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Abstract
Ocean temperatures have warmed in most regions over the last century and are expected to warm at a faster rate in the future. Consistent with the view that marine species are thermally constrained, there is growing evidence that many marine species have already undergone poleward range shifts in line with warming trends. This study uses historical observations of ocean temperature and climate model projections to examine the movement of isotherms that mark the boundaries for species′ thermal habitats. In particular, we compare the rates of isotherm movement between different ocean regions and at different time scales and examine to what extent the implied movement is uniform or sporadic. Widespread long-term warming implies poleward shifts of isotherms in almost all regions. However, as the speed of isotherm movement is inversely related to local meridional SST gradients and the pattern of ocean warming is heterogeneous, speeds vary considerably between regions, season and over time. At present on decadal and longer timescales, changes due to low frequency natural SST variability can dominate over human-induced changes. As such, there are multidecadal periods in certain regions when we would expect to see range shifts that are much faster or in the opposite direction to that implied by a monotonic warming. Based on central estimates from the latest suite of climate model projections, median isotherm speeds will be about seven times faster in the 21st century compared to the 20th century under business as usual emissions. Moreover, SST warming is projected to be greater in summer than in winter in most oceanic regions, contrary to what is projected to occur over land. As such net poleward isotherm speeds, particularly in the northern hemisphere summer, are projected to be considerably faster than in winter. Finally we show that isotherms can exhibit erratic migration rates over time, even under uniform warming. Isotherm movement tends to stall at thermal fronts for extended periods of time and then rapidly shift to a new position, marked by more poleward fronts. This implies that species ranges would also be expected to undergo sudden rapid shifts rather than exhibiting a gradual monotonic poleward march.





Introduction
All species or populations within a species have an optimal temperature range in which they function most efficiently (Drinkwater et al., 2010, Huey and Kingsolver, 1989). Temperature strongly influences biological processes such as temporal patterns of growth, survival or reproduction, as well as spatial patterns of body size and population density (Angilletta, 2009). Move too far outside a species′ optimal range and its ability to function degrades to a point where the population is no longer viable. Consequently, temperature is often an important factor in determining the geographical distribution of a species. This is particularly pertinent for marine species as they are typically more constrained by thermal limits than terrestrial species (Sunday et al., 2012). In the marine environment, temperature is tightly linked to the capacity of species to perform aerobically (Pörtner, 2002), and organisms living in temperatures outside their thermal optima experience reduced aerobic scope, which negatively affects their performance and ultimately reduces their abundance (Pörtner and Knust, 2007). Hence, where there are long-term changes in the temperature of a region, for example driven by anthropogenic climate change, a species population may be able tolerate the higher temperature, but this may come at the cost of reduced efficiency (Drinkwater et al., 2010 and references therein); the species population may move to a region with more favourable temperatures, or the species population may become extinct. Even where a species population can adapt to temperature changes, indirect effects may adversely affect the population (e.g. Walther, 2010). New predator species may enter the region, existing prey species may migrate away, the timing or phenology of predator prey interactions may change or other physical or biogeochemical changes may occur (e.g. changes in stratification, circulation or nutrient supply).
Over the last century, increased radiative forcing, driven primarily by rising concentrations of greenhouse gases, have resulted in a clear large-scale warming of the earth surface including the upper ocean (IPCC, 2013). Given that emissions of greenhouse gases are still accelerating (e.g. Raupach et al., 2007, Le Quere et al., 2013) further warming, at faster rates, is expected. In conjunction with a large equator-to-pole temperature difference, such broad scale, long-term warming will in most regions cause a poleward movement of thermally bound habitats, the region between two isotherms that border a species thermal range.
For terrestrial systems there is a large body of evidence for thermally driven species migrations. For example Chen et al. (2011) performed a meta analysis of the literature with regard to terrestrial range shifts. Based on a sample of over 700 species from multiple taxa they found median polewards range shift speeds of ~17 km/decade. They also showed a significant correlation between the rate of range shift for species and the associated rate of regional warming. Moreover, the correlation was increased when this observed rate was compared with the theoretical rate of isotherm speeds based on both the local rate of warming and regional differences in temperature gradients (see below). While the evidence for species range shifts in the marine environment is comparatively more limited, there is nevertheless compelling evidence of a predominance of poleward range shifts (Nye et al., 2009, Perry et al., 2005a, Przeslawski et al., 2012, Wernberg et al., 2011). For example, a meta analysis by Sorte et al. (2010) found a poleward migration in 75% of the (n=129) species (including primary producers, fish, molluscs, crustaceans, birds, cnidarians and sponges) for which there was evidence of a range shift. This is already having a measurable impact on world fisheries, resulting in a global ‘tropicalisation’ of catch, i.e. an increasing dominance of warm-water species (Cheung et al., 2013).
In this study we examine long-term observed surface isotherm speeds in relation to spatial differences in meridional SST gradients (Section 3.1) and contrast this with speeds calculated on decadal timescales at which natural variability dominates over anthropogenic changes (Section 3.2). We then examine projections of isotherm speeds based on the latest generation of climate models (Section 3.3), for the annual mean and for summer and winter seasons (Section 3.4) and investigate characteristics of the temporal evolution of isotherm locations subject to large interannual variability and in regions of very different background spatial gradients (Section 3.5). Finally we briefly examine an alternative adaptation strategy available to some species: vertical migration to greater depth (Section 3.6). Implications for marine species of these physical environmental changes and key recommendations are provided in Section 4.



Section snippets
Methods
Population distributions are set by a variety of physical and biogeochemical factors that define habitat suitability as well as food availability and pressures associated with predators and fishing. One of the primary abiotic constraints, however, is ocean temperature. Ocean temperature is a well understood variable that has been routinely measured, particularly in the upper ocean, over long periods of time. Moreover, climate models are able to simulate the future evolution of SST with a
Historical long-term, isotherm speeds
Meridional gradients in long-term mean SST show monotonically decreasing temperatures from the equator to the poles for most oceanic regions (Fig. 1A). The most prominent exception to this is in the equatorial central and eastern Pacific and Atlantic basins where the prevailing equatorial Trade Winds drive an upwelling of relatively cool water and as such equatorial waters have lower SST than off the equator. Strong regional spatial differences exist in the meridional SST gradients, with the
Discussion
Anthropogenic Global Warming can affect the ocean in a variety of ways (Brewer and Peltzer, 2009, Sen Gupta and McNeil, 2012). For example, there is already evidence for expansion of oxygen minimum zones, ocean acidification, modified circulation and nutrient supply, all changes that may affect marine habitats and are likely to be exacerbated in the future. Here, we focus on the role of a single but arguably the most important factor controlling marine habitats: changes in ocean temperature. We 
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The Southern Indian Ocean (20–120°E, 70–30°S) hosts an exceptional biodiversity that contributed to the inscription of the French and Australian natural reserves on the UNESCO World Heritage List. This region is a “hot spot” for ocean heat uptake and already experiences intense marine heat waves (MHW), as evidenced in 2011/2012 over the Kerguelen Plateau. In the coming decades, this region is also expected to face supplemental anthropogenic warming, depending on future greenhouse gas emissions, with unknown consequences for its marine ecosystems. Here, we present a regional analysis of ocean warming and MHW based on the analyses of historical observations and Coupled Model Intercomparison Project Phase 6 (CMIP6) climate projections. Consistent with observations over the last decades, we find an intensification through the 21st century of surface warming and MHW over a band located between 40°S and 55°S within the Antarctic Circumpolar Current region. CMIP6 models also project much faster climate velocities (i.e. the speed and direction at which isotherms drift in the wake of climate change) in the mesopelagic (200–1000 m) than at the surface (0–200 m). Lastly, a comparison between the two Shared Socioeconomic Pathways (SSP1-2.6 and SSP2-4.5) analysed in this study shows much larger changes in the second half of the 21st century for the higher emission scenario. These results suggest that the subantarctic islands will probably be mostly affected by warming and MHW under both scenarios, although committing to SSP1-2.6 could substantially alleviate the pressure on ecosystems in the long term. This study also highlights the need to consider a tri-dimensional environment that may evolve at different paces when designing efficient conservation measures.




	Climate change-accelerated ocean biodiversity loss &amp; associated planetary health impacts
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Show abstract
A planetary health perspective views human health as a function of the interdependent relationship between human systems and the natural systems in which we live. The planetary health impacts of climate change induced ocean biodiversity loss are little understood. Based on a systematic literature review, we summarize how climate change-induced ocean warming, acidification, and deoxygenation affect ocean biodiversity and their resulting planetary health impacts. These impacts on the planets’ natural and human systems include biospheric and human consequences for ecosystem services, food and nutrition security, human livelihoods, biomedical and pharmaceutical research, disaster risk management, and for organisms pathogenic to humans. Understanding the causes and effects of climate change impacts on the ocean and its biodiversity and planetary health is crucial for taking preventive, restorative and sustainable actions to ensure ocean biodiversity and its services. Future courses of action to mitigate climate change-related ocean biodiversity loss to support sound planetary health are discussed.




	Season-dependent effects of ocean warming on the physiological performance of a native and a non-native sea anemone
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Show abstract
The effects of ocean warming on the physiological performance of marine organisms have been widely studied. However, few studies have considered the relevance of seasonal acclimation to elevated temperatures and whether native and non-native species have similar tolerances to warming. We tested the hypotheses that the susceptibility to warming in two species of sea anemones from temperate latitudes is (i) higher in winter than in summer, and (ii) higher in the native than in the non-native species. Seasonal variability in the upper thermal tolerance limit of Anthothoe chilensis (native) and Anemonia alicemartinae (non-native) individuals from the northern-central coast of Chile was assessed in laboratory experiments during the austral winter 2015 and summer 2016. In line with our predictions, seawater warming (up to 16 °C above natural levels) significantly suppressed individual performance proxies such as survival and asexual reproduction (longitudinal fission) in the native species, but not in the non-native species. However, asexual reproduction in the non-native sea anemone was rare across warming treatments, and the native species showed a stronger capacity to detach from the substratum under adverse thermal conditions. Negative effects of warming on survival and fission were evident only in winter, when asexual reproduction is more intense in these taxa. Finally, water temperatures of 30 °C or more were lethal for both native and non-native sea anemones. These results show that the non-native species may have a broader thermal tolerance (in terms of survival) than the native taxonomically related species, but the latter displays behavioral adaptations to avoid adverse conditions of high temperatures. We suggest that knowledge about life history traits related to seasonal variations in water temperature and the invasion status of a species can help to predict its performance in a warming ocean.
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Citation Excerpt :
In contrast to sessile organisms, fish can escape the warming by moving polewards. As isotherms are migrating poleward (Gupta et al., 2015) and the Arctic is warming twice as fast as the global average many invasive species from temperate latitudes have been found to increase in abundance and distribution which results in community-wide shifts in species distribution, while Arctic fish species have retracted further North to the polar basin (Fossheim et al., 2015). Thus, climate change in conjunction with ocean acidification alters species composition and abundance which will affect fisheries which supports over 1.8 million jobs and contributes >200 billion USD in the US alone (Peterson et al., 2018).



Show abstract
Aquatic and terrestrial organisms are being exposed to a number of anthropogenically-induced environmental stresses as a consequence of climate change. In addition, climate change is altering various linkages that exist between ecosystems on land and in water. Here we compare and contrast how climate change is altering aquatic and terrestrial environments and address some of the ways that the organisms in these ecosystems, especially the primary producers, are being affected by climate change factors, including changes in temperature, moisture, atmospheric carbon dioxide and solar UV radiation. Whereas there are some responses to climate change in common between terrestrial and aquatic ecosystems (e.g., changes in species composition and shifting geographic ranges and distributions), there are also responses that fundamentally differ between these two (e.g., responses to UV radiation). Climate change is also disrupting land-water connections in ways that influence biogeochemical and hydrologic cycles, and biosphere-atmosphere interactions in ways that can modify how aquatic and terrestrial ecosystems are affected by climate change and can influence climate change. The effects of climate change on these ecosystems are having wide-ranging effects on ecosystem biodiversity, structure and function and the abilities of these systems to provide essential services.




	A fine spatial-scale sea surface temperature atlas of the Australian regional seas (SSTAARS): Seasonal variability and trends around Australasia and New Zealand revisited
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Citation Excerpt :
Without validation series, it is difficult to know which is correct. As noted in Sen Gupta et al. (2014), this 24 year trend pattern is a mixture of natural decadal variability (such as due to the Interhemispheric Pacific Oscillation) and anthropogenically-forced warming. The high spatial resolution of the Atlas reveals many regional features poorly described in the past, and so we examine these in more detail below.



Show abstract
We use 25 years of Advanced Very High-Resolution Radiometer (AVHRR) data from NOAA Polar Orbiting Environmental Satellites received by six Australian and two Antarctic reception stations to construct a detailed climatology of sea surface temperature (SST) around Australasia. The data have been processed following international GHRSST protocols to help reduce instrument bias using in situ data, with only night-time nearly cloud-free data used to reduce diurnal bias and cloud contamination. A pixel-wise climatology (with four annual sinusoids) and linear trend are fit to the data using a robust technique and monthly non-seasonal percentiles derived. The resulting Atlas, known as the SST Atlas of Australian Regional Seas (SSTAARS), has a spatial resolution of ~2 km and thus reveals unprecedented detail of regional oceanographic phenomena, including tidally-driven entrainment cooling over shelves and reef flats, wind-driven upwelling, shelf winter water fronts, cold river plumes, the footprint of the seasonal boundary current flows and standing mesoscale features in the major offshore currents. The Atlas (and associated statistics) will provide a benchmark for high-resolution ocean modelers and be a resource for ecosystem studies where temperatures, and their extremes, impact on ocean chemistry, species ranges and distribution.
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Show abstract
Physiological adaptations enabling tolerance of low temperature, as well as adaptations in larval development, are thought to be critical to the global radiation of deep-water lineages of lithodine crabs. However, global climate change is warming the oceans, potentially impacting the biogeographic distributions of these large predatory crabs. To date, larval thermal scope has only been explored in a few deep-water lineage lithodines. We assessed larval development parameters in the northern stone crab Lithodes maja at temperatures ranging from 1 °C to 15 °C. We examined larval survival, duration of development, energetic reserve utilisation, and respiration rate. L. maja larvae displayed a narrow thermal tolerance window and metamorphosed successfully at 6 °C only. Differential uses of energetic reserves among temperatures during development in L. maja support the interpretation of a narrow larval thermal scope and indicate that 6 °C is the optimum temperature for development in this species. Consequently, continued ocean warming is likely to force biogeographic range shifts in L. maja.
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