community dynamics to ocean current fluctuation was evaluated by
stability quantified by aggregate properties (species richness and community abundance)
and multivariate non-aggregate properties (species composition). The results revealed
that the increase in ocean current fluctuation resulted in an increase in the species
replacement rate, but did not result in an increase in the temporal variability of this
community abundances. In Chapter 3, I examined the response of communities quantified
by aggregate properties (community abundances of functional groups) and univariate
non-aggregate properties (abundances of individual species) to marine heat waves caused
by ocean current fluctuations. The results indicate that differences in community
abundance responses to marine heat waves for each functional group can be explained by
differences in the thermal niche of the species that compose each of them. Thus, when
evaluating the effects of ocean current fluctuations on community dynamics, it is
recommended to take an approach similar to that used in this study, where multiple

properties are quantified at the same time.

My study demonstrates that long-term data over a period of 10 years is extremely useful
in assessing the effects of ocean current fluctuations on community dynamics. First, long-
term data will allow us to answer a greater number of scientific questions about the effects
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of ocean current fluctuations on community dynamics. In Chapter 2, I successfully
clarified the effect of ocean current fluctuations on ecological resilience because
sufficient time-series data were available for the analysis. While it was not applied in my
study, Empirical dynamic modellings, which are the powerful tools to detect causal
relationships, also require long time-series data (Ushio et al. 2018). Second, long-term
data will allow us to accurately assess the effects of ocean current fluctuations on
community dynamics. In Chapter 3, long-term data allowed us to evaluate the effects of
marine heat waves caused by ocean current fluctuations on the community by separating
the effects of environmental stochasticity from that of MHW. Using long-term data, I
successfully detected an accumulative carryover effect in marine communities caused by
marine heat waves that occurred for seven consecutive years. Thus, despite the
outstanding efficacy of long-term data over 10 years to assess the effects of ocean current
fluctuations on community dynamics, many previous studies have been conducted over
relatively short time series of less than 10 years (Taniguchi et al. 1986; Kurihara. 2007;

Takami et al. 2008; Murase. 2013; Lo et al. 2014; Nomura and Hirabayashi. 2018).

Currently, changes in the ocean environment are ongoing due to global warming, such as
changes in the pattern of ocean current fluctuations and associated changes in the
occurrence of heat waves. Therefore, it is important to understand the response of
community dynamics to ocean current fluctuations. In elucidating the response of
community dynamics to ocean current fluctuations, the knowledge lacking in previous
studies, including this study (Chapters 2 and 3), is how species traits other than thermal
niche are related to the susceptibility to ocean current. Ocean currents are characterized
not only by temperature but also by environmental factors such as nutrient, salinity, and
primary productivity (e.g., Qiu. 2001; Sakurai. 2007; Yatsu et al. 2013). In addition, ocean
currents are passive transport systems for marine organisms (Yamaguchi. 1986; Johnson
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et al. 2011; Lo et al. 2014). Therefore, future studies are needed to evaluate and predict
the effects of ocean current fluctuations on community dynamics, taking into account
species traits such as temperature, nutrient, salinity, primary productivity, ease of
transport of the organism of interest and susceptibility of effect by the transported

organism.
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