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[bookmark: _Toc456191845][bookmark: _Toc441994169][bookmark: _Toc449345293]Overview of MESOPP project 
The underlying concept of MESOPP is the creation of a collaborative network and associated e-infrastructure (marine ecosystem information system) between European and Australian research teams/institutes sharing similar interests in: the Southern Ocean (SO) and Antarctica, its marine ecosystem functioning and the rapid changes occurring with the climate warming and the exploitation of marine resources. 
In the past 30 years – facing global knowledge issues, lacking data and addressing huge modelling challenges – we observed the successful world organisation of meteorology. These past 15 years, Europe has kick started and achieved successful structuring of the operational oceanography fostered by the Copernicus initiative (http://marine.copernicus.eu/). Today, this structure is used and recognised worldwide and is integrated in GOOS (Global Ocean Observing System), IOOS (Integrated ocean observation system), SOOS (Southern Ocean Observing System), GODAE (the International Global Ocean Data Assimilation Experiment), and IMBER (Integrated Marine Biogeochemistry and Ecosystem Research).
The next major R&D strategic challenge is to connect the marine ecosystem community across the fields of meteorology, climate, oceanography and biology. This is a critical pre-requisite to overcoming (i) the domain’s lack (or patchiness) of data, (ii) development of accurate high end to end models, (iii) global coverage and the need for exchange.
The objective of the MESOPP project is to meet this challenge and create links across the fields, pulling the marine ecosystem together. In particular, to:
1. Make an inventory of science challenges, stakes and existing policies and develop tools to federate and structure the community;
2. Start to organise the related marine ecosystem community between the EU and Australia through two implementation actions
3. Propose a R&D roadmap to support a large international cooperation on marine ecosystems based on an e-infrastructure, adding additional countries such as USA, New Zealand, Canada (in the Frame of the Galway statement), Brazil and all active countries already involved in large organisations such as IMBER, CCAMLR or IMOS.
MESOPP will focus on the enhancement of collaborations by eliminating various obstacles in establishing a common methodology and a connected network of databases of acoustic data for the estimation of micronekton biomass and validation of models. It will also contribute to a better predictive understanding of the SO based on furthering the knowledge base on key functional groups of micronekton and processes which determine ecosystem dynamics from physics to large oceanic predators. 
This first project and associated implementation (science network and specification of an infrastructure) should constitute the nucleus of a larger international program of acoustic monitoring and micronekton modelling to be integrated in the general framework of ocean observation following a roadmap that will be prepared during the project.
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1. [bookmark: _Toc515527174]Introduction
[bookmark: _GoBack]The Commission for the Conservation of Antarctic Marine Living Resources (CCAMLR, established 1982) has, in an effort to conserve Antarctic marine life, established various Southern Ocean marine protected areas (MPAs), with varying levels of protection. These include the South Orkney Islands Southern shelf MPA (2009) and Ross Sea MPA (2016) and others are now being proposed in and around East Antarctica. Mesopelagic fish (e.g. myctophids) form an important component of Southern Ocean food-webs and may contribute substantially to the biological carbon pump, which facilities the biological transfer of atmospheric carbon to the seabed (Ducklow et al. 2001, Davison 2011, Giering et al. 2014, Proud, Cox, Le Guen, et al. 2018). Mesopelagic fish occupy the mesopelagic zone (200-1000 m) during the daytime and most migrate vertically at night to feed at the surface (Catul et al. 2011). Their global biomass is between 1.6 and 16 gigatons (Proud, Handegard, Kloser, et al. 2018) and may yet provide a sustainable fishery of the future (St. John et al. 2016). To partition the Southern Ocean into distinct mesopelagic fish habitats, and therefore gain insight into the role of mesopelagic fish in Southern Ocean pelagic food-webs and ecosystem function, we must first link environmental variability with changes in mesopelagic fish biomass and behaviour.
[bookmark: _Toc515527175]Deep scattering layers
The mesopelagic community can be studied using active-acoustics (e.g. echosounders): layers that occupy discrete depth ranges within this zone are known as deep scattering layers (DSLs). The depth of the DSL varies geographically and over time (Kloser et al. 2009, Irigoien et al. 2014, Proud et al. 2017, Proud, Cox, Le Guen, et al. 2018). This variance is predictable and observations of DSL depth have been related to environmental drivers such as light intensity (Hays 2003, Aksnes et al. 2017), sea-water density (Godø et al. 2012), wind-driven mixing (Proud et al. 2017) and oxygen concentration (Bianchi et al. 2013, Klevjer et al. 2016). DSL echo intensity, often used as a proxy for biomass, has also been linked to primary production and temperature (Irigoien et al. 2014, Fennell & Rose 2015, Proud et al. 2017).
Environmental barriers, such as Oxygen Minimum Zones and thermoclines can limit the depth range of species, but can also offer a haven from predators for those that are more adapted (Klevjer et al. 2012). Oceanic features such as eddies, gyres, currents and fronts affect DSL depth. Eddies that evolve at coarse scales (10 to 100’s km) can provide a rich feeding habitat, driven by continual upwelling of nutrients, shifting DSL structure (Godø et al. 2012); this behaviour is thought to be a consequence of lethargic fish following paths of constant density and is contrary to the idea of a light driven DSL depth. Oceanic fronts at the sea surface, that are regions of increased production, have been associated with sharp rises in DSL depth (Nicol et al. 2000), which could be related to reduced light penetration from increased PP at the surface. Mesopelagic communities often appear in the form of multiple DSLs and their arrangement normally shifts at twilight to form distinct day and night patterns (Proud, Cox, Le Guen, et al. 2018). DSL stratification is related to the physical properties of the water-column, separating predators from their prey, and into groupings of organisms that preferentially seek distinct or extreme habitats (e.g. hypoxic zones) to increase their survival probability. Due to their complex nature and form, point observations of DSL depth and vertical arrangement that are often reported in DSL studies are not adequate when investigating the drivers of long-term regional-scale characteristics of DSLs (Proud et al. 2017).
[bookmark: _Toc515527176]Partitioning the ocean
The amount of net primary production (PP) at the ocean’s surface drives, in part, total mesopelagic biomass (Proud et al., 2017). PP varies widely both geographically and over time (Boyce et al. 2010, 2012). Variation in PP gives cause for global partitioning of the ocean into ecological regions, such as those derived by Longhurst (Longhurst 2007). Both surface and deeper communities are limited by PP, which is a function of light intensity, temperature and nutrient availability (via mixing), therefore, where major changes in these properties occur, such as at oceanic fronts, PP regime shifts are often observed. In the open-ocean, away from continental shelves, water masses meet at oceanic fronts that physically partition the ocean; at smaller scales, eddies and filaments act in the same way. Frontal regions are often associated with relatively high levels of production (Laubscher et al. 1993), usually a result of complimentary water mass mixing where the frontal habitat, sometimes known as an ecotone (from Odin, 1971 or Shelford, 1963), gains the compositional advantages of both adjoining water masses (either converging or diverging); an example of this is where nutrient-rich, iron-poor subantarctic water converges with nutrient-poor, iron-rich subtropical waters at the southern subtropical convergence zone. Away from frontal zones, within the ocean gyres, production is characteristically low due to low-levels of nutrients (Field 1998). Towards the poles, light, seasonal ice conditions, temperature and iron content mediate production (Boyd et al. 2000, Arrigo et al. 2008). During the dark winter months, polar open-ocean production is minimal and some organisms take refuge either through seasonal migrations to the deep ocean (diapause: e.g. copepods, Hirche 1996) or by sheltering under the ice, feeding on algae, extracted from brine channels (e.g. juvenile Antarctic krill, Nicol 2006).  
[bookmark: _Toc489026523][bookmark: _Toc515527177]This report
In this report we derive mesopelagic fish habitats based on predicted variability in Southern Ocean DSL echo intensity (a proxy for biomass). Therefore, these habitats do not represent changes in species diversity, rather, in the mechanisms that drive biomass. We assume that mesopelagic fish produce the majority of DSL backscatter (at 38 kHz) in the Southern Ocean and use the method developed by Proud et al. (2017) to partition the Southern Ocean into mesopelagic fish habitats across various spatial scales. This was carried out by i) evaluation of Proud et al. (2017) global mesopelagic biogeography in the context of the Southern Ocean; ii.) definition of the extent of the Southern Ocean habitat, and iii.) application of Proud et al. (2017) method to partition the Southern Ocean into mesopelagic fish habitats. 





[bookmark: _Toc515527178][bookmark: _Toc489026525]Mesopelagic biogeography of the Southern Ocean
Proud et al. (2017) described a global biogeography of the mesopelagic community based on the depth and echo intensity (a proxy for biomass) of deep scattering layers (DSLs). They found that net primary production (PP) and water temperature at the depth of the DSL (TPDSL) were the main drivers of daytime DSL echo intensity, using single frequency 38 kHz echosounder observations. Since a considerable proportion of backscatter at 38 kHz from DSLs is likely to be produced by gas-bladdered fish (Proud, Handegard, Kloser, et al. 2018) then it is a reasonable approximation to use Proud et al.’s (2017) bioregionalization method to designate biomass-based mesopelagic fish habitats in the Southern Ocean. 
[bookmark: _Toc515527179]Biogeography
The global mesopelagic biogeography described by Proud et al. (2017) was based on ten distinct biomass classes, each with characteristic PP (g C m-2 day-1) and TPDSL (°C) values (see supplemental information in Proud et al. 2017, Table 1). These biophysical variables parametrised a simple linear model (R2 = 0.93) that predicted the area-backscattering coefficient (mean backscatter per m2 for a given depth range) of DSL backscatter,

Values of TPDSL were estimated by predicting the principal (or most common) depth of the DSL (ZPDSL) using a multi-linear model (R2 = 0.68), which was given by

where τ (N m-2) is the magnitude of the surface wind stress (a proxy for surface mixing).
The ten-class model partitioned the open-ocean into 36 spatially-distinct regions. In the global partitioning, the Southern Ocean was mainly consistent of a single region (class 1), characterised by relatively low PP and low TPDSL values (Figure 1).

[image: ]
[bookmark: _Toc515527164]Figure 1 Southern Ocean mesopelagic biogeography. Adapted from Proud et al. (2017). Colourmap is divided into 10 uniform colours, each representing a single biomass class. Ross Sea and South Orkney Islands Southern shelf MPAs indicated by magenta outline.
At the global scale, the Proud et al.’s (2017) observation model does not sufficiently resolve variability in the Southern Ocean environment and does not take into account seasonal/annual changes in sea-ice extent or other long-term variations such as the Southern annular mode, instead, it is mainly driven by regional-scale differences in water-mass properties averaged over long periods of time (years). To resolve smaller-scale variation in Southern Ocean DSL drivers, we must first define its boundary (spatial extent).
[bookmark: _Toc515527180]Southern Ocean mesopelagic environment
The Southern Ocean is the only ocean that is not land-locked and therefore its oceanographic properties are very different to other ocean systems. Two key features of the Southern Ocean are i) the eastward flowing Antarctic Circumpolar Current (ACC) which perennially encircles the continent and is responsible for transporting plankton vast distances (e.g. eggs/larvae of Antarctic krill), and ii) the seasonal changes in sea-ice coverage, which have a substantial impact on production. Both features contribute to the distribution of low-trophic level biomass around the continent. In an effort to conserve Southern Ocean biodiversity (much of which is endemic), two MPAs have been established by CCAMLR (Figure 1), formed of static boxes which fall completely within the Southern Ocean sea-ice zone (white line Figure 2).  
[bookmark: _Toc515527181]Temperature at the DSL depth (TPDSL)
The Southern Ocean can be broken down physically into a number of concentric (but fragmented) frontal systems that divide the ocean into latitudinally parallel zones, which emanate out from the continent, beginning with the polar front located close to the maximum winter sea-ice extent, through to the subantarctic and subtropical fronts (Figure 2); in fact, this physical partitioning of the ocean was used by Mary Sommerville in the first real attempt to define a global biogeography in 1862-1870, where she defined a physical geography consistent of 9 latitudinal ‘homo-zoic’ zones. Transitions across frontal boundaries coincide with stark changes in the environment and often represent boundaries for fauna with limited temperature ranges (e.g. krill species; Nicol 2006) which is typical of Southern Ocean species; interestingly, this is not the case in the Arctic, Northern krill (Meganyctiphanes norvegica) for example, have much broader temperature ranges that may make them more resilient to future climate change. The temperatures changes at the surface are often (but now always) reflected by similar changes in the mesopelagic zone (dependent on deep water-mass structure) and therefore will likely impact TPDSL and hence DSL biomass. 
[image: ]
[bookmark: _Toc515527165]Figure 2 Southern Ocean environment. Red lines mark Orsi et al. (1995) mean frontal boundaries of Polar front, Subantarctic front and Subtropical front, which increase in latitude from the continent respectively. Light blue shading and white line denote minimum and maximum sea-ice extent respectively. Ross Sea and South Orkney Islands Southern shelf MPAs indicated by magenta outline.
[bookmark: _Toc515527182]Primary production at the surface
Primary production (PP) in the Southern Ocean is principally limited by seasonal changes in light and by the availability of iron (Boyd et al. 2000). Given sufficient nutrients, PP is triggered in the spring, when the polar night ceases and break up of seasonal sea-ice (releasing trapped algae) seeds the annual single-pulse production bloom; historically, before whales were culled to near extinction, the Southern Ocean was replete with iron stores, provided by whale defecation (iron-fertilisation) at the surface, recycling consumed iron (mainly from krill) into the pelagic food-web. Regional transfer of PP through the food chain is somewhat dependent on the ACC which facilitates transportation of plankton, in a clockwise direction, around the continent. It is likely that the spatial extent of mesopelagic fish habitats changes during the annual production cycle, especially in regions that are completely ice-covered during the polar winter. Interestingly, production in the summer may be a useful proxy for mesopelagic fish biomass during the winter because larval krill (potential fish food) feed on algae rich brine channels under the ice throughout the winter; this would of course assume that the krill larvae remain in the same location – which is contrary to observation (Meyer et al. 2017).
[bookmark: _Toc515527183]Southern Ocean extent
The equatorward boundary of the Southern Ocean is normally defined by spatially averaged sea-surface temperature (Orsi et al. 1995). In some instances, this will correspond to changes in subsurface temperature, but not always, and deep water masses can effectively extend/retract the Southern Ocean mesopelagic domain away from the surface boundaries. Here we define a Southern Ocean limit based on the predictor variable (PP x TPDSL) in equation 1, which drives mesopelagic fish biomass (Figure 3).
[image: ]
[bookmark: _Toc515527166]Figure 3 Southern Ocean extent. Colormap is primary production (PP, g C m-2 day-1) multiplied by temperature at the principal deep scattering layer depth (TPDSL, °C). The white line indicates the far-extent of winter sea-ice and the black line marks the extent of the Southern Ocean mesopelagic boundary. Light blue shading indicates minimum sea-ice coverage. Ross Sea and South Orkney Islands Southern shelf MPAs indicated by magenta outline.
A threshold of 1.5 g C m-2 day-1 °C was set for PPxTPDSL as this provided a spatial limit which encompassed key subantarctic islands e.g. Kerguelen and South Georgia that are hotspots for krill production (an important food-source for mesopelagic fish) and the maximum winter sea-ice extent, whilst excluding the much warmer subtropical frontal regions that are likely consistent of more ‘tropicalised’ fish populations.
[bookmark: _Toc515527184]Modelisation of mesopelagic fish habitats
We follow the approach of Proud et al.’s (2017) global mesopelagic biogeography, but instead of considering the entire global ocean, we confine our bioregionalization to the Southern Ocean, bounded equatorward by a substantial change in PPxTPDSL (see Section 2.3 and Figure 3). We only consider areas where the seabed depth is greater than 1000 m (i.e. off-shelf) and assume that the majority of 38 kHz DSL backscatter (which equation 1 is based on) in the Southern Ocean is produced by fish with gas-filled swimbladders. We infer that a biogeographic partitioning based on predicted DSL echo intensity (Equation 1) is an appropriate proxy for biomass-based mesopelagic fish habitats.
[bookmark: _Toc515527185]Mesopelagic fish classes and habitats
The method used here is given in detail in the supplemental information of Proud et al. (2017). Gridded (300 km by 300 km cells) values of PP (data from http://www.science.oregonstate.edu/ocean.productivity/index.php), and τ (data from SODA v3.3.1; Carton et al. 2017) averaged between 2005 and 2015 over the Southern Ocean domain (Figure 3) were used to predict TPDSL (Equation 2). Gridded values of the predictor variables of DSL backscatter, PP and TPDSL (see Equation 1), were then clustered together over a range of spatial scales (i.e. a range of cluster frequencies between 2 and 30) using the k-means clustering algorithm (Hartigan & Wong 1979) resulting in a number of distinct mesopelagic fish classes. The classes were ranked in order by their predicted values of DSL echo intensity (Equation 1) from low to high backscattering intensity. Model classes often did not just occupy a single area and were arranged in a number of spatially-distinct mesopelagic fish habitats.
[bookmark: _Toc515527186]Model selection
For each model, defined by a cluster frequency, k, and a set of centroids, each with a representative PP and TPDSL value, a Bayesian information criterion (BIC) value was calculated to perform model assessment. Minima in ΔBIC values indicated a better than average fit of the data (i.e. a more natural arrangement) and were used to select a number of optimum cluster frequencies (Figure 4). These cluster frequencies demarked optimum habitat partitions over a range of scales from coarse-scale models (four mesopelagic fish classes; see Figure 4) to finer-scale models (twenty-three mesopelagic fish classes; see Figure 5).
[image: ]
[bookmark: _Toc515527167]Figure 4 Model selection for k-means clustering of gridded values of primary production and temperature at the depth of the principal deep scattering layer (TPDSL). Number of clusters represents number of mesopelagic fish classes. Each class is then further broken up into spatially-distinct mesopelagic fish habitats. Optimum cluster/class frequencies were selected (red points) where the change in the BIC reached a minimum, indicating a better than average fit of the underlying data into the cluster arrangement.
[bookmark: _Toc515527187]Large-scale partitioning
The four-class mesopelagic fish habitat model was the optimum model with the fewest classes and habitats (Figure 5) and resembled Proud et al.’s (2017) global mesopelagic partitioning of the Southern Ocean (Figure 1). In this model, class boundaries between habitats were coincident with stark changes in water temperature (e.g. oceanic fronts) and sea-ice presence/absence. The open-ocean components (excluding shelf and slope regions) of both MPAs reside almost entirely within class 1 of this model (Figure 5) i.e. the class with the lowest predicted value of DSL echo intensity. This class encompasses the minimum sea-ice extent and is likely to comprise of a relatively low-biomass mesopelagic fish population. The most productive mesopelagic fish class (4) begins to form in the Indian Ocean and broadens, in conjunction with the ACC, in a clockwise direction until it meets land (South America), where the ACC is confined by topography and funnelled (Drakes Passage) into the Atlantic sector of the Southern Ocean. Interestingly, there appears to be symmetry in the spatial arrangement of classes north-to-south and east-to west, where the east-to-west arrangement has relatively larger regions of the higher biomass classes than the north-to-south arrangement (Figure 5). This continental symmetry in mesopelagic production may be a consequence of varying hydrography and sea-ice extent but could also be related to long-term oceanographic oscillations such as the Antarctic circumpolar wave (ACW, White & Peterson 1996) and the El Nino Southern Oscillation (ENSO, Zebiak & Cane 1987).  For instance, the ACW, which is in effect a wave of anomalous environmental conditions that travels around the continent and has a period of c. 6-7 years, could cause a bias in the habitat model, since the variables have been averaged over a ten-year period (2005-2015).
[image: ]
[bookmark: _Toc515527168]Figure 5 Four-class Southern Ocean mesopelagic fish habitat model. MPAs indicated by magenta line. Minimum sea-ice extent shown by light-blue shading and maximum sea-ice extent indicated by white line.
[bookmark: _Toc515527188]Small-scale partitioning
The optimum mesopelagic fish habitat model with the largest number of classes was the twenty-three-class model, which partitioned the Southern Ocean into numerous smaller-scale mesopelagic fish habitats (Figure 6). At this finer-scale, the majority of classes were still formed of concentric rings around the continent (Figure 6). There was a distinct difference between the inner-ice classes (within the maximum sea-ice extent, which is also a proxy for the mean position of the polar front), which were more fragmented, and the outer-ice classes, which had smoother class-boundary transitions and were contained by smaller latitudinal ranges; this difference could be a consequence of spatially averaging inter-annual variability in the position of the subtropical front, which shifts latitudinally over time. 
[image: ]
[bookmark: _Toc515527169]Figure 6 Twenty-three-class Southern Ocean mesopelagic fish habitat model. MPAs indicated by magenta line. Minimum sea-ice extent shown by light-blue shading and maximum sea-ice extent indicated by white line.
[bookmark: _Toc515527189]Consequences of Scaling
The method described in this section provides a means to partition the Southern Ocean into mesopelagic fish habitats at any given scale. The presented habitat models range from a four-class model up to a twenty-three-class model (habitat models with class numbers in between these values are presented in the Appendix, Figures A1-A4). Selection of the most appropriate spatial scale depends on the application or study, whether that is for conservation, research or fisheries management purposes. For instance, part of the general protection zone in the Ross Sea MPA which is formed of a single, relatively small box that is situated close to the polar front (Figure 1), resides within a relatively high-biomass mesopelagic fish habitat, when considering the result of the finer-scale partition (Figure 6), however, this is not apparent at larger scales (e.g. Figure 5). Coincidently, this box is close to the edge of the maximum sea-ice extent and maybe a better site to study Antarctic krill than the designated krill research zone (western box of Ross Sea MPA, Figures 1 -6), since whales, which feed mainly on krill in the Southern Ocean, are known to congregate at this location and feed (e.g. Marr’s Discovery reports, 1962). Larger scale partitioning of the Southern Ocean into mesopelagic fish habitats maybe more appropriate when designating general areas for management purposes, akin to the large-scale planning domains defined by CCAMLR.
[bookmark: _Toc515527190]Discussion and Summary
Mesopelagic fish biomass is driven, at least in a global sense, by water temperature at the depth of the principal (or most common) deep scattering layer (DSL) and by net primary production (PP) at the surface (Proud et al., 2017). In this report, we have used this relationship to i.) define the likely extent of the Southern Ocean mesopelagic fish population (Figure 3), and ii.) partition the Southern Ocean into mesopelagic fish classes and habitats across a wide range of spatial scales (Figures 4-6 and A1-A4). The partitioning of the ocean is strongly driven by latitude and hence by changes in temperature which are a consequence of the stacked frontal regime, which begins at the polar front close to the maximum sea-ice extent and moves equatorward up to the relatively productive subtropical frontal zone (Figure 1). This finding is not surprising and similar results can be found in the literature (e.g. Koubbi et al. 2011). The inferred latitudinal gradient in mesopelagic fish biomass makes the Southern Ocean very difficult to protect effectively when using static boxes that occupy relatively narrow longitudinal and latitudinal ranges (e.g. Ross Sea MPA). This difficulty is further exasperated when considering that long-term oceanographic anomalies, such as the Antarctic circumpolar wave (White & Peterson 1996), may cause large-scale shifts in production over relatively short timescales (years) around the continent (see Section 3.2.1). Based on the latitudinally parallel, onion-like layers of Southern Ocean fish biomass predicted in this report, it would perhaps be beneficial to establish multiple, longitudinally narrow but latitudinally broad, MPA sites around the continent, positioned in regions that are relatively unstable (i.e. where fronts are tightly grouped together). This would at least provide the means to monitor the influence of the more productive outer-ice classes (see Section 3.2.2) on the relatively less productive region south of the polar front.
[bookmark: _Toc515527191]Model caveats
The mesopelagic fish habitat model presented here (Sections 2 and 3) is based on the global model of Proud et al. (2017). However, in this report we have we have assumed that the majority of the predicted DSL backscatter (Equation 1) is produced by mesopelagic fish. We have also not considered how seasonal changes in sea-ice coverage may affect mesopelagic fish habitats. 
Organisms that has gas bladders dominant the acoustic response of DSLs (Proud et al. 2018). This includes not just fish with gas-filled swimbladders but also siphonophores (gelatinous macro-zooplankton) which have gas-filled pneumatophores. We currently do not know the extent of siphonophore contribution to total DSL backscatter, but it is likely to be significant (Proud et al. 2018). Other larger scatterers, such as jellyfish and squid, may also contribute a large proportion of DSL backscatter, in the absence of swimbladdered fish (Proud, Handegard, Lehodey, et al. 2018). 
Sea-ice coverage changes substantially over the annual cycle (see maximum and minimum extent in Figures 1-6). Although we can take an average PP value for regions within the sea-ice zone, we do not presently take into account the impact that phytoplankton, which is trapped within sea-ice during formation, has on the underlying mesopelagic fish population. Sea-ice algae is slowly consumed during the winter by larval/juvenile krill that cannot sustain long periods of starvation (unlike adult krill). The algae are accessed mainly during the daytime through brine channels on the underside of the sea-ice; at night, krill have been observed to detach from the ice and feed in the water-column. This carbon-retention at the surface (that would have otherwise been lost to the deep ocean were it not trapped in the ice) could provide additional sustenance to the mesopelagic community (Meyer et al. 2017). Consequently, this would mean that the habitat model presented in this report, currently underestimates the effective amount of PP (accessible to the surface community) within the sea-ice zone. This is consistent with the observation made by Saunders and Tarling (2018), where they found that the size of mesopelagic fish increased towards the continent (i.e. within the sea-ice zone), following Bergmann’s Rule.
[bookmark: _Toc515527192]Way forward
To improve on the mesopelagic fish habitat model described in this report more data need to be collected within the Southern Ocean sea-ice zone during the winter (e.g. using AUVs/ROVs), to ascertain transfer efficiencies between sea-ice algae and mesopelagic fish. Also, multiple frequency/broadband acoustic systems (as opposed to the single frequency 38 kHz echosounder observations used in the Proud et al., 2017 model) could be used in conjunction with acoustic scattering models to distinguish between gas-bladdered fish and other scattering groups (Stanton et al. 2010). Recently, we have collected 12 kHz (low-frequency) echosounder data on the Antarctic circumnavigation expedition (ACE). If we can derive an equation (similar to equation 1 based on 38 kHz data) for 12 kHz data, then we could potentially combine the two, to improve the partitioning method; at different frequencies we observe different views of the same system e.g. at the lower frequency (12 kHz),  fluid-filled zooplankton do not contribute significantly to observed backscatter because they are relatively small (mm’s - cm’s) compared to the wavelength of the sound wave (c. 12.5 cm). Analysis of data collected using these methods could potentially lead to a relationship between environmental variables (e.g. temperature and primary production) and mesopelagic fish biomass (not just DSL echo intensity) and hence improve habitat modelling. Observation systems, which are equipped with paired optical/acoustic instruments, are now being developed (e.g. Marouchos et al. 2016) and deployed (Kloser et al. 2016). Making in situ measurements with these new systems will help improve our understanding of mesopelagic ecology. 
The model habitats derived in this report are based on clustering together environmental properties that are uniformly gridded (300 km by 300 km area) and averaged over long time-periods (10 years). This means that intra-cell environmental variability is not considered to impact habitation in the model. It is likely that geographic cells that are located within frontal zones experience larger and more rapid changes in temperature and production when compared to cells outside these zones. DSLs have often been observed to increase in echo intensity at fronts (Laubscher et al. 1993). Therefore, to account for this dynamic variability, a dynamic partitioning is required that is based on relationships between DSLs and different water-masses/fronts. In such a partitioning, model habitats would continuously shift in time and track distinct environments (and perhaps distinct fish populations) rather than being approximated by static positions using long-term averages.
Development of habitat models which provide dynamic, rather than static, habitats based on improved relationships between environmental parameters and mesopelagic fish biomass, will not only help us better understand the role of mesopelagic fish in the biological carbon pump and in pelagic food-webs, but will also benefit ecological modelling (Constable et al. 2017). For instance, development of an ecosystem model with integrated dynamic partitioning (rather than using static regions and depth ranges), could improve model performance by lowering intra-partition variability; this, however, may be impractical, since it will likely require greatly increased processing power (i.e. due to the model domain changing at each time step). 
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[bookmark: _Toc515527195]Southern Ocean mesopelagic fish habitat models
Southern Ocean mesopelagic habitat models not shown in main report are given here, from a model with seven mesopelagic fish biomass classes (Figure A1) to a model with fifteen classes (Figure A4).
[image: ]
[bookmark: _Toc515527170]Figure A1 Seven-class Southern Ocean mesopelagic fish habitat model. MPAs indicated by magenta line. Minimum sea-ice extent shown by light-blue shading and maximum sea-ice extent indicated by white line.
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[bookmark: _Toc515527171]Figure A2 Eleven-class Southern Ocean mesopelagic fish habitat model. MPAs indicated by magenta line. Minimum sea-ice extent shown by light-blue shading and maximum sea-ice extent indicated by white line.
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[bookmark: _Toc515527172]Figure A3 Thirteen-class Southern Ocean mesopelagic fish habitat model. MPAs indicated by magenta line. Minimum sea-ice extent shown by light-blue shading and maximum sea-ice extent indicated by white line.
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[bookmark: _Toc515527173]Figure A4 Fifteen-class Southern Ocean mesopelagic fish habitat model. MPAs indicated by magenta line. Minimum sea-ice extent shown by light-blue shading and maximum sea-ice extent indicated by white line.
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