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Marine host-associated microbiomes can strongly influence their host’s function and are
shaped by selection, dispersal, diversification, and drift. These processes can lead to
spatially structured microbiomes, with potential implications for host fitness in different
locations. We review the literature on marine host-associated microbiomes to identify
if spatially structured microbiomes are more prevalent in certain taxonomic groups,
are linked to species traits, or sampling design and methodology. The 28 papers
analyzed represented 38 host species, with spatial structure detected in 75% of species,
increasing to 83% when restricted to studies using high-throughput DNA sequencing.
Spatial structure was detected in all coral and marine mammal microbiomes, but was
less common in fish (69%) and sponges (46%). Mobile species and external tissues were
more likely to show spatially structured microbiomes than sessile species and internal
tissues. We found no relationship between spatial structuring and maximum distance
between sampling sites, with studies on large (>1000 km) and small spatial scales
(<100 km) almost as likely to show spatial structure (87% vs. 79%). Our results support
using high-throughput sequencing for studying marine host-associated microbiomes
due to better taxonomic resolution compared to other methods. Given the observed
generality of spatially structured microbiomes, future studies should test whether
microbiome variation between locations affects host fitness. Researchers should include
sufficient environmental microbiome sampling and host data to distinguish host and
environmental effects. This will help resolve the relative importance of selection,
dispersal, diversification and drift in shaping marine host-associated microbiomes.

Keywords: host-associated microbiome, biogeography, high-throughput sequencing, fish, coral, sponge,
selection, dispersal

INTRODUCTION

Host-associated microbiomes (including bacteria, unicellular eukaryotes and fungi) can strongly
influence their host’s function (O’Brien et al., 2019). For example, corals depend on symbiotic
relationships with photosynthetic Symbiodiniaceae dinoflagellates, and heterotrophic foraminifera
and radiolarians also house endosymbiotic microalgae. Microbial influence on host function can
include semi-permanent microbially mediated adaptation (Correa and Baker, 2011; Sison-Mangus
et al., 2014) or acclimation (Dittami et al., 2016; Röthig et al., 2016) of the host to their environment

Frontiers in Marine Science | www.frontiersin.org 1 March 2020 | Volume 7 | Article 146

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/journals/marine-science#editorial-board
https://www.frontiersin.org/journals/marine-science#editorial-board
https://doi.org/10.3389/fmars.2020.00146
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmars.2020.00146
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2020.00146&domain=pdf&date_stamp=2020-03-11
https://www.frontiersin.org/articles/10.3389/fmars.2020.00146/full
http://loop.frontiersin.org/people/847084/overview
http://loop.frontiersin.org/people/608240/overview
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-07-00146 March 9, 2020 Time: 17:37 # 2

Schellenberg and Clarke Spatial Structure of Marine Host-Associated Microbiomes

(e.g., to temperature and salinity). Additionally, host-associated
microbiomes can also influence and reflect the host’s health (e.g.,
skin microbiome of marine mammals, Bierlich et al., 2018). The
green alga and major marine primary producer Ostreococcus
exchanges B vitamins with bacterial partners, highlighting the
importance of mutualistic interactions between the microbiome
and the host (Cooper et al., 2019). Sponge and coral microbiomes
also play important roles in cycling key nutrients including
phosphorus, carbon, nitrogen, and sulfur (Raina et al., 2009;
Pita et al., 2018).

Marine host-associated microbiomes vary between genera
(Pita et al., 2013a), species (Reveillaud et al., 2014), and between
individuals (Datta et al., 2018). The spatial structure of host-
associated microbial communities is crucial for understanding
potential effects on the host’s ecology and physiology (Mark
Welch et al., 2016). For the purposes of this review, we define
spatially structured microbiomes in terms of biogeography, i.e., if
individuals from a given geographic location share more similar
microbiomes than with individuals from other locations, the
species shows a spatially structured microbiome, as opposed to
micro-scale or tissue/niche-based spatial structuring. There is
still a knowledge gap regarding large-scale patterns of microbial
distribution among ecosystems (Nemergut et al., 2013), including
host-associated microbiomes. Host-associated microbes from
different geographic areas might have a different function
despite similar environmental conditions (Martiny et al., 2006).
Therefore, microbial biogeography studies of host-associated
communities are key for predicting effects on both the host
organism and ecosystem (Martiny et al., 2006).

Host-associated microbial communities are shaped by
four ecological processes, consisting of selection, dispersal,
diversification, and ecological drift (Hanson et al., 2012; Zhou
and Ning, 2017). Selection shapes communities due to fitness
differences, including survival, growth and reproduction,
between community members in a given environment (Vellend,
2010; Stegen et al., 2015; Zhou and Ning, 2017). Selection
can be influenced by abiotic and biotic factors on local and
regional scales (Zhou and Ning, 2017). Additionally, the host
organism itself can exert selection pressure on the microbiome,
for example through the immune system (Müller and Müller,
2003; Sipkema et al., 2015). Dispersal describes movement and
successful colonization across space, which can be passive or
active (Vellend, 2010; Hanson et al., 2012; Zhou and Ning, 2017).
Marine microbes are considered to disperse passively (e.g., by
ocean currents, Troussellier et al., 2017) due to their restricted
ability to move large distances. Marine host-associated microbes
can be dispersed either with a mobile host or separate from the
host in the water column. High dispersal rates can decrease the
difference between microbiomes in different locations, reducing
spatial structure through homogenizing dispersal, while low
dispersal rates, interacting with other processes such as drift and
selection, can increase differentiation between locations, known
as dispersal limitation (Stegen et al., 2013, 2015). Oceanographic
barriers (e.g., fronts) influence dispersal ability of marine
microbes (Martiny et al., 2006). Diversification involves new
genetic variation arising from mutations, which for bacteria
includes horizontal gene transfer and recombination in general.
Diversification typically affects the species pool over large spatial

and temporal scales, although evolution through mutation can
be much faster, and even actively promoted, within microbial
communities (Rensing et al., 2002; Vellend, 2010; Nemergut
et al., 2013; Zhou and Ning, 2017). The fourth process, drift,
is due to random fluctuations in abundance, which is more
important when the community is small and other processes
(e.g., selection) are weak (Chase and Myers, 2011; Zhou and
Ning, 2017). Ecological drift, however, requires individuals
of different species to be demographically identical, which is
extremely unlikely (Vellend, 2010). The interaction of these four
processes determines whether host-associated microbiomes are
spatially structured.

Many studies have examined the spatial structure of marine
host-associated microbiomes, mostly within a single or a few
related species. This approach has left a knowledge gap as to
whether host-associated microbiomes are influenced by host
taxonomy, species traits or study design (e.g., tissue sampled,
spatial separation of samples, and sequencing method). First,
we describe the ecological processes structuring marine host-
associated microbiomes. We then compile the results from the
studies to date to identify if spatially structured microbiomes
are more prevalent in (i) certain taxonomic groups (e.g., fish,
corals, sponges, and marine mammals), (ii) species with certain
traits (mobile or sessile species), (iii) certain host tissues, (iv)
studies with a broader spatial scale of sampling, or (v) studies
using high-throughput DNA sequencing compared to non-
sequencing approaches (e.g., DGGE/TRFLP). Factors known to
influence host-associated microbiomes of fish, coral, sponge, and
marine mammals are described. Based on these findings, we
provide recommendations for future studies of marine host-
associated microbiomes.

MATERIALS AND METHODS

We searched the scientific literature for studies that examined
marine host-associated microbiomes for one or more species
in multiple locations, and tested for significant differences
between locations for individual species. Initially papers were
chosen based on our knowledge of the literature, as well
as papers cited in or citing the most relevant papers. We
also used Google Scholar and Scopus to find papers with
the keywords “microbiome,” “biogeography,” and/or “spatial
structure” as well as each of the key taxonomic groups (“coral,”
“fish,” “sponge,” “whale,” and “dolphin” etc.). Studies with
only one sampling site, or with only two samples per site
(hence low statistical power), or no species-specific data were
excluded from our analysis. For each host species, we scored
the presence or absence (1 or 0) of statistically significant
microbiome spatial structure, with a P-value threshold of
0.05. One species where the skin microbiome showed spatial
structure but the gut microbiome did not (the fish Elacatinus
prochilos) was scored as 0.5 for presence and 0.5 for absence.
Additionally, we noted the taxonomy and mobility of the host
species, the tissue type examined, the number of locations and
individuals sampled, the maximum geographic distance between
sites and whether high-throughput sequencing was used to
characterize the microbiome.
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RESULTS

Taxonomy and Species Traits
We found 28 papers (representing 38 species) that examined
marine host-associated microbiomes for one or more species
in multiple locations, and tested for significant differences
between locations for individual species. Spatially structured
microbiomes were detected in the majority of species studied
(28.5 species, 75%). Within taxonomic groups, spatial structure
was detected in all coral and marine mammal microbiomes, but
was less common in fish (69%) and sponges (46%, Figure 1A).
Different species within a genus did not necessarily show the
same pattern. For example, the sponges Ircinia strobilina (Pita
et al., 2013a) and I. campana (Griffiths et al., 2019) both
showed spatially structured microbiomes, but I. felix (Pita et al.,
2013a), I. fasciculata, I. variabilis and I. oros did not (Pita
et al., 2013b; Table 1). Studies on sessile species showed 70%
spatially structured microbiomes, while mobile species showed
84% spatially structured microbiomes (Figure 1B).

Study Design
We examined whether the microbiome of internal (e.g., gut
and coral skeleton) or external (e.g., skin and coral mucus)
host tissues were more likely to show spatial structure.
Spatial structure was detected in all external microbiomes,
in comparison to 67% of internal microbiomes (Figure 1C).
Sponges were excluded from this analysis due to issues
differentiating between external and internal tissue, as well as
coral species where tissue sample type was not specified.

We examined whether the maximum distance between
sampled individuals influenced the chance of detecting a spatially
structured microbiome. Spatially structured microbiomes were
most likely to be detected in studies over the largest spatial

scales (>1000 km, 87%, Figure 1D). Interestingly, the next
highest proportion was for studies covering <100 km (79%
presence). These results suggest detection of spatially structured
microbiomes was not dependent on the spatial scale of the
study. However, spatially structured microbiomes were detected
in all nine species where seven or more locations were sampled,
suggesting the number of sites sampled influences the chance of
detecting spatial structure (Figure 1E).

Studies using high-throughput DNA sequencing were more
likely to detect spatial structure than non-sequencing methods
such as terminal restriction fragment length polymorphism
(TRFLP) or denaturing gradient gel electrophoresis (DGGE)
(81% vs. 55%, Figure 1F). This difference in detection may reflect
lack of resolution for TRFLP and DGGE, as these methods are not
able to detect species below 1% of the community composition
(Muyzer et al., 1993; Taylor et al., 2007).

Fish
Fish microbiome research has primarily focused on commercial
and farmed fish species (reviewed by Legrand et al., 2019),
with most studying the bacterial microbiome of the skin
and the gut (Table 1). The fish gut microbiome is related
to their food sources and trophic level (Egerton et al.,
2018). The absence of spatial structure in the Atlantic cod
gut microbiome suggests colonization by a limited number
of bacterial species (Riiser et al., 2019), and may reflect
similar food sources across their distribution. The skin, on
the other hand, is strongly influenced by both host and
environmental factors (Larsen et al., 2013; Xavier et al., 2019).
Both location and seasonal environmental changes significantly
influence fish skin microbiomes (Larsen et al., 2013). The
strong interaction between these two factors makes it difficult
to distinguish the importance of each parameter separately.
Interestingly, a reciprocal transplant experiment showed Atlantic

FIGURE 1 | Relationship between detecting presence or absence of species’ microbiome spatial structure and (A) taxonomic group, (B) species traits (mobile vs.
sessile species), (C) host tissue sampled (internal vs. external), (D) maximum distance between sampled individuals, (E) number of locations sampled, and (F)
analysis method (high-throughput sequencing (HTS) and others). Three species’ microbiomes were tested for more than one tissue type; for example one species
where the skin microbiome showed spatial structure but the gut microbiome did not (the fish Elacatinus prochilos) 0.5 was scored for presence and 0.5 for absence.
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TABLE 1 | Data on presence or absence of spatial structure in marine host-associated microbiomes for 38 species extracted from 28 research papers.

Maximum

Taxonomic Mobile or Spatial Genetic distance

group Scientific name Sessile Tissue structure method Locations Samples (km) References

Fish Elacatinus prochilos M Skin Yes HTS 2 23 ∼13 Xavier et al., 2019

Gut No

Salmo salar M Skin Yes HTS 7 84 1.600 Uren Webster et al., 2018

Gut Yes

Gadus morhua M Gut No HTS 2 19 470 Riiser et al., 2019

Gasterosteus aculeatus M Gut Yes HTS 10 182 72 Smith et al., 2015

Siganus fuscescens M Gut Yes HTS 4 51 2.300 Jones et al., 2018

Salmo salar M Gut No HTS 6 96 3.900 Llewellyn et al., 2015

Ammodytes tobianus M Gut Yes HTS 4 31 750 Fietz et al., 2018

Hyperoplus lanceolatus M Gut Yes HTS 2 19 300

Coral Erythropodium
caribaeorum

S External Tissue Yes HTS 5 14 600 McCauley et al., 2016

Lophelia pertusa S Skeleton/Mucus Yes HTS 4 12 1070 Kellogg et al., 2017

Acropora millepora S Tissue slurry Yes T-RFLP/DGGE 2 6 75 Littman et al., 2009

Acropora tenuis S Tissue slurry Yes T-RFLP/DGGE 2 6 75

Acropora valida S Tissue slurry Yes T-RFLP/DGGE 2 6 75

Stylophora pistillata S Tissue Yes HTS 20 73 ∼16860 Neave et al., 2016

Pocillopora verrucosa S Tissue Yes HTS 13 53 ∼16860

Ctenactis echinata S Tissue from skeleton Yes HTS 4 <20 ∼60 Roder et al., 2015

Sponge Ircinia campana S Tissue Yes HTS 2 40 70 Griffiths et al., 2019

H. cf. dedritifera S Tissue Yes HTS 4 15 ∼3200 Reveillaud et al., 2014

H. dedritifera S Tissue No HTS 6 14 ∼2.800

Petrosia ficiformis S Cortex and Endosome Yes DGGE/HTS 2 14 ∼2555 Burgsdorf et al., 2014

Carteriospongia foliascens S Tissue Yes HTS 7 72 4500 Luter et al., 2015

Ircinia strobilina S Tissue Yes T-RFLP 5 82 400 Pita et al., 2013a

Ircinia. Felix S Tissue No T-RFLP 5 68 400

Iricina fasciculata S Tissue No T-RFLP 6 28 800 Pita et al., 2013b

Iricina variabilis S Tissue No T-RFLP 6 27 800

Iricina oros S Tissue No T-RFLP 6 19 800

Halichondria panicea S Tissue Yes T-RFLP/DGGE 3 9 ∼10 Lee et al., 2009

Myxilla incrustans S Tissue No T-RFLP/DGGE 3 9 ∼10

Mycale hentscheli S Tissue Yes T-RFLP/DGGE 7 ∼34 1300 Anderson et al., 2010

Marine Arctocepjalus gazella M Skin Yes HTS 2 96 ∼1 Grosser et al., 2019

Mammals Megaptera novaeangliae M Skin Yes HTS 12 89 800 Bierlich et al., 2018

Orcinus orca M Skin Yes HTS ∼23 49 ∼10000 Hooper et al., 2019

Others Crasostrea gigas (Oyster) S Gill tissue No HTS 3 60 ∼29 Wegner et al., 2013

Ecklonia radiata (Kelp) S Secondary lamina Yes HTS 9 27 270 Marzinelli et al., 2015

Kiwa yeti crab (Crab) M Setae Yes HTS 4 15 440 Zwirglmaier et al., 2015

Pleuromamma
gracilis/pisek (Copepod)

M Gut Yes HTS 3 45 7000 Cregeen, 2016

Pleuromamma borealis
(Copepod)

M Gut Yes HTS 3 17 7000

Euphausia superba (Krill) M Moult Yes HTS 4 45 1269 Clarke et al., 2019

Stomach Yes

Digestive gland Yes

The table shows the taxonomic group, species trait (mobile or sessile), study design, output from statistical analyses, and corresponding reference.

salmon skin and gut microbiomes are strongly influenced
by environmental conditions, but that developmental history
also influences microbiome structure (Uren Webster et al., 2019).
Similarly, returning adult Atlantic salmon in Canadian and
Irish sites shared similar gut microbiomes to oceanic adult
salmon from Greenland, but adult microbiomes were distinct

from those of juvenile freshwater life stages (Llewellyn et al.,
2015). The anadromous life history of salmon highlights the
impact of environment, developmental stage, and diet on fish gut
microbiomes. Lab experiments showed that interhost dispersal
can overwhelm host genotype in (freshwater) zebrafish gut
microbiomes, demonstrating the importance of metacommunity
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dynamics (Burns et al., 2017). Although the experiment
was performed in much smaller volumes than experienced
by marine fish, interhost dispersal may be important for
schooling fish species.

Corals
Coral microbiomes gained a lot of interest over the last
few years in regard to their influence on host fitness and
survival in the face of ongoing environmental changes [e.g.,
ocean warming, reviewed by van Oppen and Blackall (2019)].
Coral microbiomes consist of three essential elements (1) a
conserved core microbiome, (2) regional bacteria specific to
the geographic area, and (3) a set of environmentally variable
bacteria (Hernandez-Agreda et al., 2016; Kellogg et al., 2017;
van de Water et al., 2017).

The coral microbial community changes across anatomy
and therefore the coral tissue sampled affects the likelihood
of detecting a spatially structured microbiome (Pollock et al.,
2018). Pollock et al. (2018) investigated the microbial community
differences between skeleton, mucus, and tissue in 36 coral
species over 21 sites. The mucus was strongly influenced
by environmental factors, while the skeleton microbiome
was the most diverse and most likely to show phylogenetic
structure, reflecting the influence of host traits. The influence of
phylosymbiosis, defined as “microbial community relationships
that recapitulate the phylogeny of their host” (Brucker and
Bordenstein, 2013), was higher than regional dispersal or
environmental heterogeneity and differed across anatomy, being
stronger in the skeleton than in tissue or mucus (Pollock
et al., 2018; Dunphy et al., 2019). Regarding the prevalence
of spatial structure, Pollock et al. (2018) showed that the
external mucus microbiome is 1.15-fold more influenced by
collection site than coral tissue and 1.28-fold more than
skeleton communities (Pollock et al., 2018). This differences in
spatial structuring across anatomy is also observed in the krill
Euphausia superba, where the exoskeleton (moult) microbiome
showed stronger spatial structuring than the gut microbiome
(Clarke et al., 2019).

The reproductive mode of corals also appears to influence
spatial structuring of their microbiomes. Neave et al. (2016)
showed the microbiome of the brooding species Stylophora
pistillata is strongly spatially structured, whereas the microbiome
of the broadcast spawning Pocillopora verrucosa has a much
weaker spatial structure. As a brooder, S. pistillata uses vertical
transmission to control the larval microbiome, resulting in
a high structuring due to the location (Hall and Hughes,
1996; Shlesinger et al., 1998; Sharp et al., 2011; Neave et al.,
2016). In contrast, the sterile larvae of P. verrucosa gain
microbes from seawater resulting in a weak spatial structuring
(Sharp et al., 2010; Ceh et al., 2013; Pinzón et al., 2013;
Neave et al., 2016).

The spatial structure of coral microbiomes could be
influenced by regional processes including dispersal limitation
and spatiotemporal environmental heterogeneity even at small
spatial distances (Dunphy et al., 2019). Nevertheless, these spatial
differences are limited in comparison to differences between coral
genera or species (Dunphy et al., 2019).

Sponges
The microbiome of sponges can contribute up to 35% of
their entire mass, with the diversity and core functions of the
sponge microbiome reviewed by Pita et al. (2018). Due to
its filter-feeding activity, sponges have a diverse and abundant
microbial community, approximately three to four times greater
than surrounding seawater (Taylor et al., 2007; Hentschel
et al., 2012), with most microbial organisms inhabiting the
sponge mesophyll tissue (Hentschel et al., 2012). The bacterial
community among sponges is widely thought to be a result of
both vertical and horizontal transmission (Taylor et al., 2007;
Sipkema et al., 2015).

Approximately half the sponge species studied to date show
spatially structured microbiomes. Most sponge microbiome
studies that did not detect spatial structure (5/7) used non-
sequencing based methods (Table 1). Other studies found
differences in occurrence of spatial structure not only within
but also between different genera (Lee et al., 2009; Pita et al.,
2013a; Reveillaud et al., 2014). These studies were carried out
over spatial scales from 10 km (Lee et al., 2009) to over 4000 km
(Luter et al., 2015). Nevertheless, there was no clear influential
pattern of this factor. For example, Griffiths et al. (2019) reported
spatial structure within 70 kilometers (Ircinia campana), while
Pita et al. (2013b) found no spatial structure at 80 up to 800 km
in congeneric species (I. fasciculata, I. variabilis, and I. oros).

The sponge microbiome is also influenced by the host’s innate
immune system and metabolism strongly due to the production
of both antimicrobial compounds and nutrients (Müller and
Müller, 2003; Wiens et al., 2006; Gauthier et al., 2010; Srivastava
et al., 2010; Blunt et al., 2011; Hentschel et al., 2012). The sponge
host can thus exert selection pressure on its microbiome at an
individual level (Sipkema et al., 2015).

Marine Mammals
The three studies of spatial structuring of marine mammal
microbiomes (all examining the skin microbiome), all showed
significant spatial structure (Bierlich et al., 2018; Grosser et al.,
2019; Hooper et al., 2019).

Several factors influence marine mammal microbial diversity,
including horizontal transmission of bacteria due to social
interactions (Hooper et al., 2019), or vertical transmission
between mother and offspring resulting in similar microbial
patterns between them (Grosser et al., 2019). Additionally,
there are complex interactions between environmental and host
genetic effects (Grosser et al., 2019). Grosser et al. (2019) found no
significant influence on Antarctic fur seal microbial community
structure of age, gender, or the proximity of mother to their
offspring, as well as no relationship between microbial similarity
and host genetic traits. However, humpback microbial diversity
is affected by seasonal change and foraging even at the core
microbiome level (Bierlich et al., 2018).

CONCLUSION

We have shown that 75% of marine species studied to date
show spatially structured microbiomes, with the proportion
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increasing to more than 80% when restricted to studies
using modern high-throughput sequencing technology. These
results suggest spatially structured microbiomes are common
in marine taxa, with absence of spatial structure the exception.
Although less than 50% of sponge microbiomes were spatially
structured, most sponge microbiome studies that did not detect
spatial structure (5/7) used non-sequencing based methods.
Given the connection between the microbiome and host
health, future studies should investigate whether microbiome
variations between locations affect host fitness. We are unaware
of similar quantitative reviews for freshwater or terrestrial
host-associated microbiomes. Future studies along these lines
would demonstrate whether spatially structured host-associated
microbiomes are common in all environments, and whether
the increased prevalence of spatial structure in external
microbiomes is a general rule. Future studies should aim for
a high taxonomic resolution of the microbial β-diversity and
distinguish between effects of environment and the respective
host. High-throughput sequencing is recommended for studying
marine host-associated microbiomes due to better taxonomic
resolution compared to other methods (e.g., DGGE/TRFLP).
We also recommend researchers test the statistical power of
their study design (number of sites, samples and sequencing
depth) using tools especially developed for microbiome studies
(e.g., Kelly et al., 2015).

Geographic distance alone is likely not generating differences
in marine host-associated microbiomes, but acting in concert
with environmental or host factors. Future biogeographical
studies of host-associated microbiomes should therefore
aim to distinguish between effects of environment and
the host. The influence of host effects require data about
the host itself, such as size, age or developmental stage,
and genotype (e.g., Pollock et al., 2018). The influence of
environment on host-associated microbiomes can be examined
by measuring environmental variables (e.g., temperature,
salinity, pH, depth, chlorophyll a), and helps to unravel the
extent to which environmental and spatial variability are
confounded. We recommend researchers collect extensive
metadata to facilitate these analyses [e.g., the MIMARKS
(Minimum Information about a Marker gene Sequence)
checklist, Yilmaz et al., 2011]. However, a more direct test
is to sample the relevant environmental microbiome (e.g.,
seawater, sediment, or biofilm bacterial communities) and
compare variation in the environmental microbiome to that
observed in the host (e.g., Fietz et al., 2018). We did not

explicitly examine the effect of environmental variability in
this review given the difficulty of generalizing across studies,
and the inclusion of mobile species like fish and marine
mammals that can traverse large environmental gradients.
Future review studies could explore relationships between
environmental and microbiome variability, particularly for sessile
species, taking into account temporal variability in both the
environment and microbiome.

The relative importance of selection, dispersal, diversification
and drift on structuring host-associated microbiomes needs
further investigation. For example, the selective influence
of various environmental and host parameters can be
tested as in Pollock et al. (2018) by analyzing factors
affecting the microbial composition (e.g., host species, typical
growth form, geographic region, and light availability).
Additionally, aquarium experiments allow environmental
conditions to be tightly controlled, and can also be
used to control interhost dispersal (Burns et al., 2017).
Furthermore, microbial phylogenetic approaches can give
further information about the host-associated microbiome
pattern and its processes (Pollock et al., 2018). Null modeling
approaches developed by Stegen et al. (2013, 2015) allow
the relative contributions of variable selection, homogenizing
selection, dispersal limitation, and homogenizing dispersal
in shaping host-associated microbiomes to be estimated.
Yan et al. (2016) used this approach to show shifts in the
processes shaping fish gut microbiomes during development.
Combining estimates of the importance of selection with
environmental and host data could be used to test whether
host or environmental factors drive selection in marine host-
associated microbiomes.
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