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A systematic review on the
anthropogenic stressors on
sessile benthic mesophotic
reef communities: implications
for temperate reef
management in Australia

Rachel H. X. Wong*, Jacquomo Monk, Nicholas R. Perkins
and Neuville S. Barrett

Institute for Marine and Antarctic Studies, University of Tasmania, Hobart, TAS, Australia

Temperate rocky reefs are complex habitats that support high levels of
biodiversity and productivity. However, the sessile benthic communities
attached to these reefs are vulnerable to climate change and local human
impacts due to their limited capacity to rapidly avoid unfavourable
environments. In southeastern Australia, high latitude rocky reefs face
increasing threats from rapid warming, surpassing the global average. Existing
management efforts for these reefs rely heavily on research from tropical coral
ecosystems and shallow temperate algal-dominated rocky reefs, where
sufficient data allows for reliable predictions on the future state of the systems.
Recent evidence from seabed mapping programs indicates that mesophotic
reefs (~30-150 m depth) are equally or more extensive than shallow systems in
temperate waters. They provide novel ecosystem functions and could potentially
act as climate refuges for some components of shallow water communities that
extend across depth strata. However, despite their importance, very little is
known about the threats faced by non-algal sessile organisms in either shallow
water or mesophotic systems in many parts of the world, including temperate
Australia. This review examined the current state of knowledge regarding the
direct impact of physical disturbances, such as extreme weather events, ocean
warming and destructive fishing practices, on sessile mesophotic communities in
general. We then used this to infer the likely drivers of change in temperate
mesophotic systems. We found that Australia’s temperate mesophotic
ecosystems were less likely to be impacted by fishing, anchoring and lost
fishing gears compared to the northern hemisphere due to lower population
density. Instead, we identified present and future pulsed warming events and
severe storms as major threats to Australia’s mesophotic systems. This
conclusion is based on the lack of evidence supporting the existence of depth
refuges from climate events in the current literature and the potential
implications of the predicted future increases in high wind-wave energy and
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warming extending into the mesophotic depths. Drawing from observations
globally, changes in the distribution of growth forms, size or diversity of sponges
may be useful indicators of heat stress and seabed disturbances in temperate
mesophotic systems.

KEYWORDS

deep reef, ocean warming, pulsed warming, storms, seabed impacts, refugia, animal

forest, high latitude

1 Introduction

Almost 90% of the world’s oceans have been impacted by
human activities (Jones et al., 2018). The global rise in
greenhouse gas emissions, ocean warming, acidification, and
intensification of storms are threatening marine ecosystems at
multiple fronts and large spatial scales (Halpern et al, 2008;
Bhatia et al,, 2022). At local and regional scales, key human
stressors such as commercial and recreational fishing, shipping,
introduced species, and terrestrial-related organic and non-organic
pollution further exacerbate ecosystem degradation (Halpern et al.,
2019; Gissi et al., 2021).

The changing climate has brought about considerable changes
in the distribution and behaviour of warm-water mobile species. In
several instances, this has led to the local extinction of endemic
species, while also prompting the range shift of these mobile species
towards the poles (Poloczanska et al., 2013). Additionally, as a way
of adapting to the warming conditions, some of these species have
expanded their depth range (Pinsky et al., 2020). However, many
native mobile and sessile species may be unable to acclimatise to
increasing temperatures or shift their distribution rapidly enough to
align with their preferred thermal conditions at current rates of
warming. This can lead to potential competition from range-
shifting species, which, in turn, can cause ecosystem instability
due to the introduction of novel assemblages, often resulting in the
local extinction and replacement of these native species (Johnson
etal, 2011; McLean et al., 2021). Such changes may have cascading
trophic effects if important keystone or ecosystem engineering
species contract or extend their range (Johnson et al, 2011;
Pinsky et al., 2020).

Barriers to latitudinal dispersal, including habitat suitability and
ocean currents for larval transport, act as limiting factors for sessile
taxa to range shift at the same rate as mobile species. As a result,
they are being directly and disproportionately affected by climate
and human pressures (Smale et al., 2019). As such, research efforts
are now focused on the potential of upper mesophotic reef systems
(30 - 60 m depth) to act as an additional recruitment source for a
range of shallow coral and fish species after significant
environmental events impact shallow populations (Bongaerts
et al, 2010). However, despite the suggestion that some coral
species may at times benefit from a mesophotic refuge, evidence
is generally lacking for other benthic taxa, particularly in temperate
regions (Laverick et al., 2018). The current consensus of the depth
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range of the mesophotic zone is between 30 m and 150 m
(Hinderstein et al., 2010). However, there may also be the need to
consider regional variations in light attenuation and changes in
community assemblage from photosynthetic communities to non-
light-dependent species and species richness when defining
mesophotic depth boundaries (Micaroni et al., 2021; Castellan
et al, 2022; Perez-Castro et al, 2022). For example, non-light-
dependent corals in the Eastern Tropical Pacific can start to
dominate as shallow as 13 m depth or from 45 m depth,
depending on the seasonal changes in water clarity (Pérez-Castro
et al., 2022); whereas temperate mesophotic ecosystems in Ireland
are found in depths between 12 and 40 m (Micaroni et al., 2021).
The potential for a depth refugia for shallow water species may
be limited by the differences in community composition along the
depth gradient, and the complex, dynamic outcomes of species
interactions as a function of prevailing environmental conditions.
For example, diversity hotspots like the Great Barrier Reef (GBR)
have a higher proportion of mesophotic-depth specialist species,
resulting in lower community overlap and connectivity with the
shallow water communities (Laverick et al., 2018). Moreover,
species exhibit differences in their susceptibility to a range of
stressors and intensities, leading to distinct species-specific
recovery patterns and resulting in a divergence in community
structure with depth (Hernandez-Agreda et al., 2021).
Importantly, fluctuating environmental variables such as
temperature, nutrient levels, and anthropogenic stressors can
trigger dynamic shifts in direct and indirect species interactions,
encompassing competition, predation, mediation, and symbiosis
(Johnson et al., 2011; Mauro et al., 2022). Due to these complexities,
it may be prudent to implement targeted management approaches
for resource extraction and conservation purposes tailored to the
unique characteristics of each community (Halpern et al.,, 2019).

1.1 Australian context

Australia offers an illustrative case study that showcases the
application of ecosystem-based management practices to coastal
habitats. Australia’s marine estate spans approximately 14 million
square kilometres and has a variety of habitats ranging from estuarine
mangroves to some of the world’s largest coral and rocky reef systems
(Bennett et al., 2015; Smith et al., 2017). To manage this diverse
marine environment, state/territorial government agencies such as
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fisheries (e.g., Victorian Fisheries Authority, the Department of
Natural Resources and Environment Tasmania, Northern Territory
Department of Industry Tourism and Trade, Queensland
Department of Agriculture and Fisheries, New South Wales
Department of Primary Industries, and Western Australia Primary
Industries and Regional Development) and marine park authorities
(e.g., Tasmania Parks and Wildlife Service, Parks Victoria, and
National Parks and Wildlife Service South Australia) are
responsible for management of various aspects of the estate and
sectors inside three nautical miles from the coast. Waters beyond this
limit but within Australia’s Exclusive Economic Zone are under the
Commonwealth government’s jurisdiction and jointly managed by
Commonwealth agencies including Parks Australia (for the
Australian Marine Park (AMP) network) and the Australian
Fisheries Management Agency for remaining waters, including
fisheries operating within the marine parks where permitted. An
exception to this is the GBR where Queensland state government and
the Commonwealth government have overlapping jurisdictional
arrangements (Smith et al., 2017).

Most of the mesophotic ecosystems in Australian waters are
found within Commonwealth waters, and the primary form of
conservation-protection of these is within the newly established
AMP network (Hayes et al., 2021). These marine parks were
established to represent Australia’s offshore bioregions, each
accompanied by management plans, with new management plans
for the network implemented in 2018. These plans identify
monitoring priorities for conservation and pressures across seven
regionally divided AMP networks (Australian Marine Parks, 2023).
Despite this recent conservation initiative, there are suggestions that
Australia’s marine ecosystems are regressing, partly due to
uncontrollable stressors like acute weather disturbances (Evans
et al, 2016). The ecosystem health may worsen as many new
AMPs have recently had proposed protection levels downgraded,
with many now permitting most forms of commercial fishing in
previously designated ‘no-take’ zones (Albrecht et al., 2021). As the
majority of the AMP network is relatively new, essential data
elements necessary for effective management such as knowledge
of the distribution/presence of species and the extent of key habitats
and ecosystem functioning, are often lacking (Australian Marine
Parks, 2023). However, since the advent of remote sensing
platforms and vehicles (Verfuss et al, 2019), the speed of
knowledge acquisition for Australia’s shallow and mesophotic
ecosystems is improving rapidly (Williams et al., 2010; Warnock
et al,, 2016; James et al., 2017). As a result, management plans have
the potential to be constantly revised to incorporate the new
knowledge derived from these advancements (Hayes et al., 2021).

The GBR Marine Park, overseen by the Great Barrier Reef
Marine Park Authority (GBRMPA), an independent Australian
Government agency, operates independently from the AMP
network. With its long establishment and management history,
along with an extensive range of monitoring programs, the GBR is
recognised as a data-rich system. The integrated management and
monitoring framework developed by the GBRMPA is now one of
the world’s most comprehensive ecosystem-based management
programs to date (GBRMPA, 2023). As a result of multi-decadal
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monitoring, the current GBR adaptive plan (Commonwealth of
Australia, 2021) addresses many threats to the reef, including
expansion of its Crown-of-Thorns starfish, Acanthaster planci,
control program, and improving land management practices,
aiming to reduce sediment runoff that can amplify coral mortality
and compromising their recovery from climate disturbances
(De’ath et al,, 2012). Monitoring of water quality to ensure that
nutrient loading and pollution are promptly identified and
addressed is also part of the strategic updates in the adaptive plan
intended to preserve biodiversity and resilience of the GBR
ecosystem (Leverington et al., 2019).

Compared to the GBR with a length of 2300 km, Australia’s
temperate reefs have much less extensive temporal and spatial
monitoring (Barrett et al., 2014), despite spanning over 8000 km
of the coastline and having comparable social, ecological and
economic value (Bennett et al, 2015). At present, Australia’s
temperate ecosystem research and management is mainly focused
on kelp-covered reefs and coastal shallow systems that are
approximately 5.5 km from shore. This emphasis is due to the
proximity of the foundation kelp species like Ecklonia radiata to
human pressures (Bennett et al,, 2015). For example, in the
southeastern region of Australia, rapid ocean warming has caused
significant changes such as range shifts and increased influence of
nutrient-poor waters. These changes have led to the rapid
reorganisation of Tasmania’s temperate shallow rocky reef
assemblages along the north-eastern coastline, where the
colonisation by the range-shifting long-spined sea urchin,
Centrostephanus rodgersii, has replaced kelp beds with urchin-
grazed barrens (Johnson et al., 2011; Verges et al, 2019). In
response to this transformation, various management strategies
have been implemented, particularly to protect commercial
fisheries that rely on kelp habitat. Multi-pronged approaches to
mitigate the destructive grazing of this species include boosting
lobster stocks (a predator of urchins) on the east coast of Tasmania
to greater than 20% of the original biomass, and encouraging and
incentivising commercial harvesting of C. rodgersii (Dubecki, 2020;
Westcott et al., 2020).

Most research and monitoring to date has focussed on
nearshore temperate kelp systems. Hence, the full extent of
biodiversity or conservation values present in other productive
temperate habitat-forming groups (e.g., sponges, soft-bodied
cnidarians, bryozoans, ascidians) in both shallow and mesophotic
shelf systems in Australia remains unclear (Wood et al.,, 2012; De
Goeij et al., 2013). Furthermore, there is a limited understanding of
the types and magnitude of threats these habitats face due to the
significant lack of baseline or monitoring data (Hedge et al., 2022).
Apart from shallow kelp-dominated systems, there is scant
information available to support context-specific management
approaches for such pressures, particularly in mesophotic systems
in Australia (Australian Marine Parks, 2023).

To address the knowledge gap in ecosystem-based management
of temperate mesophotic systems, we need to develop both
conceptual and empirically based predictive models that can help
estimate the potential ecological impacts resulting from cumulative
pressures. These models should initially be built upon existing
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knowledge, then validated through field sampling, and continuously
refined through ongoing monitoring. This approach can help 1)
identify spatial and temporal patterns, 2) untangle the influence of
individual pressures and 3) measure responses to management
actions (Dietze et al., 2018). Despite the scarcity of data for
temperate mesophotic systems, it is imperative that managers
promptly undertake initial precautionary actions to enhance
ecosystem resilience. Valuable insights can be drawn from
previous research conducted on tropical mesophotic and
temperate shallow systems. This allows anticipation of potential
threats, prediction of the nature of their interactions, and
development of hypotheses regarding their possible mechanisms
of action. Such an approach may help expedite decision-making
regarding the most critical factors for on-ground monitoring and
undertaking empirical validation of mesophotic reef species
distribution and temporal trends.

This review serves as the initial step in assessing possible threats
and the mesophotic system’s responses to anthropogenic stressors.
We aim to explore: 1) where our current knowledge is at with
respect to the health and functioning of temperate mesophotic
systems globally; 2) whether temperate mesophotic communities
are either more, less, or equally as vulnerable to localised stressors
and climate disturbances as those in the tropical mesophotic
systems or shallow systems, where applicable; and 3) identify how
threats are likely to affect Australia’s temperate mesophotic systems.
Here, we focus on sessile species as they are typically more
susceptible to climate and human pressures than motile benthic
taxa, and hence are good indicators of subtle environmental change
(Smale et al., 2019). Furthermore, direct observations of their
response to pressures are lacking compared to pelagic species
(Poloczanska et al., 2016). Likely, cascading ecosystem effects
from fishing and climate change may also be occurring in the
mesophotic systems. We focus here on the direct impacts of these
anthropogenic stressors due to the current limited knowledge of
mesophotic systems.

2 Methods

A search strategy and method of synthesis for each objective
were assigned to each question (Table 1). To address these, a
systematic bibliographic search for peer-reviewed articles
published until the end of 2022 was performed using the Web of
Science and Scopus databases in accordance with the PRISMA
(Preferred Reporting Items for Systematic Reviews and Meta
Analyses) guidelines (Page et al., 2021). This search strategy
yielded 3,733 full-text articles written in English. We excluded
papers that were theoretical, riverine-, estuary-, terrestrial- or
paleo-based, chemical analyses of sediments, microbial, genomics,
human health or social science management and planning, and
articles without a case study relating to anthropogenic stressors (i.e.,
reviews, commentary, editorials, perspectives, and letters)
(Supplementary Figure 1). The bibliography resulting from the
full screen and the data from the coding strategy below are in
Supplementary File 1.
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TABLE 1 Literature search strategy and proposed method of synthesis
to address each objective.

Questions

Objectives

Search
strategies

Method
of synthesis

Identify main Use terms Explore temporal
topics where ‘mesophotic’, trends in topical
Current X P . o P, P
intensive review’, and areas, knowledge
knowledge of . R
research efforts, ecosystems’ to gaps and
temperate . .
. specific to search for future directions.
mesophotic . . .
mesophotic review articles.
reefs?
systems, have
been made.
Identify type and
Summarise the Limit search to fy typ
frequency of
o current state of case reports that i
Vulnerability impacts, type of

of temperate

knowledge on

characterised direct

species surveyed;

i the direct human impacts on .
mesophotic compare species
response of components of the
system . response to
species to reef ecosystems
to stressors? . stressors between
anthropogenic across a spectrum .
. . tropical and
stressors. of bioregions*.
temperate systems.
Evaluate
. i Infer how benthic
whether climate = Identify papers .
communities
Threats and human that used .
. might be affected
applicable to stressors downscaled

Australia’s

identified from

datasets for climate

by region-specific
future climate

temperate objective 2 are change projections L
. change projections
mesophotic relevant to for ]
. and hypothetical
systems? Australia’s temperate h
uman
temperate Australia. .
i disturbances.
region.

*Supplementary Table 1 has the full search terms.

2.1 Data coding strategy

2.1.1 Mesophotic literature review themes

We examined each review paper for recurring topics. Each topic
must have at least one paragraph of critique to be included in the
count and were then grouped into key themes (Table 2). Using the
‘vegan’ package in R (Oksanen et al.,, 2017), redundancy analysis
was performed on presence-absence of each theme (Hellinger
transformed) and research gaps against publication year and
geographical coverage of the review papers.

2.1.2 Stressor themes between tropical and
temperate bioregions

Case studies describing benthic sessile invertebrates’ responses
to various stressors were grouped into six themes (Table 3). Here,
the mesophotic zone was defined by a depth range of 30 - 150 m
(Hinderstein et al., 2010). Recognising that some shallow system
surveys were conducted over depths beyond 30 m, we also included
these papers in our analysis. To do this, the depth range was not
applied to the first screening. Abstracts were screened for relevancy
to our review. For case reports, we retained articles that directly
assessed or modelled the response of reefs’ biota to stressors
obtained through observations in the field. If ambiguity remained,
we examined the full text for its suitability. We scrutinised each
non-mesophotic specific paper relating to weather disturbances to
determine the depth range surveyed, ensuring that the survey
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TABLE 2 Descriptions of the type of works critiqued in the review
papers as classified under each theme.

Types of topics critiqued in the

review papers

Community Narrative summary of the distinct assemblages occurring

characterisation | within the mesophotic ecosystems and habitats, or describing
the patterns and drivers involved in species distribution
across depth/geography, feeding style changes, sink/source,
shallow and deep community overlaps, and corals’
photophysiology, energetics and symbionts.

Connectivity Synthesis of reports on the genetic and population structure
of species overlaps between locations (horizontal) and
depths (vertical).

Coverage Synthesis that focused on a particular bioregion

Environmental Studies that described the patterns and drivers involved in

gradient species distribution across physical variables such as nutrient
levels, temperature, geomorphology, irradiance, and
internal waves.

Methods Suggested improvements in data acquisition, analysis, study
design or methodology relating to genetic studies, technical
diving, in situ instruments, mapping and monitoring
activities and techniques to overcome depth-related
accessibility, incongruency of comparative data, and
geographical knowledge gaps.

Protection Comparing habitats between protected, partially protected,

status and non-protected areas.

Refugia Studies that had appraised whether mesophotic communities
were protected from climate disturbances.

Reproductive Topics relating dispersal and larval retention, ontogenetic

patterns movements, as well as phylogenetic studies to resolve the age
and origin of deep mesophotic reef fauna, life history and
post-settlement patterns.

Structural Knowledge on the type and number of organisms and their

functioning interaction with the environment, including trophic web.

Threats Biological response of mesophotic communities to climate
stressors and/or localised human impacts.

depths extended beyond 30 m for thoroughness. The minimum
depth criteria of 30 m to be included in the analysis did not apply to
papers on seabed impacts.

To assess whether depth serves as an effective barrier against the
impact of pulsed warming or severe storm events, we examined the
range of surveyed depths and categorised the response of organisms
or communities (positive, no difference or negative) based on the
reported results and the authors’ interpretation.

To compare marine bioregions, each paper was differentiated
into tropical or temperate according to their survey sites (Beger
et al., 2014). In most cases, tropical reefs lie between the Tropic of
Cancer and the Tropic of Capricorn. Whilst there is no consensus
on the latitudinal cut-off for sub-tropical or warm-temperate biome,
this transition zone is usually characterised by an overlap between
tropical and temperate biota. Along Australia’s coastline, the cold-
temperate bioregion starts in areas where the average water
temperature is less than 22° C (Kahng et al., 2012) and is
dominated by macrophytes habitat formers such as kelp and
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TABLE 3 Definition of each stressor theme for the case
studies reviewed.

Stressor  Criteria

themes

Pulsed Exposure to marine heatwaves or anomalous sea surface
warming temperatures above monthly climatic means
Cold spell Exposure to unseasonably cold-water temperatures
Storms Extreme weather disturbances such as cyclones, hurricanes,
typhoons, and tropical storms or flooding due to heavy rainfall
Seabed Benthic communities’ (must include sessile invertebrates)
impact abundance, biomass, composition, diversity, density, size class,
trophic structure, richness, or structural complexity in response
to either:
i) before-after site closure
ii) where there was direct evidence of biota impact by trawl/
pots/traps/anchors/debris or,
iii) following experimental fishing.
Ocean Long-term observations (> 10 years) of reef communities
warming following a single or a series of pulsed warming events.
Multiple Long-term observations (> 10 years) of biological responses to
stressors multiple anthropogenic stressors.

seagrass (Wernberg et al., 2011). Where ambiguous, we used the
latitudes of 23.5° to 40° north and south as the cut-off for the warm
temperate bioregion, and between 40° and 70° north and south for
the cold-temperate.

2.1.3 Seabed impacts

There are several meta-analyses on the direct disturbance of
bottom fishing on the benthos (Sciberras et al., 2018), the rate of
ecosystem recovery (Kaiser et al., 2006; Hiddink et al., 2017), and
comparisons of the response and recovery of benthic communities
to various fishing gear (Collie et al., 2000). These reviews included
studies on specific phyla, functional groups, or benthic communities
in general. Here, we examined the direct seabed impact on the
response and recovery specific to benthic communities that must
include sessile species. For each metric examined, either an
‘increase’, ‘decrease’ or ‘no change’ was assigned according to the
findings. If unclear, the direction of the response was determined
based on the authors’ interpretation. The count data was then
weighted by the number of papers for each type of seabed impact.
We ran a Canonical Correspondence Analysis (CCA) using the
‘vegan’ package in R (Oksanen et al., 2017) to explore the
relationships between the direction of response and types of
seabed impacts.

2.2 Ranking of relative threats to
mesophotic systems

We quantified the magnitude of threat impacts on mesophotic
systems reported in the literature and conducted a comparative
analysis of these threats in the context of temperate Australia. Seven
threats were identified from our analysis of the literature: warming,
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floods, storms, fishing impacts on soft and hard substrate, lost
fishing gear, and anchoring. We evaluated the vulnerability of the
systems by considering the occurrence, recurrence, extent, impact,
and longevity of each threat. We included a measure of uncertainty
that allowed the ranks for each threat to be weighted by the current
state of knowledge (see Table 4 for definitions). The vulnerability

TABLE 4 List of definitions for each assigned quality to assess threats to

mesophotic systems.

Quality Definition
and value
Occurrence
1 | Has not occurred and unlikely to have occurred
2 | Has probably occurred but not reported
3 | Has occurred and has been reported
Recurrence
1 | Unlikely to reoccur
2 | Less likely to reoccur in the next 5 years
3 | Likely to reoccur in the next 5 years
Extent

1 (nil)

2 (localised)

3 (scattered)

4 (widespread)
Impact

1 (nil)

2 (mild)

3 (moderate)

Not reported
< 10% of site compromised relative to comparator
10 - 50%

> 50%

Not reported
Has or has potential to recover back to original state

Has or has potential to compromise performance

4 (severe) = Has or has potential for cascading consequences
Longevity
1 (acute) | < 1 year in suboptimal state

2 (short-term)

3
(medium-term)

4 (long-term)

1 -5 years

5 - 20 years

> 20 years

Uncertainty weighting factor

1.4

0.8

0.6

Outcomes have been consistently supported by different
measures in the literature for > 5 years

Insufficient knowledge but may become a potential problem
based on current understanding

Consistent outcomes or trends within the last 5 years

Mixed findings in the literature due to nuances in
the systems

Insufficient knowledge but unlikely to pose a problem based
on current understanding
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and uncertainty weighting scores were multiplied to give a single
score, which was adjusted by square root transformation to enhance
the interpretability of the scores. The magnitude of the threat was
categorised as mild, moderate, high, or severe using quartiles based
on the maximum score of 28.

3 Results and discussion

3.1 Temporal trends in
mesophotic research

Until recently, review publications examining mesophotic
research focussed entirely on the impact of thermal disturbances
on the ecosystem. This focus was primarily driven by interest in
exploring the validity of the ‘deep reef refuge’ hypothesis, coined in
2010 (Bongaerts et al., 2010), developed around the potential of
deeper reefs to provide climate refuge for some species in tropical
coral reef systems. However, there was a shift in focus for review
papers starting in 2018, moving away from the refugia hypothesis
and towards understanding the broader environmental drivers and
ecological implications of threats for mesophotic communities
(Figure 1A). The most recent review paper in this space presented
a broad management framework tailored to temperate mesophotic
rocky reef systems based on potential drivers for their community
structure and response to large-scale and localised stressors (Bell
et al., 2022).

The effect of conservation, reproductive patterns of organisms,
structural functioning of mesophotic ecosystems and critique of
methods were the least reviewed themes (short vector lengths in
Figure 2A) and remained as an identified research gap since 2009
(long vector lengths in Figure 1B). The lack of knowledge advancement
in the above-identified themes highlighted a significant handicap in the
field’s capacity to generate critical knowledge to keep pace with the
rapidly changing environment. Importantly, the effect of fully protected
marine protected areas (MPAs) and the impacts of stressors on
mesophotic ecosystems were understudied and had not been listed as
a research priority (Figure 1C). The latter was surprising considering
the global trends of increasing threats on both systems (Figure 1B and
see our results henceforth). In the context of tropical systems, a large
volume of knowledge has been generated due to the imperative to
preserve coral populations heavily impacted by bleaching events.
However, this does not imply that coral and non-coral communities
at higher latitudes are unaffected by climate disturbances. Furthermore,
the lack of studies investigating the impact of protection on mesophotic
systems can be attributed, in part, to data deficiency which led to the
limited understanding of the role, distribution, and significance of
mesophotic ecosystems. Historical exclusion of mesophotic systems
from fully protected MPAs and MPA-related research may have also
contributed to this knowledge gap.

It is important to note that 13 out of 15 review papers were
narrative reviews and two papers were systematic reviews (Turner
et al., 2017; Bell et al., 2022). Because narrative reviews allow for a
deeper understanding of the topic, they often cover only one or two
themes, which might have contributed to the low per cent variation
explained by the constrained axes (Figure 1).
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(A) Redundancy analysis (RDA) of the relationships between presence-absence of key research themes and bioregions identified from review papers
on mesophotic systems and the year of publication. (B) RDA of presence-absence in research gaps identified for each theme. Arrows indicate the
direction and magnitude of variables. (C) Percent change in the temporal trends of knowledge gaps identified. A negative change in trend would
suggest a reduced emphasis for that theme over time because either knowledge in the field has improved, or the emphasis has changed. Likewise, a
positive change would imply a priority for future research to improve knowledge in the area

3.2 Response to seabed impacts

Of the 262 papers retained, the number of publications relating
to seabed impact was the highest (n=103), with most case studies
reported from the cold-temperate regions (n=79) (Supplementary
Figure 2). Whilst multi-national efforts have been made to restrict,
minimise, and mitigate destructive fishing practices (Halpern et al.,
2019), the number of publications per year that characterised
seabed impacts from fishing activities has remained steady since
1987, reflecting the persistence of this stressor as a driver of
research (Figure 2).

Within ‘seabed impact’, the proportion of papers on trawling
was overwhelming (Figure 3A). Due to the lack of historical
ecological data, 42.7% of papers were a one-time assessment of
the state of the habitat at a specific point in time, which might not
capture trends or changes over a longer timeframe. The
heterogeneity in resampling intervals between studies, type of
seabed, and lack of comparable reference sites may have
underestimated the full impact and recovery prediction of benthic
communities (Figure 3B). The spatial and temporal heterogeneity in
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species abundance and composition between treatment and control
sites (Lindegarth et al., 2000) might also have contributed to the lack
of meaningful change in short-lived experiments (Figure 3C) and an
underestimation of the true footprint (Gall et al., 2020). Regardless,
site closure may have a positive effect on species’ recovery but was
only evident after at least 10 years (Figure 3B) and broadly limited
to soft sediment communities (Figure 3D).

The impacts on sessile epifauna in hard bottom or rocky reef
habitats vary between trawling (Clark et al., 2015; Clark et al., 2019;
Williams et al., 2020) and potting (Coleman et al., 2013; Stephenson
et al, 2017). Benthic sessile invertebrates with an erect morphology
(e.g., habitat-forming corals Solenosmilia variabilis and Madrepora
oculata (Clark and Rowden, 2009) and sponges (Morrison et al.,
2020) tend to be most affected by the sweeping action of trawling
gear. The benthic communities on shallower seamounts (< 950 m
deep) are more affected due to higher fishing intensity (Williams
et al., 2020), with limited evidence of the recovery of benthic
assemblage composition even after 15 years of fishing cessation
(Clark et al., 2019). In contrast, experimental pot fishing at a high
intensity, exceeding local commercial pot fisheries, showed little
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Temporal trend for publications according to the assigned stressor themes. ‘Seabed impact’ refers to physical disturbances to the seafloor as result

of fishing or boating related activities.

change in benthic faunal and algal abundance and community
assemblage between lightly fished and heavily fished experiment
sites (Stephenson et al., 2017). Similarly, sites closed to fishing for
five years had comparable abundance of erect epifauna to fished
sites (Coleman et al., 2013). It is important to note that the existing
(and limited) studies on potting focussed on structure-forming
species (Stevens, 2020), but potting may have substantial impacts
on other sessile and motile epifauna including octocorals, hydroids
and bryozoans. These organisms are critical epibenthic food sources
and habitat providers and play an important role in regulating the
primary and secondary productions within the food chain (Gili and
Coma, 1998).

Mesophotic erect invertebrates between 40 and 120 m depth
were also most susceptible to derelict fishing gear (e.g., lines and
nets) including macro litter (Consoli et al., 2019; Mulochau et al.,
2020). The spatial distribution of lost lines and nets is hard to
predict as they drift with currents, posing a challenge for
management. Lost pots and traps are less problematic because
when wedged in rocky and hard bottom reefs they may form
another habitat like an artificial reef serving as a refuge for small-
bodied organisms (Goodman et al., 2021). However, if moved by
strong currents, the damage footprint may be substantial (Lewis
et al., 2009).

The existing body of published evidence on anchoring impacts
primarily focuses on recreational anchoring’s effects on benthic
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communities in shallow tropical waters (< 30 m) (Figure 3).
However, there is a growing awareness regarding the potential
impact of anchoring by large vessels on sensitive habitats, although
these impacts have not yet been quantified (Davis et al., 2022).
Despite this, the lack of published case studies in the temperate and
tropical mesophotic regions for ocean-going vessels (e.g., cruise
ships and container vessels) may not be considered as ‘evidence of
absence’ of an impact because anchors from these vessels can be
deployed into mesophotic depths and are likely to cause extensive
damage to the habitats (Davis et al., 2016; Davis et al., 2022). Strong
wind and currents can cause the anchor chain to oscillate, an action
likened to trawling or pot hauling, displacing large volumes of
sediments and smothering filter feeders and small-bodied or
encrusting fauna in neighbouring reefs (Kutti et al, 2015).
Physical recovery of the seabed from anchor chain scour can take
more than four years (Watson et al., 2022). Differences in recovery
potential exist between taxa (Broad et al., 2020). For example, fast-
growing seagrass beds (e.g., Halodule wrightii) made full recovery
within nine months after anchor scour simulation (Creed and
Amado Filho, 1999). In contrast, live coral cover, reef structural
complexity, and fish density remained lower than those at
undamaged sites a decade after an accidental anchoring event by
a cruise liner on a coral reef (Forrester et al., 2016). Ultimately, the
size of the ecological footprint is contingent on the confluence of
factors, including the composition of the seafloor, the type of
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anchor and frequency of deployment over the same area, and the
diversity in stress tolerance among different species.

3.3 Implications of seabed impact for
temperate Australia

Many of the various seabed stressors identified from global
literature are less relevant for temperate Australia (Table 5). For
example, trawling activities for all of Australia are declining from
historical highs (Pitcher et al., 2018), and they are currently
amongst the lowest in the world compared to areas in Europe
where shelf productivity is significantly higher (Amoroso et al.,
2018). However, the correlation between trawling and potting
footprint and actual impact on the seabed communities is
unknown due to insufficient data on benthic habitats and their
distribution. Nonetheless, a predictive model of impact has
highlighted the potential ramifications of high-intensity fishing in
areas overlapping sensitive and rare benthic communities (Pitcher
et al,, 2018). Ideally, the focus should be on assessing impacts in
intensively trawled areas compared to strategically placed fully
protected MPAs that can serve as appropriate reference areas
with no fishing activity.

Non-trawling fishing remains high in temperate regions
(Trebilco et al., 2021), and derelict fishing gears have had
negative interactions with megafauna in Australian waters
(Commonwealth of Australia, 2018). The impact of locally lost
fishing gear on the benthos in temperate Australia has not been
assessed. Likewise, the relative footprint of anchoring activities in
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Australia is unlikely to be extensive due to the sheer size of the
continent, despite an upward trajectory in shipping and vessel
traffic (Commonwealth of Australia, 2016) (Table 3). Moreover,
hotspots for anchor drops in Australia may only be concentrated in
small offshore non-designated anchoring areas outside port limits,
particularly in mesophotic depths near hub ports in major cities
such as New South Wales, Melbourne, and Western Australia
(Davis et al., 2016).

3.4 Mesophotic communities’ responses to
thermal stress and severe storms

Pulsed warming events on tropical reef systems were the next
largest stressor examined (n=66) and the number of papers has
risen sharply since 2010 (Figure 2). In 2021 alone, there were 10 and
seven published titles under pulsed warming and ocean warming
respectively, which was more than any other years represented in
this review. Within tropical reef systems, nine studies out of 19
papers relating to acute and chronic warming and severe storms had
surveyed beyond 30 m depth, but only two single studies were
designed specifically to assess mesophotic fauna’s response to
pulsed warming events (Smith et al., 2016; Eyal et al., 2022).

Whilst there were relatively fewer papers on pulsed warming
impacts on temperate mesophotic systems than in the tropics (30%
of the total of 66 papers included), 36% of the studies in the
temperate regions were conducted exclusively within mesophotic
depths. There is a 10-year gap in publication between 2000 and
2009, and from 2009 to 2019. Since 2019, one paper per year on the
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impact of pulsed warming on temperate mesophotic fauna has been
published (Figure 4). The recent increase in the number of case
studies on the impact of pulsed warming on mesophotic
communities is likely due to improvement in the imaging
capabilities of mesophotic reefs (Armstrong et al, 2019) rather
than the absence of pulsed warming events.

Based on the papers included in the analysis, we found no
support for the concept of depth refugia from pulsed warming or
extreme storm events for mesophotic non-algal sessile communities
in the warm and cold temperate regions (Figure 4). We
acknowledge that our results are influenced by the search strategy
and the theoretical depth threshold of 30 meters for the mesophotic
zone. It is worth noting that the refinement of mesophotic habitat
definitions, considering factors like community composition or
photosynthetically active radiation measurements, is a recent
development in the field. Many papers we reviewed had not
reported such details at the time of their publication. Nonetheless,
we observed species-specific responses to pulsed warming events
within the community assemblage. For example, tropical
mesophotic sponges were more resilient to warming than hard
corals, bryozoans or ascidians (Kelmo et al., 2013) (Figure 4), and as
such sponges are hypothesised to be the sessile species with higher
resilience to warming under future climate change scenarios (Bell
et al,, 2018). Likewise, the extent of mortality of temperate sponges
in the upper mesophotic depth (< 40 m) was comparatively lower
than cnidarians and tunicates following a single pulsed warming

10.3389/fmars.2023.1276072

event in the northwestern Mediterranean region (Cerrano et al.,
2000; Garrabou et al.,, 2009; Verdura et al., 2019). However, the
mortality patterns between sponges and gorgonians were not
uniform amongst sites and were related to the synergistic effects
of warming and opportunistic pathogens (Cerrano et al., 2000). The
virulence of sponge diseases induced by acute warming conditions
is believed to have contributed to the disappearance of a branching
sponge in Long Island Sound, in the northwest Atlantic (Stefaniak
etal., 2014). Regardless, more direct observation studies are needed
in both regions to determine whether there is a consistent pattern in
sponge resilience to warming. It is worth noting that gorgonians
and black corals are the primary ecosystem engineers in the
Mediterranean’s mesophotic systems (Gori et al, 2017), whilst
sponges are the dominant phylum in temperate Australia (James
et al, 2017), and their abundance increases with depth (Bell et al.,
2022). Hence, the response and potential ecosystem impact of
warming on temperate Australia’s mesophotic invertebrate
communities is likely to differ from the Mediterranean.

Sessile species in shallow waters, which exhibit depth
distributions extending into the mesophotic zone (i.e., depth-
generalists), are less affected by pulsed warming events. This
resilience is primarily attributed to the cooler temperatures found
in deeper waters (Feingold, 2001; Frade et al., 2018). Furthermore,
physiological adaptations to low-light conditions and frequent
exposure to high-temperature variability are among the factors
contributing to heat stress tolerance in mesophotic organisms.
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Biological responses of various benthic organisms and communities in the mesophotic zone following extreme weather disturbances across the
survey depth gradient by bioregions and stressors, indicated by the first author, year of publication and organisms studied. “Ocean warming”
included pulsed warming events and cyclones. ‘Positive’ (in green) indicates comparatively less severe response than other corresponding depths

within the study; vice versa for ‘Negative (in red)’. ‘No difference’ (in blue) signifies no difference in the response between reference depths or in a
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TABLE 5 Semi-quantitative assessment of the relative threats to mesophotic systems reviewed in the literature and their applicability to temperate Australia. Each quality was assigned a value, represented by
number of stars (see Table 4), and the values and the uncertainty weighting factor were multiplied, then squared root to calculate the degree of pressure and threat.
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For instance, habitat-forming seaweeds in deeper waters (around 40
meters) in the warm temperate regions of West Australia have
demonstrated this resilience (Giraldo-Ospina et al., 2020).

In contrast, depth-specialised species are less likely to have
acclimated to sudden temperature changes, making them more
vulnerable to heat stress when the thermocline deepens (Eyal et al.,
2022). However, it’s essential to consider local environmental
conditions, such as the availability of hard-substrate habitat, light,
nutrient availability, and food sources, as well as changes in species
interactions, when assessing the potential of depth refugia as a
short-term buffer against thermal stress (Witman et al., 2023). Even
if mesophotic communities are not directly impacted by discrete
warming events, there are knock-on consequences of acute seawater
temperature increases, including the proliferation of opportunistic
pathogens that can lead to tissue necrosis or disease in temperate
sessile invertebrates (Cerrano et al., 2001; Stefaniak et al., 2014;
Corinaldesi et al., 2022).

3.5 Implications of future pulsed warming
events in temperate Australia

In the context of ocean warming, the frequency and intensity of
marine heatwaves (i.e., pulsed warming events) around Australia
are increasing due to climate change. When compared to the
tropical north, the number of Marine Heatwave Days categorised
as strong or severe has been notably higher over the past two
decades for Western Australia (22° to 32.5°S) and South Australia
(31° to 40°S). In southeastern Australia (37° to 46°S), Marine
Heatwave Days exceeding 100 days in those categories have been
annual since 2014 (Kajtar et al,, 2021). Pulsed warming events in
southeast Australia can be partially attributable to two main factors:
the strengthening of the southward extension of the East Australian
Current (EAC), a western branch of the South Pacific subtropical
gyre (Oliver et al, 2017), as well as the increased poleward
displacement of warm, nutrient-poor waters caused by heightened
eddy activities (Cetina-Heredia et al., 2014). This prevailing
circulation feature has amplified surface warming and
oligotrophic conditions beyond 28°S (Cetina-Heredia et al., 2014),
which in turn, correlates with decreased frequency and density in
biological aggregations near the surface (Phillips et al, 2022).
Additionally, this circulation feature has enabled the migration of
viable planktonic larvae from the east coast of Australia, facilitating
their settlement into new habitats at higher latitudes. Collectively,
these factors have contributed to the decline in kelp habitats in
coastal systems along southeast Australia (Johnson et al., 2011).
These factors can also potentially impact the mesophotic shelf
community structure, but at present, our lack of knowledge of the
ecology is hindering our capacity to predict response to
climate change.

The limited effect of a ‘depth buffer’ from pulsed warming in
tropical mesophotic systems (Figure 4) offers key lessons that are
relevant to temperate mesophotic systems: temperate mesophotic
fauna may be at risk of 1) prolonged exposure to above-average
temperatures due to reduced heat dissipation in the water column
after a pulsed warming event (Miller et al., 2011; Frade et al., 2018);
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and 2) regional oceanographic changes (e.g., deepening of mixed
layer depth, flow reversal of bottom currents or unseasonal
upwelling) that can cause abnormally high water temperatures
(Cerrano et al., 2000; Guihen et al., 2012; Smith et al., 2016). Sub-
surface warming in the cold temperate region of Australia has been
documented to reach depths of up to 200 m (Oliver et al., 2018).
Notably, this phenomenon can manifest without a concurrent
surface warming signature (Porter et al., 2021), and may persist at
depth for as long as two years (Jackson et al., 2018). Furthermore,
the extent of accelerated warming, both at the surface and bottom
over the last 20 years, has exhibited variability across different
depths and latitudes along the coastal sites within the EAC southern
extension region (Hemming et al., 2023). This intricate variability
poses a significant challenge in predicting the spatial and temporal
reach of regional marine heatwaves. The years 2010, 2013, and 2014
saw a series of pulsed warming events in southeast Tasmania,
Australia, which resulted in bleaching of red cup sponges below
50 m depth, although mortality rates of sponges and other sessile
mesophotic species following the pulsed warming events were not
monitored (Perkins et al., 2022). Given current knowledge,
temperate mesophotic sponges may not be as resilient to warming
as previously hypothesised under future climate change conditions.
Thus, subsurface warming due to oceanographic abnormalities
warrants recognition as a genuine threat to deep reef habitats.
The intensity and frequency of pulsed warming events directly
south and east of Tasmania are projected to increase greater than
other temperate regions in Australia (Misra et al., 2021). This may
not allow sufficient time for species to recover to a pre-disturbance
state between warming pulses (Verdura et al., 2019). By 2060, the
current assemblage of warmer species of mesophotic octocorals in
southeast Australia may extend southward, whilst broadly and
locally distributed sponge species particularly in south and east of
Tasmania are less likely to persist (Marzloff et al., 2018). Range-
extending herbivorous sea urchins that are affecting the shallow
systems in southeast Australia presently (Johnson et al., 2011) may
also extend to upper mesophotic depths (Perkins et al., 2015),
potentially impacting sponge-dominated habitats that may have
cascading consequences for benthic productivity (Bart et al., 2021).
The mechanisms of biological adaptation to repeated pulsed
warming of temperate mesophotic species are currently unknown.
Available evidence comes from the northern hemisphere showing
that the temperate mesophotic habitat remained in a simplified state
characterised by a high cover of turf-like mix of small invertebrates
and algae two years after a pulsed warming event (Figure 4);
although longer-term data will be required to resolve whether the
phase shift is transient or permanent (Verdura et al., 2019).
Although there is a lack of comparative data in temperate
Australia, in the GBR the findings are nonetheless promising.
They indicate that in this tropical mesophotic system, the
structural complexity has been maintained, even amidst multiple
weather stressor events (Hernandez-Agreda et al., 2021). This
preservation of complexity is attributed to a shift in the hard
coral assemblage, favouring branching and plating morphologies
over massive, encrusting, and foliose-type species (Hernandez-
Agreda et al,, 2021). Monitoring of bleaching incidence in
photosymbiotic sponges or signs of necrosis associated with heat-
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related opportunistic pathogens in deeper azooxanthellate species
may be useful indicators for heat stress (Cerrano et al., 2000). Also,
expanding long-term monitoring of fine-scale oceanographic
parameters may help refine understanding of climate change
impact hotspots.

3.6 Under-recognised threats from
severe storms

Next to warming, the projected increase in the intensity and
frequency of severe storms in temperate Australia from 40° S by
2081 may be another high-level stressor (Wandres et al., 2017)
(Table 3). Mesophotic habitats were equally as vulnerable as the
shallow water communities to the direct impacts of severe tropical
storms and intense rainfall (Figure 4). Storm swells at 100 km from
the reef and the path of Cyclone Yasi (category 5 on the Australian
scale) were powerful enough to break off and overturn hard corals at
65 m deep on the GBR (Bongaerts et al., 2013). Hence, secondary to
direct warming, impacts on warm temperate systems may be
compounded by another large-scale warming-related stressor, as
the paths of tropical severe storms are projected to shift poleward
(Sharmila and Walsh, 2018).

Australian coastlines between latitudes of 40° and 50° S are
exposed to one of the highest wave energies in the world (Hemer
et al,, 2017). This is due to persistent strong westerly winds over
extremely long fetches across the Southern Ocean that are capable
of generating more frequent and higher energy swells (wavelength
of more than 200 m) than those in the northern hemisphere (Wang
et al,, 2016) or during destructive tropical cyclones (Tang et al.,
1997). Significant wave heights of up to 10 m and wave periods of 15
s have been recorded on the southern coast of Australia during a
storm in 2021 (Liu et al, 2022), which had sufficient energy to
generate a bottom current velocity of 17 m.s™ at 100 m depth. This
was estimated to be 22 times higher than the recorded bottom
current velocities from tropical cyclones (Tang et al., 1997).

Depending on the geomorphology of the seabed and sediment
type, wave-exposed mesophotic systems may experience
underwater turbulence that is high enough to displace infauna
and small organisms, remove larger sessile invertebrates, and
resuspend soft sediments which can smother encrusting filter
feeding invertebrates and impair feeding efficiency of suspension
feeders (Paavo et al.,, 2011; Larkin et al., 2021). In addition, the
heterogeneity in the width of Australia’s continental shelf gives rise
to regional differences in wave energy exposure (i.e., higher wave
energy on a narrower shelf) (Seamap Australia, 2023). The
anticipated increased frequency in pulse-type seabed disturbance
may hinder the ecosystem from regaining its pre-disturbance
equilibrium, perpetuating a persistent transient state of lower
diversity assemblages consisting of small-bodied invertebrates and
fast-growing species (Walker et al., 2008), a community assemblage
similar to that found post pulse-warming events (Verdura et al,
2019). Selecting representative species (e.g., sponges that have
predictable patterns of size and growth form shaped by a given
level of wave energy exposure) may be a useful bioindicator for
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monitoring changes in hydrodynamics within different
geographical regions (Schonberg, 2021).

The projected increase in extreme rainfall events, ~ 25% by 2081
under Representative Concentration Pathway 8.5, is yet another
compounding stressor for southern Australia, (CSIRO & Bureau of
Meteorology, 2015). Insights gleaned from tropical regions have
shown extensive loss of seagrass meadows because of the intense
rainfall accompanying destructive storms upon landfall. This loss is
attributed to the large volume and high flow rate of terrestrial run-
off, which transports sediments, nutrients, debris, and pollutants to
shallow nearshore systems (Kendrick et al., 2019). Riverine food
plumes can be transported some distance offshore, influenced by
wind and Coriolis forcing, which has the potential to expose mid
and outer-shelf marine ecosystems to terrestrial pollutants and silt
resulting from poor land use (Devlin and Schaffelke, 2009). An
example is the 2022-2023 Murray River flood event in southeastern
Australia, brought about by persistent heavy rain. Through
underwater imagery, it was observed that hypersaline silt
originating from the Murray River extended as far as 80 km
offshore (Mosley et al.,, 2023). This phenomenon was facilitated
by a combination of gravity, current, and wind, which collectively
contributed to the dispersal of the Murray River flood plume across
the continental shelf seabed (Monk, J 2023, pers comm, 11
August 23).

Community composition in temperate mesophotic reefs has
been recorded to shift towards turf-algae dominance as the
abundance of structural forming invertebrates declined where
flood plumes have extended to 35 m depth (Piazzi et al., 2021).
The top-down sediment deposition associated with river plumes
and rainfall events may also impact photosynthetic-dependent
corals, sponges and macroalgae, and azooxanthellate passive
suspension and filter feeders at upper mesophotic depths (Larkin
et al,, 2021), although investigation into species-specific response is
warranted. As extreme rain events are likely to become more
common under future climate projections (CSIRO & Bureau of
Meteorology, 2015), mesophotic habitats in regions with high-
flowing river systems (i.e., east and southeast Australia) may be at
greater risk from top-down sedimentation. Drawing from lessons
learned from the cascading impacts of chronic terrestrial nutrient
input and coral reef degradation in the GBR (Kroon et al,, 2016),
anticipatory actions to manage water quality issues in light of this
risk may be highly valuable.

4 Conclusion

Our review has outlined the vulnerability of sessile biota in
mesophotic systems to various large-scale and local stressors that
can, directly and indirectly, impact the ecosystem. Existing evidence
on tropical and warm temperate mesophotic systems is largely
centred on the characterisation and reproductive potential for
mesophotic hard coral species to reseed shallow water
populations to preserve reef complexity (Figure 1). A significant
knowledge gap exists in whether temperate mesophotic reefs have
similar ecosystem functioning as their tropical counterparts because
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temperate mesophotic assemblages are often distinct from
temperate shallow water and tropical mesophotic communities.
Regardless, mesophotic communities in both regions are susceptible
to weather and localised pressures but their responses to threats
vary between taxa and habitat types and are likely to depend on
factors such as type, magnitude and duration of disturbance and
rate of occurrence, as well as the combination of pressures.

To date, it appears there is little evidence indicating that depth
per se can effectively serve as a physical barrier against pulsed
warming events, severe storms, or intense rainfall, especially in the
case of temperate mesophotic systems. Consequently, it appears
that the temperate mesophotic reef habitats in Australia are equally,
if not more, susceptible to significant weather disturbances
compared to tropical mesophotic systems. Unlike some temperate
regions elsewhere in the world, the deep shelf soft-sediment benthic
communities in temperate Australia are suggested to be typically
less impacted by trawling or anchoring activities at present
(although these observations are backed by few empirical studies,
and more are needed). Nonetheless, the predicted escalation of
severe storm surges under future global warming scenarios has the
potential to increase sediment resuspension from the bottom-up,
while also exacerbating localised top-down sediment load from
land-based runoff. However, following disturbance, existing
evidence suggests that soft-sediment populations are likely to
recover faster than mixed sediment or reef habitats (Figure 3).
Overall, though, the potential impacts of multiple stressors on soft-
sediment communities need to be better assessed.

In the context of climate change, Australia’s temperate
mesophotic reef habitats are likely to experience the greatest
impacts from pulsed warming and severe storms in the
immediate future. The accelerated rate of warming and pulsed
warming events in southeast of Australia are a cause for concern
and pose an urgent risk. Based on existing knowledge, evidence of
depth refuge from weather disturbance is very limited, but
temperate mesophotic sponges may be more resilient than other
sessile habitat formers to pulsed warming. Currently, we cannot
infer the consequence of pulsed warming events and long-term
warming for Australia’s temperate mesophotic systems from
existing knowledge because of the heterogeneity in community
assemblages. Moreover, the speed of warming is likely to cause
the continual reshuffling of assemblages and novel interactions will
arise with unpredictable ecological impacts. This points to a
pressing need for research to focus on better understanding
natural variability, species interactions, adaptation to local
conditions and phenotypic plasticity to identify pathways for
increasing resilience to warming. It will require tailored
monitoring programs to track population and community trends
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