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The spatial, temporal and structural distribution  
of Antarctic seafloor biodiversity 

by Jan Jansen 

Abstract 

Biodiversity is nature’s most valuable resource. The Southern Ocean contains significant levels of 
marine biodiversity as a result of its isolated history and a combination of exceptional environmental 
conditions. However, little is known about the spatial and temporal distribution of biodiversity on the 
Antarctic continental shelf, hindering informed marine spatial planning, policy development 
underpinning regulation of human activity, and predicting the response of Antarctic marine ecosystems 
to environmental change. In this thesis, I provide detailed insight into the spatial and temporal 
distribution of Antarctic benthic macrofaunal and demersal fish biodiversity. Using data from the 
George V shelf region in East Antarctica, I address some of the main issues currently hindering 
understanding of the functioning of the Antarctic ecosystem and the distribution of biodiversity at the 
seafloor. The focus is on spatial biodiversity prediction with particular consideration given to 
previously unavailable environmental factors that are integral in determining where species are able to 
live, and the poor relationships often found between species distributions and other environmental 
factors.  

Food is a fundamental requirement of life, influencing the distribution of all animal species, and for 
species living at the seafloor below the photosynthesis zone, this food derives from surface primary 
production. In Chapter 2, I present an interdisciplinary approach for modelling the redistribution of 
food-particles from the ocean-surface to the seafloor, combining satellite-data with an ocean-model, 
particle tracking, and diatom abundances from sediment grabs for validation. I show that different 
aspects of the estimated seafloor food-availability link directly to the abundance and richness of key 
Antarctic seafloor macrofauna observed from camera still-images. I then combine observations from 
the seafloor, bathymetry, and food-availability estimates to produce a (validated) predictive map of the 
distribution of important habitat-forming suspension feeders on the George V shelf (Chapter 3). Using 
a similar approach, in this chapter I also predict strong responses in the abundance of suspension 
feeders to changes at the ocean surface caused by a major glacier calving event in 2010. 

Biodiversity has many different attributes. Aside from the abundance of habitat-forming fauna, which 
is an important proxy for biodiversity, the spatial distribution of single species is also important in 
determining community structure. However, many species are rare which is why researchers have 
historically grouped species together based on taxonomic or functional similarity before modelling. 
Joint-species distribution models can aggregate species based on similarity in their responses to 
environmental factors, allowing prediction of the spatial distribution of multiple species, including rare 
species, with higher confidence than other more commonly used statistical methods, and with fewer 
assumptions regarding associations between grouped species. I use joint-species distribution models 
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for mapping the distribution of diversity and community structure in benthic macro-invertebrates 
(Chapter 4) and demersal fish (Chapter 5). In chapter 4, I also analyse species-level data of benthic 
macro-invertebrates that are a-priori aggregated into higher level taxonomic and functional groups of 
species, and show that aggregating species into higher level groupings leads to increased model-
uncertainty (Chapter 4). 

Comparing patterns in the spatial distribution of demersal fish and benthic invertebrates, I then show 
that communities of benthic species can be described along four broad habitat types characterised 
mainly by depth and slope of the seafloor, namely shallow-flat, shallow-steep, deep-flat, and deep-
steep environments, with food-availability additionally influencing these habitat distinctions (Chapter 
5). In this chapter I conceptualise knowledge about community structure and interactions among 
functional groups and key environmental drivers in the Antarctic benthic ecosystem in a qualitative 
network topology, test how differences in the environmental setting affect ecological structure, and 
validate the dynamic network model results with the mapped distributions of fish and macro-
invertebrates, revealing insight into ecosystem functioning. This work shows that the large scale spatial, 
temporal and structural distribution of Antarctic benthic biodiversity is mainly influenced by depth 
and slope of the seafloor and by the availability of surface-derived food, which links the seafloor 
strongly to environmental processes at the ocean-surface. Inclusion of the food-availability models 
results in more accurate mapping of the spatial and temporal distribution of Antarctic marine 
biodiversity. The high confidence in the spatial predictions of benthic biota means that the 
representativeness of future Marine Protected Areas can be better assessed and possible changes in the 
benthic ecosystem due to environmental or human pressures can be better detected and understood. 
Future predicted increases in primary production will likely result in higher abundances of benthic 
suspension feeders and alter community composition, but patterns are variable, even within regions.  

The advances presented in this thesis can form the basis for future work to map the distribution of 
Antarctic benthic biodiversity on a circumpolar scale, identify habitats and species assemblages critical 
for conservation, quantify the total biomass of Antarctic benthic communities, estimate the 
contribution of Antarctic benthic communities to the sequestration of atmospheric carbon, and estimate 
how these communities will change in the future based on climate projections. 

In Chapter 6, I review and discuss how technological and collaborative advances, including those 
outlined in this thesis, allow us to predict marine biodiversity unlike ever before. The spatial and 
temporal scales at which predictions are now possible, and the confidence in the predictions themselves, 
help us to better assess management and policy decisions from local to global scales. These recent 
developments also allow exploring new ways to predict biodiversity in the future, for the mutual 
benefit of marine ecosystems and humanity. 
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Introduction 



Chapter 1 

2 

Thesis background / rationale for research 

Biodiversity is nature’s most valuable resource (Tilman et al. 2014). It is a key element of ecosystem 
function and stability, has an immense, indirect economic value providing pharmaceuticals and food 
security, maintaining water quality and facilitating the oceans capacity to recover from perturbations 
(Worm et al. 2006), and has significant social and cultural value. The Southern Ocean contains significant 
levels of biodiversity, due to a combination of exceptional environmental conditions and its isolated 
history (Clarke et al. 2004, Gutt et al. 2004, Brandt et al. 2007). For example, 42-56% of benthic marine species 
and up to 97 % of species within certain groups (De Broyer et al. 2014, Chown et al. 2015), are thought to be 
endemic to the Southern Ocean (Griffiths et al. 2009), highlighting the important contribution of this 
region to global marine biodiversity.  

This unique biodiversity is subject to increasing human pressure through economic interest (Kock 2007, 
Welsford et al. 2014) and the rapid rate of environmental change (Walther et al. 2002, Orr et al. 2005, Hoegh-
Guldberg and Bruno 2010a). The importance of Southern Ocean ecosystems and the need to manage 
pressures on them has been recognised by the Commission for the Conservation of Antarctic Marine 
Living Resources (CCAMLR) through the creation of a plan to set up a representative system of marine 
protected areas (MPAs) (CCAMLR 2011). The move to establish MPAs has created demand to acquire 
comprehensive knowledge of the spatial distribution of biodiversity and its environmental drivers. This 
knowledge can also form a baseline and may be able to inform future monitoring initiatives.  

However, collecting comprehensive biological data is particularly difficult, time consuming and 
expensive in the Southern Ocean, largely due to its size, remoteness and the extreme nature of the 
environment. Consequently, biological data are patchy and sparse (Brandt et al. 2007, Griffiths 2010, Gutt et 
al. 2013a). One way that the gap in knowledge of spatial patterns of biodiversity has been addressed is 
through bioregionalisation (e.g. Grant et al. 2006, Sharp et al. 2010, Raymond 2011, Douglass et al. 2014). 
Bioregionalisations aim to spatially subdivide areas in a way so that each subdivision contains a 
homogenous environment relative to adjacent regions (Douglass et al. 2014), and typically include 
environmental variables that have been found to generally influence the relevant fauna, such as 
bathymetry, surface production and temperature (e.g. Raymond 2011, Douglass et al. 2014). These 
environmental habitats are assumed to be surrogates for biological assemblages. However, because 
biological variables are typically not included in the classification, unless the bioregionalisation has 
been validated indirectly by testing the models against direct observations, it is not possible to predict 
whether biotic assemblages actually differ between (or within) bioregions. Further the shape of the 
relationship between environmental variables and the biological assemblages is unknown, meaning 
differences between areas might be exaggerated or understated depending on the shape of the 
relationship. Determining regions based on community or species’ occurrence in conjunction with 
environmental variables, often termed ‘ecoregionalisation’, is a more robust alternative approach (Bax 
2011) that has been successfully demonstrated for demersal fish on George V shelf in East Antarctica 
(Koubbi et al. 2010). Quantifying relationships between remotely sensed or modelled data that have broad 
spatial coverage and spatial patterns of biodiversity is an efficient way to maximise the use of sparse 
biological data. In addition, this kind of model can be used to predict the biodiversity with a 
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quantifiable level of uncertainty in unsampled areas where only information about relevant 
environmental variables is available, thus increasing knowledge in areas where biological sampling is 
particularly difficult. 

Species communities at the seafloor are the most biodiverse component of the marine ecosystem (Angel 
1993), including in the Antarctic, where the number of macrozoobenthic species alone is conservatively 
estimated to be more than 17,000 (Gutt et al. 2004). The species communities living at and near the 
Antarctic seafloor are not only diverse, they also play an important role in the functioning of the 
Antarctic marine ecosystem, such as in the food-web (e.g. as feeding-grounds for iconic Antarctic 
marine fauna such as penguins and seals (e.g. McConnell et al. 1992, Tremblay and Cherel 2000, Takahashi et al. 
2003)), and play a role in the global biogeochemical cycle by sequestering carbon (Barnes and Sands 2017). 
Understanding how these unique communities are distributed on the continental shelf and how they 
respond to environmental changes is critical for managing and conserving the functioning of the entire 
Antarctic marine ecosystem. 

However, although Southern Ocean benthic communities have been the subject of investigations since 
the 1950s (Gutt et al. 2013c), still relatively little is known about the spatial distribution of benthic 
biodiversity on the continental shelf (Gutt et al. 2013c). The rarity of many Antarctic species and 
inconsistent relationships between biological data and environmental conditions across the regions and 
taxa studied (Cummings et al. 2010, Convey et al. 2014) are the main reasons that the distributional patterns 
of seafloor biodiversity around Antarctica remain relatively poorly understood (Brandt et al. 2007, Chown 
et al. 2015). Importantly, information about relevant environmental variables influencing seafloor 
communities is missing. The availability of food at the seafloor, which influences the distribution of 
all benthic animal species, is only approximated through the distribution of phytoplankton at the ocean-
surface. Further, information about fluctuating tidal currents, which distribute food and influence 
habitat substrate at the seafloor, is only available for some well-studied regions, and has so far not been 
used for analysing distributional patterns of Antarctic benthic biodiversity. Addressing these issues is 
important for improving the ability to predict distributional patterns and to increase certainty and 
robustness of the predictions. 

The overall aim of this thesis is to quantify and predict spatial, temporal and structural patterns in the 
distribution of benthic macro-invertebrate and demersal fish biodiversity on the Antarctic continental 
shelf, and to improve understanding of the Antarctic benthic ecosystem. In this introduction, I provide 
an overview of the Antarctic environment, review current knowledge on how environmental conditions 
influence benthic marine fauna and their distribution, and highlight issues previous studies have 
encountered when trying to predict the distribution of Antarctic seafloor biodiversity. I focus in part 
on the role that surface primary production and ocean currents play in determining the availability of 
food near the seafloor. Further, I review new statistical methods that can be used to map distributional 
patterns of biodiversity at unprecedented quality and present an outline and aims of the thesis. 
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The Antarctic environment and its influence on seafloor communities 

The Antarctic marine environment is unique in many aspects (Post et al. 2014). Since the disintegration 
of the former Gondwana continent about 41-28 Ma and the subsequent opening of the Drake Passage, 
the strong Antarctic Circumpolar Current has isolated the Antarctic continent from the rest of the world 
(Lawver and Gahagan 2003, Lagabrielle et al. 2009). The continental shelf is relatively deep (~500 m) due to 
Antarctica’s glacial history (Post et al. 2014), and seasonal ice cover means that light-availability, water 
column stratification and primary-productivity are highly variable (Convey et al. 2014, Post et al. 2014). 
While melting and freezing processes of sea-ice and ice-shelves influence salinity and current regimes 
of Antarctic waters, water temperatures are relatively stable year-around (Post et al. 2014). The periodic 
calving of massive icebergs not only influences ocean currents and the activity of polynyas, but 
icebergs can scour the seafloor at depth up to 500 m, disturbing the benthic habitat in their path (Gutt 
2001). All these environmental parameters can influence species distributions and thus community 
composition and functioning. 

Common factors that influence seafloor fauna include depth (e.g. Gutt and Starmans 1998, Barry et al. 2003, 
Koubbi et al. 2010, Post et al. 2010), proximity to major bathymetric features such as canyons that provide 
habitat structure and influence ocean currents (Post et al. 2010), water current speed (e.g. Gambi and Bussotti 
1999, Cummings et al. 2010), sediment composition (e.g. Rehm et al. 2006, Choudhury and Brandt 2007, Kröger and 
Rowden 2008), the frequency of iceberg scour (Gutt 2001) and temperature (e.g. Peck et al. 2004, Griffiths et al. 
2017). Depth is regularly found to strongly influence seafloor fauna, such as in the Ross Sea where the 
density of benthic megafauna (invertebrates and fish larger than 2-3 cm) declines and the abundance 
of deposit feeders increases with depth (Barry et al. 2003). Depth is linked to a range of environmental 
parameters, such as long-term sedimentation patterns that are influenced by past patterns of icesheet 
movement during glacial periods (Post et al. 2011). Depth also influences the quality of food arriving 
from the ocean surface, because the deeper a site is, the longer biochemical processes can decompose 
food-particles during their sinking (Suess 1980). However, a comprehensive review of the distribution 
of benthic assemblages in the Ross Sea showed benthic assemblages cannot be generally related to 
environmental variables such as depth (Cummings et al. 2010). For example, while depth generally 
influences water temperatures, spatial patterns in water temperatures in the Antarctic seem more 
strongly related to seasonal patterns of sea-ice formation that influence the production of cold Antarctic 
Bottom Water (Clarke et al. 2009). Further, different species within single benthic communities can be 
affected by environmental variables in different ways and the reliability of a prediction can vary 
depending on the subset of organisms, the spatial scales and the region considered, and can vary even 
within regions (Cummings et al. 2010). Part of the reason we do not find consistent relationships between 
environmental conditions and the distribution of species assemblages might be because many of the 
environmental variables used in analyses are not directly relevant for the species, but only approximate 
actually important variables. The availability of food at the seafloor is one important environmental 
variable that has been missing in analyses to date and has only been approximated using other 
environmental variables (mainly surface primary production). 
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The importance of surface-derived food 

Most life on the seafloor below the photic zone in which photosynthetic production is possible depends 
on food derived from the ocean surface (Grebmeier and Barry 1991). Surface productivity in the Southern 
Ocean can vary greatly as iron, the key limiting nutrient for phytoplankton in the Southern Ocean, and 
sea-ice cover are patchily distributed in space and time (e.g. Arrigo and van Dijken 2003). In addition, large 
parts of the ocean surface are ice-covered throughout winter and communities are thought to rely 
largely on summer influxes (Smith et al. 2006). Among other variables, Thrush et al. (2010) identified 
sea surface productivity as an important factor influencing beta-biodiversity of coastal benthic 
assemblages. Similarly, surveys at McMurdo Sound in the Ross Sea indicate strong differences in 
composition and abundance of benthic assemblages related to differences in advective food supply 
(Dayton and Oliver 1977, Barry and Dayton 1988). The McMurdo Sound studies found patterns in different 
benthic communities at two sites correlated with different origins of water currents. Current from under 
the ice-shelf with low food supply was associated with overall low faunal abundances and a ‘worm 
dominated system’ while current from the open ocean with higher food supply was associated with 
higher faunal abundances and dominated by arthropods. The existence of a link between surface-
derived food and the composition of seafloor communities is clear (Dayton and Oliver 1977, Duineveld et al. 
2004, Wei et al. 2010, Ruhl et al. 2014), but to date has not been well quantified at regional spatial scales and 
at fine resolution relevant to management and ecology respectively. Current global models (Laws et al. 
2000, Lutz et al. 2007, Siegel et al. 2014) that simulate the export of surface-derived food to the seafloor are 
developed at a coarse resolution and do not incorporate physical oceanographic processes such as 
vertical and horizontal currents that may be important in determining the distribution of suspended 
particles at regional scales (Lampitt 1985, Jahnke et al. 1990). Modelling the transport of primary production 
to the seafloor may prove to be a key factor in enabling more robust spatial predictions of the 
distribution of Antarctic seafloor biodiversity and might enable predicting future changes at the 
seafloor caused by a changing Antarctic icescape. 

Statistical tools for predicting spatial and temporal patterns in the 

distribution of Antarctic seafloor biodiversity 

There is a wide range of different statistical tools that can be applied to ecoregionalisations and 
biodiversity modelling, depending on the aspect of biodiversity being modelled and the datasets 
available (e.g. Ferrier and Guisan 2006, D'Amen et al. 2017). Choosing suitable statistical tools for analysis is 
crucial to maximise the use of the often sparse biological data and importantly for making correct 
inferences about biodiversity patterns (e.g. Warton et al. 2012, Warton et al. 2015a). 

Most commonly, modelling the distribution of biodiversity is approached using species distribution 
models (SDMs) (e.g. Guisan et al. 2002, Lehmann et al. 2002, Guisan et al. 2006, Beger and Possingham 2008, Elith 
and Leathwick 2009). SDMs allow to map spatial patterns in the distribution of the modelled biological 
unit based on its response to a suite of environmental factors. There are three main modelling 
algorithms commonly used in SDMs, namely distance-based techniques, machine learning techniques, 
and regression-based techniques. While distance-based techniques have stronger limitations for 
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biodiversity modelling because they reduce multidimensional biological data to single measures of 
dissimilarity, both distance-based techniques and machine learning techniques can be challenging to 
interpret because response variables are transformed and/or because an ensemble of trees or hidden 
layers in neural networks are used to model the data. In contrast, regression-based techniques such as 
generalised linear models (GLMs) directly relate observations of the abundance or the 
presence/absence of a single species or a functional or taxonomic unit to a suite of environmental 
variables (Ferrier and Guisan 2006, Elith and Leathwick 2009). A further advantage is that the mean-variance 
relationship of the biological data can be specified in a GLM, and a measure of uncertainty can be 
calculated for the predictive maps (e.g. Hill et al. 2017, Jansen et al. 2018b). 

To date, most studies in the Antarctic have focussed on single species distributions of commonly found 
taxa based on presence-only data (e.g. Gutt et al. 2012, Pierrat et al. 2012, De Broyer et al. 2014). While these 
studies provide important insight into habitat preferences for the individual species, they do not allow 
inferences into where and how biodiversity is distributed. Modelling the distribution of many species 
individually usually is not an option because the majority of marine species are rare, and thus most 
species cannot be modelled. Community-based analyses can provide insight into the distribution of 
biodiversity by analysing the dissimilarity between sites, which has been shown at different spatial 
scales in East Antarctica (Koubbi et al. 2010, Koubbi et al. 2011b). However, with most techniques used to 
date the species composition of assemblages in identified ecoregions is difficult to dissect because 
derived values representing the community structure are modelled rather than responses of individual 
species, and there is no measure of uncertainty associated with the predictions, meaning the confidence 
in the predicted values is unknown.  

More recently, new statistical tools have been developed which allow modelling multiple species 
simultaneously in a multivariate GLM framework. One particular approach, called Species Archetype 
Models (SAMs) (Dunstan et al. 2011) group species with similar responses to environmental gradients 
into ‘species archetypes’ for modelling. SAMs are based on a finite mixture model, where mixing is 
performed over the individual species’ responses to environmental gradients and each species 
archetype has an associated GLM that can be used to predict distributions with appropriate measures 
of uncertainty. The distinct advantage of SAMs is that many rare species, which are usually 
disregarded in other analyses, are modelled together with more abundant species, allowing a more 
complete analysis of the species community. Further, SAMs also allow direct interpretation of how 
individual species respond to different environmental factors and allow quantifying the uncertainty of 
the predictions. 

Aims and overview of chapters  

In this thesis, a particle-tracking model is developed to predict the availability of ocean surface-derived 
food for seafloor communities, and the estimates of food-availability are used in combination with 
other environmental factors, observations from the seafloor, and quantitative and qualitative models 
to predict spatial, temporal and structural patterns in the distribution of Antarctic seafloor biodiversity. 
The study area is the George V shelf in East Antarctica, a region that lies within a recently proposed 
marine protected area. Despite the focus on this single region, the processes uncovered, and the tools 
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developed are intended to increase understanding of the functioning of the entire Antarctic benthic 
ecosystem, and of benthic systems elsewhere. 

In Chapter 2, an interdisciplinary approach for modelling the redistribution of food-particles from the 
ocean-surface to the seafloor is developed. The model works by combining satellite estimates of 
surface-chlorophyll-a with a regional ocean model and particle tracking, validated using diatom 
abundances from sediment grabs. The work shows how different aspects of food availability at the 
seafloor directly relate to the abundance and richness of key Antarctic seafloor fauna, namely 
suspension feeding, deposit feeding, and predatory invertebrates observed from camera images at the 
seafloor. 

In Chapter 3, food-availability models are combined with a purpose-built ocean model to map the 
distribution of important habitat-forming suspension feeders on the George V shelf and used to predict 
changes in their abundance after a major glacier calving event in 2010. This work provides insight into 
how changes at the ocean surface influence species communities on the deep seafloor. 

Chapter 4 focusses on a more detailed analysis of the distribution of benthic invertebrate diversity on 
the George V shelf, and on the role that the quality of biological data plays in detecting spatial patterns 
of biodiversity from environmental data. Combining presence-absence data of invertebrate species and 
biologically relevant environmental factors, with species archetype models, enables identifying and 
mapping the distribution of six distinct assemblages of benthic invertebrates in the region. Further, this 
chapter shows that grouping species by either taxonomic or functional similarity prior to analysis 
distorts patterns in species distributions and introduces uncertainty into predictions. These 
uncertainties may have consequences for management and conservation of marine ecosystems, and it 
is therefore recommended that functional or taxonomic groups are not used on presence-absence data 
for this kind of analysis.  

In Chapter 5, the functioning of the Antarctic benthic ecosystem as a whole is investigated. First, a 
similar approach as in Chapter 4 is used to identify and map the distribution of five distinct 
assemblages of demersal fish from benthic trawls. Comparing patterns in the spatial distribution of 
demersal fish and benthic invertebrates, the distribution of benthic species is then described along four 
broad habitats characterised mainly by depth and slope of the seafloor. I conceptualise knowledge 
about the structure and interactions in the Antarctic benthic ecosystem in a qualitative network 
topology and test a dynamic network model against data about community structure from the species 
distribution models. This shows how changes in environmental conditions affect the ecosystem, 
revealing insight into ecosystem functioning. 

In the last chapter (Chapter 6), the recent advances laid out in this thesis are discussed in the context 
of biodiversity predictions. In particular, this chapter highlights why biodiversity predictions are 
important, what commonly limits our ability to predict biodiversity, what recent tools increase our 
ability to predict biodiversity, and how we might predict biodiversity in the future. 
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Abstract 
Most seafloor communities at depths below the photosynthesis zone rely on food that sinks through 
the water-column. However, the nature and strength of this pelagic-benthic-coupling and its influence 
on the structure and diversity of seafloor communities is unclear, especially around Antarctica where 
ecological data are sparse. Here we show that the strength of pelagic-benthic coupling along the East 
Antarctic shelf depends on both physical processes and the types of benthic organisms considered. In 
an approach based on modelling food availability, we combine remotely-sensed sea surface 
chlorophyll-a, a regional ocean model, and diatom abundances from sediment grabs with particle 
tracking and show that fluctuating seabed currents are crucial in the redistribution of surface 
productivity at the seafloor. The estimated availability of suspended food near the seafloor correlates 
strongly with the abundance of benthic suspension feeders, while the deposition of food-particles 
correlates with decreasing suspension feeder richness and more abundant deposit feeders. The 
modelling framework, which can be modified for other regions, has broad applications in conservation 
and management, as it enables spatial predictions of key components of seafloor biodiversity over vast 
regions around Antarctica. 

2.1 Introduction 

More than 90 % of the world’s ocean floor is found below 200 m depth (Watling et al. 2013). Here, little 
to no photosynthesis is possible and the diversity of life must ultimately derive energy from imported 
sources. One major pathway is food raining from the sea surface in the form of particulate organic 
carbon (POC) (Suess 1980). The existence of a link between export of POC and the composition of 
seafloor communities, which we refer to as pelagic-benthic coupling (Graf 1989), is clear (Dayton and 
Oliver 1977, Duineveld et al. 2004, Wei et al. 2010, Ruhl et al. 2014). Surprisingly, however, the strength and 
nature of the mechanisms determining the availability of surface-derived food at the seafloor has 
remained largely elusive, inhibiting our understanding of the functioning of the largest ecosystem on 
Earth. This lack of knowledge is particularly an issue in regions that are difficult to access but support 
high levels of seafloor biodiversity, such as around Antarctica where 42-56 % of all species (Griffiths et 
al. 2009), and up to 97 % of species within certain groups (De Broyer et al. 2014, Chown et al. 2015), are 
estimated to be endemic. In these areas, understanding the spatial distribution of surface-derived food 
and its relation to seafloor biodiversity is critical for informed conservation and management. 

The current evidence describing pelagic-benthic coupling in Antarctic systems is conflicting. On the 
one hand, highly seasonal light availability, sea-ice cover, and water-column stratification produces 
distinct phytoplankton blooms with high export ratios to the seafloor which can promote a direct and 
strong relationship (Smith et al. 2006), as indicated by the abundance of some deposit feeding infauna 
(Lins et al. 2015, Learman et al. 2016). Conversely, only weak and indirect pelagic-benthic coupling is 
evident for other benthic fauna such as suspension feeders (e.g. Barry et al. 2003). A further complication 
is that some benthic species are adapted to seasonal changes in food availability by becoming dormant 
in winter when food supply is low (Obermüller et al. 2010), or by relying on excess primary productivity 
stored in ‘sediment food banks’ that have the potential for resuspension in winter (Smith et al. 2006, 2008). 
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The ability to model the transport of primary production to the seafloor is key in resolving these 
complexities. 

 

Figure 2.1: Overview graphic summarising general processes involved in the redistribution of surface derived food in 
Antarctic waters and the link to the seafloor community. In the context of estimating the influence of surface-derived 
production on seafloor communities, we term our modelling approach a ‘Food-Availability-Model’ (FAM). Simplified 
FAM-results are indicated with symbols at the bottom of the graphic. The sinking-model estimates the number of surface-
derived particles arriving near the seafloor. The flux-model estimates the number of particles suspended in the fluctuating 
seafloor-currents. The settling-model estimates the number of particles permanently settling onto the seafloor. (1) In highly 
seasonal regions such as the Southern Ocean, much of the surface production is exported to depth. Here, satellite derived 
measures of surface chlorophyll-a provide good estimates for spatial patterns of surface production (Huang et al. 2012). (2) 
Coastal Polynyas are areas of ice-free waters with high phytoplankton productivity and high export to the seafloor (Arrigo 
and van Dijken 2003). They are often found on the leeward side of major glacial features such as the Mertz Glacier Tongue 
in East Antarctica. (3) Other coastal areas are covered by sea-ice for longer periods of the year, and therefore export less 
surface production to the seafloor. (4) During their sinking to the seafloor, surface-derived particles are displaced through 
ocean currents. In our model, this process is simulated in the sinking-model, while biochemical degradation of particles 
during sinking is assumed proportional to surface production. (5) Seafloor currents, in particular tidal currents, redistribute 
surface-derived particles along the seafloor, inhibiting permanent deposition on shallower banks. Our research shows areas 
with more suspended particles harbour higher abundances of suspension feeders. (6) In the basins, low current speeds 
contribute to high sedimentation rates for particles redistributed in seafloor-currents and arriving directly from the surface. 
In areas of high sedimentation rates, deposit feeders are more abundant and fewer species of suspension feeders can be 
found. 

At a global scale, quantifying POC-export has received much attention in the context of the biological 
carbon pump. In these approaches the export of POC is modelled as a function of net-primary 
production (NPP), NPP variability, sea-surface temperature (Laws et al. 2000, Lutz et al. 2007) and, in some 
cases, trophic interactions (Siegel et al. 2014). These models, however, are usually developed at a coarse 
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resolution and do not incorporate physical oceanographic processes such as vertical and horizontal 
currents (Lampitt 1985, Jahnke et al. 1990) that may be important in the distribution of suspended particles 
at fine and regional scales. Here, we determine the nature and strength of pelagic-benthic coupling 
across the George V region in East Antarctica (Fig. 2.1 & 2.2) using an approach based on food 
availability. Our Food-Availability-Model (FAM) aims to estimate the redistribution of surface-
derived POC to the seafloor using a combination of remotely sensed estimates of surface chlorophyll-
a (2002-2007) (NASA Goddard Space Flight Center 2014), particle tracking, and a fine-resolution regional 
ocean model (Cougnon et al. 2013). We evaluate how well the FAM captures distributional patterns of 
surface-derived particles using diatom abundances from sediment grabs at the seafloor (details on 
model components, model-evaluation against observations from sediment grabs, and the assumptions 
in the modelling are described in sections 2.4.2 and 2.4.4 of the Methods). Our FAM simulates and 
quantifies the two main physical processes involved in pelagic-benthic coupling, namely sinking of 
POC from the surface and its sedimentation on the seafloor, and then estimates the horizontal flux of 
POC along the seafloor as a third process. We then use our models to predict spatial patterns of POC 
sinking, sedimentation, and horizontal flux across the region. Finally, we quantify the relationship 
between the three estimates of food-availability (from our spatial models) and the abundance of major 
groups of seafloor biota derived from underwater camera images, demonstrating the importance of 
surface-derived POC to the distribution of benthic suspension and deposit feeders on the Antarctic 
shelf.  

2.2 Results 

2.2.1 Redistribution of surface productivity to the seafloor 

The relationship between multi-year averaged patterns of surface production represented by 
chlorophyll-a (Fig. 2.3a) and the absolute abundance of diatoms at the seafloor interface provided an 
initial baseline, indicating a weak positive relationship (22 % deviance explained, Fig. 2.3b). Our 
simplest particle-tracking model, the ‘sinking-model’, represents POC that reaches the seafloor 
(Fig. 2.3c) by accounting for current-induced horizontal advection during the sinking process across 
sinking speeds ranging from 100-400 m/day. The best fitting sinking-model had a sinking speed of 
300 m/day and marginally improved the statistical fit of the modelled particles to observed diatom 
abundances, but the relationship is still relatively weak (23.8 % deviance explained, Fig. 2.3d). 
However, the sinking-model does not account for physical processes at the seafloor, where the speed 
of seafloor currents can influence the settlement of particles (McCave and Swift 1976) and their 
resuspension (Lampitt 1985). We incorporated these sedimentation processes in our ‘settling-model’, 
which determines the number of particles settling onto the seafloor depending on a range of variables 
including current speed at the seafloor and the number of particles suspended.  

The settling-model vastly improved the statistical fit between the predicted relative abundances of 
particles on the seafloor (Fig. 2.3e) and the observed absolute diatom abundance at the sediment 
interface, explaining 48.8 % of the total deviance (Fig. 2.3f). Using the output of the 250 and 
300 m/day sinking-model resulted in the best fit across the entire spectrum of particle sizes tested 
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(0.04-0.8 mm; Appendix A Fig. 1), suggesting particles sink quickly from the surface to the seafloor 
in this region. Our estimated sinking speed is similar to that found for POC in sediment traps from the 
Antarctic zone (210 m/day) (Rigual-Hernández et al. 2015). We found the best-fitting particle radius for the 
settling-model to be 0.24 mm, which is larger than that of single cells of Fragilariopsis spp (up to 
0.1 mm (Beans et al. 2008)), but close to sizes of diatom-aggregates and faecal-pellets that form during 
the export of phytoplankton blooms (Laurenceau-Cornec et al. 2015). 

 

Figure 2.2: Study area showing sample locations, bathymetry (Beaman et al. 2011) with selected contour lines, coastline 
and major glacial features such as the Mertz Glacier Tongue on the eastern margin of the map. The inset map shows the 
location of the study area as highlighted by the red box. 

2.2.2 Horizontal flux of surface-derived POC along the seafloor 

We used the movement of particles from when they arrive on the seafloor (sinking-model) to where 
they deposit (settling-model) to quantify the horizontal flux of particles in each cell. This third 
component of the food-availability-model (the ‘flux-model’) estimates the spatial distribution of 
horizontal POC-flux (Fig. 2.3g) and represents the amount of suspended food available for suspension 
feeders such as corals and sponges. While it is not possible to evaluate this model directly because we 
lack observations of food content in the seafloor currents, we are confident the flux-map well 
represents suspended food transport along the seafloor given the calibration of the sinking- and 
settling-models to data from the sediment cores. 

It is important to note that the horizontal flux-model represents only the presence of particles moving 
through environmental grid cells, not how often a single particle has visited a cell through multiple 
tidal cycles. This approach avoids distortion of the count of particles at cell-boundaries. To 
approximate the repetitive movement of particles between cells we used the strength of residual 
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currents from the ocean model. Stronger fluctuations (tides) indicate that particles are likely to remain 
suspended longer, meaning they are also available as food for suspension feeders for longer. 

 

Figure 2.3: Results of the particle tracking models. a/c/e) Predicted distribution of surface-derived particles in the study 
area using simulations with different levels of complexity. Contour lines at 300, 500, 800 and 2000 m depth are given to 
highlight bathymetric features. a): Multi-year averages (2002-2007) of surface chlorophyll-a concentration as observed 
from satellites, transformed into a representative distribution of particles for particle-tracking. The surface distribution can 
be used as a first, simple, non-modelled approximation of the distribution of POC on the seafloor c): Particle distribution 
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after accounting only for horizontal advection during the sinking process at a sinking speed of 300 m/day. e): Particle 
distribution map resulting from the settling-model with the best statistical fit to absolute diatom abundances in sediment 
grabs. The particle distribution is the result of consecutive application of a sinking-model with a 300 m/day sinking speed 
and, to account for sedimentation processes, a settling-model with particle radius of 0.24 mm. The colour-scale of the 
settling-map slightly differs to facilitate comparison of spatial patterns between the maps. Further, nine outlier grid-cells 
that contain values higher than 12500 particles (up to 29372), are coloured as ‘12500 +’. b/d/f) Statistical fit of a negative 
binomial generalised linear model for the predicted particle distributions to the observed diatom abundances from 52 
sediment grabs. The shaded area marks 95 % confidence interval of the estimated mean. AIC = Akaike Information 
Criterion, %-dev. = percent-deviance explained by the model. g) Map of the estimated horizontal flux of particles along 
the seafloor. Note how this differs from the distribution of particles at the surface (in a) and arriving near the seafloor (in 
b). 

2.2.3 Spatial patterns in the distribution of surface-derived POC 

The spatial pattern of particles arriving near the seafloor is almost identical to the distribution of time-
averaged surface chlorophyll-a (cf. Fig. 2.3a/c, Pearson’s R= 0.967), presumably due to the fast 
sinking rate of particles in the sinking model and the relatively small average current speeds in the 
open water column in summer (Appendix A Fig. 2b). On the shallower sections of the shelf, diatom 
aggregates may reach the seafloor as quickly as two days following a bloom, a timescale similar to 
previous estimates for the Southern Ocean (Laurenceau-Cornec et al. 2015, Rigual-Hernández et al. 2015). 
Therefore, in areas with little average current on the shelf, such as the George V shelf (Appendix A 
Fig. 2), patterns of surface chlorophyll-a provide a good approximation of the pattern of particles 
arriving and temporarily depositing on the seafloor. 

The estimated spatial distribution of particles from the settling-model is reasonably similar to the 
distribution of particles arriving near the seafloor (cf. Fig. 2.3c/e, Pearson’s R= 0.564) despite the 
strong influence of seafloor-currents. This similarity is partly attributable to the location of the Mertz 
Polynya, a hotspot of surface phytoplankton productivity (Arrigo and van Dijken 2003, Beans et al. 2008, 
Arrigo et al. 2015), which is largely situated above the deep George V Basin (Fig. 2.2) where currents are 
relatively slow and deposition is high (Beaman and Harris 2003). In contrast, the spatial distribution of 
horizontal POC flux differs substantially to both the distribution of particles reaching the seafloor and 
the particles settling. Horizontal POC flux along the seafloor is linked to seafloor morphology, 
presumably due to the influence that seafloor bathymetry has on seafloor currents (Canals et al. 2006). A 
particularly strong horizontal flux is predicted on shallow banks (200-300 m depth) and through slope 
canyons, whereas in the deep George V Trough horizontal flux is predicted to be three to five orders 
of magnitude lower with concomitant higher deposition. Acoustic data from the region support these 
results; thick sediments (up to 35 m (Beaman and Harris 2003)) comprised of siliceous mud and diatom 
ooze (Harris et al. 2001) characterise the Mertz Drift in the western part of the George V Basin, while the 
Mertz and Adelie Banks (Fig. 2.2) show little evidence of sediment deposition (Beaman and Harris 2003). 
Further, the channel network along the slope is subjected to strong down-slope currents resulting in 
widespread evidence of erosion (Caburlotto et al. 2006). 

Unsurprisingly, the horizontal flux-map shows similarities to a map of averaged absolute seafloor 
current speeds (Appendix A Fig. 2a, Pearson’s R= 0.481), reflecting that seafloor-currents are the main 
process redistributing surface-derived POC. However, while seafloor current speed is substantially 
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higher along the shelf break, this does not result in a higher flux of particles because of relatively low 
delivery rates of particles to this region (Fig. 2.3c). In contrast, very high particle flux is indicated on 
the shallow banks on the shelf. This finding emphasises that both information on patterns of surface 
productivity and seafloor currents is required to estimate the availability of suspended food above the 
seafloor, as neither on their own is sufficient.  

2.2.4 Influence of redistributed surface production on seafloor biodiversity 

The strength and nature of pelagic-benthic coupling is dependent on the type of benthic organisms 
considered, meaning processes involved in the redistribution of surface-derived food can have varying 
importance for different types of benthic organisms. Several studies (Dayton and Oliver 1977, Barry and 
Dayton 1988, Gutt et al. 2013c) indicate that areas with slow currents and higher deposition are associated 
with impoverished epibenthic communities dominated by mobile deposit feeders (DF) such as 
holothurians, while in areas of stronger currents and food enrichment, benthic suspension feeders (SF) 
such corals, sponges, and crinoids dominate. We analysed the relationship between our estimates of 
food availability at the seafloor and the abundance and species richness of epibenthic SF, DF, and 
predators determined from still images taken from cameras attached to benthic trawls in 2007-2008 
(Hosie et al. 2011). Since biota abundances and richness might be influenced by several co-variables 
simultaneously, in addition to food availability, we also considered ocean current speed, depth, surface 
productivity, and slope of the seafloor via multiple linear regressions weighted by the number of 
images for each site. 

As indicated by previous studies (Dayton and Oliver 1977, Barry and Dayton 1988, Gutt et al. 2013c), we found 
that different functional groups respond differentially to the estimates of food availability. Most 
notably, horizontal flux of food along the seafloor is an important variable explaining the cover of SFs 
(Fig. 2.4b: t37 = 5.74, p < 0.001), but not DFs (Fig. 2.4g/h/i), which appear unable to profit from 
abundant but inaccessible suspended food. In addition to horizontal flux, tidal current speeds are also 
an important variable for SF (Fig. 2.4c: t37 = 4.58, p < 0.001). These two variables (horizontal flux and 
tidal current speed) in combination explain where the food is moving and its residence time across the 
study zone. Horizontal flux and tidal current speed have previously been identified as playing a major 
role in influencing the abundance and distribution of benthic suspension feeder communities (Roberts 
et al. 2006, Post et al. 2010), but until now have not been quantified at scales relevant for conservation. We 
also found a strong effect of depth on the abundance of SFs. This relationship is thought to be of 
variably strong importance in Antarctica (Cummings et al. 2010, Gutt et al. 2013c) and in other parts of the 
world (e.g. Beazley et al. 2015) implying that seafloor depth can act as a proxy for several important 
environmental variables such as biochemical degradation of surface derived food (e.g. Goutx et al. 
2007).These three variables (horizontal flux, tidal current speed, depth) combined explain 68 % of SF-
abundance (adjusted-R2= 0.677), 8 % more than a regression model that does not consider food 
availability (adjusted-R2= 0.593). Assessing variable importance by bootstrap resampling confirms the 
high importance of the three selected terms relative to all other covariates (Appendix A Fig. 3a), and 
highlights the stability with which these three variables can be used for spatial predictions of SF across 
the study area.  
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Habitat forming SF provide spatial structure and microhabitat for other species, and are therefore a 
critical component of epifaunal seafloor biodiversity. They are also the most abundant and species rich 
functional group in our dataset, and show a strong positive relationship between abundance and species 
richness (Fig. 2.5). Interestingly however, species richness does not directly relate to the horizontal 
flux of food (Fig. 2.4d/e/f). Instead, the presence and absence of suspension feeding species is 
positively related to the vertical flux of particles from the sinking-model (Fig. 2.4e), and negatively 
related to the long-term sedimentation of those particles (Fig. 2.4f), indicating possible smothering 
effects and/or a lack of suitable substratum in high sedimentation environments. Therefore, while the 
horizontal flux of food influences the abundance of the habitat forming seafloor fauna, the species 
richness of this community seems to be more related to variables impacting on the seafloor, similar to 
recently suggested relationships in the northwest Atlantic (Lacharité and Metaxas 2017). 

In contrast to the SFs, we find no positive response in the abundance of DFs to the flux of suspended 
food (Fig. 2.4g/h/i), but a positive response to the number of particles settling on the seafloor, in line 
with expectations as this functional group feeds on material deposited on the seafloor and cannot access 
suspended particles. Additionally, both abundance and richness of DFs decrease with depth, 
presumably due to the same mechanisms as described earlier. Surprisingly, we find a negative 
relationship between DF abundance and surface production (Fig. 2.4i) and a decrease in richness with 
the amount of suspended food (Fig. 2.4k). However, interpreting this result is not straightforward for 
several reasons. In this study we lack data on infauna, which can also demonstrate strong pelagic-
benthic coupling (Lins et al. 2015). Further, in the present study there were few macrobenthic species 
with relatively low abundances classified as ‘pure’ DFs. Some deposit feeders manifest other feeding 
modes such as being opportunistic scavengers, and were excluded from the DF category. There was 
only a weak relationship between physical environmental variables and the abundance of predators 
(Appendix A Fig. 6). 

2.3 Discussion 

Our models and ecological data show that pelagic-benthic coupling in Antarctica is primarily driven 
by depth, surface productivity and the redistribution of that production through seafloor currents, but 
that it varies depending on the types of benthic organisms considered. Our work supports previous 
suggestions of the importance of horizontal food-transport along the seafloor (Lampitt 1985, Jahnke et al. 
1990).Patterns of surface productivity alone and currently available POC-models (Lutz et al. 2007, Siegel 
et al. 2014) , neither of which capture particle movements through currents, are unlikely to reasonably 
estimate depositional patterns of POC on the seafloor at regional scales making it necessary to include 
tide-resolving fine resolution ocean models. The ability to incorporate these physical processes and 
quantify their importance in estimating the redistribution of surface productivity highlights the 
significant step forward of our fine-scale modelling approach.   
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Figure 2.4: Relation between faunal abundances and richness from benthic images and environmental variables. a-c) 
Suspension feeder abundance (adjusted-R2= 0.677); d-f) suspension feeder richness (%-deviance explained = 58.9); g-i) 
deposit feeder abundance (adjusted-R2= 0.718) and j/k) deposit feeder richness (%-deviance explained = 46.9). The graphs 
show partial residuals and fitted regression lines with 95 % confidence intervals (shaded area) for weighted multiple linear 
regressions on selected environmental variables (n = 41). A linear model with data points weighted by the number of 
images taken per site is used for the percent-cover relationship, and a negative binomial generalised linear model is used 
for the species richness relationships with an offset-term to correct for the number of images. z = ratio of the coefficient to 
the standard error of the predictor variable 

Variation in absolute diatom abundances on the seafloor that remain unexplained by our models likely 
stem from the space-time complexity of sinking and sedimentation processes not captured by our 
models, such as small scale variability in current speeds or the variable composition of species in the 
sinking diatom aggregates. Our models are technically capable of incorporating other potentially 
important terms for POC-export, such as the attenuation of POC with depth, primary production from 
sea-ice algae and spatial differences in zooplankton grazing pressure. We chose not to include these 
terms to keep the model as simple as possible and to avoid including large numbers of parameters that 
are difficult to validate. Currently, reliable spatial estimates do not exist for either sea-ice algae export 
or zooplankton grazing. Although Antarctic sea ice algae production is conservatively estimated to be 
only around 12 % of total primary production in the sea-ice zone (Saenz and Arrigo 2014), this additional 
export means our models are likely to underestimate particle numbers in areas that are covered by sea-
ice for longer periods of the year. The high sinking rates for particles suggests zooplankton grazing 
has a smaller influence on POC-export in this region than elsewhere. In the future, we may be able to 
better validate some of these parameters, and some will certainly become available at a higher 
resolution, meaning their information can then be included in our approach. The fact that our models 
perform so well even though they do not include these terms, suggests that the most important physical 
processes in pelagic-benthic-coupling are captured in the model.  

Figure 2.5: Relationship between suspension feeder cover and number of species observed. a) Number of all benthic 
species observed (%-deviance explained by model = 49.9); b) number of suspension feeding species observed (%-deviance 
explained by model = 54.2). Most of the macroinvertebrate species observed are suspension feeders, therefore the 
relationships look very similar. Shown are the partial residuals and fitted regression lines with 95 % confidence intervals 
(shaded area) from an analysis using negative binomial generalised linear models (n = 41). An offset-term is included in 
the analysis to correct for the number of images taken at each site. z = ratio of the coefficient to the standard error of the 
predictor variable. 
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Previous studies of Antarctic pelagic-benthic coupling are missing quantitative estimates of horizontal 
food-transport, and therefore they largely misrepresent the importance of surface productivity for 
seafloor communities. Further, the time scales at which sessile benthic communities respond to food 
availability differ to the time scales for which in-situ measurements of coupling, such as sediment 
oxygen demand are usually obtained (Renaud et al. 2008). This mismatch may distort both estimates and 
interpretation of the nature and strength of pelagic-benthic coupling. Our results indicate that coupling 
of pelagic productivity to benthic suspension feeders in Antarctica is strong and direct, but that this 
will likely only be detected when accounting for the redistribution of surface-derived particles by 
seabed currents, as we have done here. 

We suggest that our modelling approach should be widely applicable around the Antarctic margin 
because of similarities in the environmental setting (Fig. 2.1). Coastal polynyas provide longer than 
average ice-free waters, marking hotspots in primary productivity (Arrigo and van Dijken 2003). Shelf 
troughs are areas of high sediment deposition and accumulations of biosiliceous components, while 
the influence of strong bottom currents on shelf banks and within slope canyons is evidenced by coarser 
grain sizes with lower biogenic content (Mccoy 1991, Post et al. 2014). However, application of our 
approach in a non-Antarctic context would need to be considered carefully because global assessments 
of seafloor sediments show a large contribution of other biogenic components (primarily carbonates) 
and terrigenous material in many areas (Dutkiewicz et al. 2015). In these areas, diatom concentrations in 
surface sediment would not be as useful to calibrate models as we have done for the Antarctic shelf. 

Food is a fundamental requirement of life, and its availability determines the distribution of all species. 
Here we have successfully quantified and mapped relevant metrics of food availability at the seafloor 
and verified their importance in explaining patterns in the abundance and species richness of 
suspension and deposit feeders that comprise a large component of seafloor biodiversity in Antarctica. 
Our work enhances understanding of the mechanisms underpinning pelagic-benthic coupling below 
the photosynthesis zone, highlighting the important role of seafloor currents, and provides a modelling 
approach that can be modified for other regions. The relationships that we have identified, in 
combination with our maps of food availability, have broad application in the conservation and 
management of Antarctic seafloor biodiversity as they enable (1) the ability to more confidently map 
seafloor communities across regions where empirical sampling is difficult and costly; (2) more 
accurate assessment of the representativeness of current and planned marine protected areas (MPAs) 
in Antarctica; and (3) evaluation of the robustness of MPAs against predicted future changes in ocean 
current patterns and surface productivity as a result of warming oceans and changes in the polar 
cryosphere (Peck et al. 2010). 

2.4 Methods 

2.4.1 Study area 

Our study area is the George V continental shelf and slope in East Antarctica, spanning latitudes 139°E 
to 147°E from the Antarctic coastline to the shelf break at around 65.5°S. Water depth on the shelf is 
typically 500-700 m, punctuated by bathymetric features including the Mertz and Adélie Banks (200-
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250 m depth) and the George V and Adélie Basins (depths up to 1300 m) (Fig. 2.2). The inner shelf 
and the shelf break are incised by a number of depressions and canyons. At the time of data collection, 
the oceanography in this area was mainly influenced by the Mertz Glacier Tongue and the adjacent 
Mertz Polynya (Cougnon et al. 2013), an area of ice free water of around 23,300 km2 centred at about 
67°S and 145°E (Massom et al. 2001). The polynya was sustained by strong and persistent katabatic winds 
draining into Buchanan Bay that rapidly form sea-ice and remove it from the near shore, thereby 
influencing the water properties and driving water circulation (Massom et al. 2001). The ice-free waters 
in polynyas are common around the Antarctic shelf and, compared with adjacent shelf areas, support 
a relatively long growing season of phytoplankton (Sambrotto et al. 2003, Beans et al. 2008) resulting in 
higher average productivity near polynyas (Arrigo and van Dijken 2003)(Appendix A Fig. 7, Appendix A 
Fig. 8). On the George V shelf, the phytoplankton community varies spatially and temporally in 
abundance and composition, notably with higher abundances near the Mertz polynya (Beans et al. 2008). 
Overall, as occurs in other regions around Antarctica, phytoplankton composition of blooms is 
generally dominated by diatoms of the genus Fragilariopsis (Armand et al. 2005, Beans et al. 2008). 

2.4.2 Particle-flux model and environmental forcing 

We apply a particle tracking approach combined with a statistical model to estimate spatial patterns in 
the flux of particulate organic carbon (POC) to the seafloor. From a seeded distribution of particles at 
the surface, each particle is tracked individually from its original position to its final destination on the 
seafloor given a range of sinking speeds of particles (described in section 2.4.2-c) and the speed and 
direction of currents (described in section 2.4.2-b). We developed two separate models to describe the 
physical processes involved in the horizontal and vertical advection of surface-derived particles 
namely a sinking-model that describes the sinking of particles from the surface waters to the seafloor; 
and a settling-model that builds upon the output from the sinking-model and describes the 
sedimentation processes that are involved when particles deposit from the near-seafloor layer to the 
seafloor. The inputs and specifics for each model are described in section 2.4.2-c and the statistical 
evaluation against seafloor surface sediment samples in section 2.4.4-a. 

2.4.2-a Surface-chlorophyll-a, net-primary-production and export 
The seeded particle distribution for the tracking in the models is based on measures of ocean colour 
derived from NASA’s Moderate Resolution Imaging Spectroradiometer (MODIS-Aqua) (NASA 
Goddard Space Flight Center 2014). We used Level-3 binned daily remote sensing reflectance, provided at 
a resolution of 4 km equal-area bins. To avoid significant underestimation of chlorophyll–a 
concentrations at high latitudes, we corrected the values for Southern Ocean application using the 
algorithm in Johnson et al. (Johnson et al. 2013). Daily measures of surface chlorophyll-a were averaged 
for southern hemisphere spring, summer and autumn in each year for the period between September 
2002, when the first satellite data is available, and December 2007, just before sediment core data for 
model evaluation were collected (see section 2.4.2-c). 

We assume the distributional patterns of surface chlorophyll-a represent the patterns of exported 
production from the surface. We use surface chlorophyll-a (chl-a) rather than net-primary-production 
(NPP) or NPP-export, as the starting point for our models for several reasons. Our estimates of chl-a 
use an algorithm whose parameters are tailored and validated for the conditions in the Southern Ocean 
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(Johnson et al. 2013) while global NPP estimates are not. Other regions of the Antarctic (e.g. West 
Antarctic Peninsula (Huang et al. 2012)) show a high correlation between satellite estimated chl-a and 
measured NPP indicating it is reasonable to consider chl-a as a proxy for NPP. We also refrain from 
using currently available global algorithms that calculate carbon export, because they are usually based 
on global estimates of NPP and modified by factors such as seasonal variability index and sea-surface 
temperature (Lutz et al. 2007). While these models are excellent at discriminating between flux patterns 
in different regions (i.e. high flux following blooms in polar regions, low flux in temperate regions), 
seasonal variation is uniformly high within our region due to ice-cover in winter and we therefore 
expect that a high proportion of the surface production exports to depth.  

Because we do not account for a range of processes that can influence the absolute values of exported 
carbon (e.g. attenuation with depth), we present relative values instead for the estimated flux-patterns. 

2.4.2-b Water currents and bathymetry 
Current speeds and directions used to calculate vertical and horizontal advection of suspended particles 
in each year are derived from a tide-resolving oceanographic model for the George V shelf developed 
by Cougnon et al. (2013) from Galton-Fenzi et al. (2012b) based on the Regional Ocean Modelling 
System (ROMS) (Shchepetkin and McWilliams 2005). The oceanographic model ran for the years 1992-
2007 in time-steps of 6 hours, and encompassed the area from the Antarctic coastline to the deep ocean 
at 62.72°S, and from 135.77°E (west of the French base, Dumont D’Urville) to 158.08°E (east of 
George V Land (Cougnon et al. 2013)). The domain has a horizontal resolution of about 2.16 km at the 
southern boundary and 2.88 km near the northern boundary with 31 layers for the vertical grid, 
arranged to give higher resolution near the bottom and the top of the water column. Bathymetry in this 
oceanographic model is based on RTopo-1 (Timmermann et al. 2010) and modified to include 250 m-
resolution data from Beaman et al. (2011). As noted in Cougnon et al. (2013), results from a different 
version of this ocean model were compared to summertime shipboard observations and year-long 
mooring data in the Adelie sill, and were found to accurately reproduce the seasonality and circulation 
of dense shelf water within the depression. 

For the particle tracking we chose four consecutive time-slices of the ROMS-model for each summer 
season. We used the four consecutive time slices with the strongest differences in current direction and 
speed, to ensure that each time slice adequately captures one full tidal movement (a 6h time-slice with 
3 hours of incoming tide and 3 hours of outgoing tide would show very little current speed). Current 
speeds and directions for the four time-slices were consistent across years, apart from 2006, which 
showed very odd and unexplainable current directions and so was excluded from analysis. We 
averaged current speeds and directions in the matching time slices between years to allow inclusion of 
2006 surface productivity in the analysis. For the biodiversity analysis (Section 2.4.4-b), we calculated 
temporal averages of current strengths for the southern hemisphere summer (21st December to 21st 
March) for each cell above the seafloor in the following way: 

Temporal mean current speed:  𝑉𝑉� = √𝑢𝑢�2 + �̅�𝑣2 

Absolute current speed:   |𝑉𝑉|���� = �|𝑢𝑢|����2 + |𝑣𝑣|����2 

Residual current speed:   𝑉𝑉` = |𝑉𝑉|���� − 𝑉𝑉�  
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where u is the current speed on the north-south axis and v is the current speed on the east-west axis. 
The residual current speed mainly reflects tidal currents, but can also incorporate longer-term 
fluctuations and eddies. 

2.4.2-c Particle-tracking 
For seeding the particle-tracking model, we transformed the 4 km-resolution grids of seasonal 
chlorophyll-a averages into a relative number of particles per ROMS cell using a random Poisson-
point-process. This process preserves the spatial pattern observed in chlorophyll-a concentration 
across the study area/domain. The maximum number of seed particles was around 3 million for 
summer averages, but several orders of magnitude lower for spring and autumn averages due to lower 
chlorophyll-a concentrations. Particle tracking was done in 30 min. time-steps, where at each time-
step the location of each particle with respect to the ROMS-cells was calculated in order to get updated 
water current speed and direction for advection of the particles during the following time-step. Particles 
were stopped when they either moved out of the study area or matched the stopping criteria for the 
respective model, described in the sections below. The resulting particle distributions from each 
model-run were back-transformed into a grid with a resolution of 1/15 degrees.  

For the particle tracking, software was developed in R Version 3.2.0 (R Core Team 2016) using packages 
‘raster’ (Hijmans and 2015), ‘ncdf4’ (Pierce and 2014), ‘nabor’ (Elseberg et al. 2012), ‘geostatspat’ (Brown 2015) 
and ‘spatstat’ (Baddeley and Turner 2005) and is available as the package ‘ptrackr’ (Jansen and Sumner 2017) 
at www.github.com/janjansen86/ptrackr. 

Sinking-model 

In the sinking-model, particles simply sink from the surface to the seafloor while being subject to 
horizontal and vertical advection. In addition to the advection determined by the ROMS model output, 
a key parameter determining the trajectory of particles is the sinking speed. We used eight different 
sinking speeds for the particles: 100, 150, 200, 250, 300, 350 and 400 m/day. These sinking speeds are 
in the range of sinking speeds likely to occur for POC in the study area, taking in to account the 
composition of phytoplankton species and size of aggregates at the surface (Beans et al. 2008, Laurenceau-
Cornec et al. 2015). Particles were considered precipitated when their depth equalled the depth of the 
seafloor at the respective ROMS cell.  

Settling-model 

The settling-model accounts for the fact that once particles reach the seafloor they do not necessarily 
settle permanently, primarily due to high floor current speeds that can maintain particles in suspension 
in some areas. The settling-model uses the resulting particle distribution from the sinking-model (all 
years combined) as its input and applies sedimentation processes (McCave and Swift 1976) to calculate 
where particles are most likely to settle (similar to previous applications of this process (Warner et al. 
2008)). 

In order to calculate the precipitation rate p’ (the fraction of particles settling from the suspension to 
the seafloor) we follow the reasoning from McCave and Swift (McCave and Swift 1976) in a simplified 
manner, as follows: 
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𝑝𝑝0𝑝𝑝` = 𝑝𝑝𝑖𝑖𝐶𝐶𝑊𝑊𝑑𝑑 �1 −
𝑈𝑈2

𝑈𝑈𝑐𝑐2
�
2

 

where p0 is the density of seawater (1030 kg/m3) and pi is the density of the settling particles, held 
constant at 1100 kg/m3, an average of the values described for nine different marine diatoms (Van Ierland 
and Peperzak 1984). We are aware that Antarctic diatoms are likely heavier than other marine diatoms, 
but have found no other literature where such values are presented (greater values for the density will 
not affect the spatial patterns of the modelling results, but will decrease the estimated best-fitting size 
of particles in the model). C is the concentration of particles/ROMS-cell, Wd the velocity at which 
particles settle onto the seafloor (one of the six sinking velocities used in the sinking-models), U the 
horizontal velocity given from ROMS for each cell at the layer above seafloor. Uc is the critical velocity, 
above which no sedimentation occurs, and calculated by the following expression: 

𝑈𝑈𝑐𝑐2 =
0.05(𝑝𝑝0 − 𝑝𝑝𝑖𝑖)𝑔𝑔2𝑟𝑟𝑐𝑐

𝑝𝑝0𝐶𝐶𝑑𝑑
 

where g =9.81 m/s2, and the constant drag coefficient Cd =2.5x10-3. The effective radius of settling 
particles rc, which is the radius of a sphere having the same volume as the idealised disc shaped diatom 
is calculated as 

𝑟𝑟𝑐𝑐 = �
3
2
ℇ�

1
3
𝑟𝑟 

where r is the radius of the particles and the aspect ratio ε=1 for an idealised sphere in our modelling.  

The settling-model was run with different particle radii ranging from 0.16 mm to 0.40 mm in 0.04 mm 
steps. Output from the settling-model was evaluated as described in section 4.1. 

Horizontal flux model 

The settling-model can also be used to calculate the relative amount of suspended particles passing 
over an area of seafloor. This is achieved by accumulating the horizontal transgression of particles 
within grid cells that occurs after particles arrive near the seafloor but before settling permanently. We 
term this the ‘horizontal flux’. Due to computational constraints, to keep assumptions concerning the 
sedimentation and resuspension during the simulated tidal movements to a minimum, and to avoid 
artefacts on the count of particles at cell boundaries, particles repeatedly visiting the same cell were 
only scored as a single visit. Therefore, results from the horizontal flux model cannot be used to 
estimate how long particles stay/fluctuate in an area, but instead reflect the spatial distribution of 
particle trajectories. Since the ROMS provides information about the spatial distribution and strength 
of tidal currents, this can be combined with results from the horizontal flux model to provide ecological 
insights into food availability as a measure of particle trajectories and retention time in the cells. It 
would be desirable to obtain empirical measurements of horizontal particle flux on the seafloor for 
validation of the horizontal flux model, but obtaining these data in such a remote location is difficult. 
Therefore, we are only able to indirectly validate this model using the settling-model and the diatom 
abundances. 
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2.4.3 Biological data collection 

Biological data were collected during the Collaborative East Antarctic Marine Census (CEAMARC) 
for the Census of Antarctic Marine Life in December 2007 to February 2008 (Hosie et al. 2011).  

2.4.3-a Sediment grabs and diatom abundances 
Seafloor sediment samples were collected from 53 sites between 153 m and 1428 m depth. Sediment 
grabs were taken using a box core, apart from 4 sites where more gravelly sediments required the use 
of a Van Veen grab sampler. A top scrape (<2 mm) was subsampled from the sediment core. One 
sample was excluded from the analysis due to poor recovery of the surface sediments. We are confident 
the subsample reasonably well represents modern sedimentation rates because sedimentation rates 
from calypso cores collected along the George V coast yield estimates of 0.35 cm/yr (Crosta et al. 2005), 
0.4 cm/yr (Crosta et al. 2007) and 0.52 cm/yr (Denis et al. 2009), suggesting that our diatom counts may be 
representative of a single to a few years of accumulation in the deep basins. 

Photographs were used to visually verify good surface recovery of all samples. Surface sediment 
scrapes were freeze-dried, and ~0.5 g was subsampled for analysis. From the 0.5 g sample, a known 
volume of between 125 and 250 μL of diatom suspension was further sub-sampled. Slides were 
prepared according to Rathburn et al. (1997) and coverslips were affixed to slides using Norland 
Optical Adhesive (NOA 61). In each sample, 500 valves were identified to species level according to 
Tomas (1997) and Armand and Zielinski (2001). Only planktonic species were used to calculate the 
absolute diatom abundance (ADA) as a function of the original dried weight using the following 
equation: 

𝐴𝐴𝐴𝐴𝐴𝐴 =
𝑛𝑛𝐷𝐷 ∗ 𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖𝑑𝑑𝑖𝑖𝑝𝑝ℎ
𝑛𝑛𝐹𝐹 ∗ 𝐴𝐴𝑣𝑣𝑖𝑖𝑝𝑝𝑣𝑣𝑉𝑉𝑆𝑆𝑆𝑆𝑆𝑆

∗
50𝑚𝑚𝑚𝑚
𝑀𝑀𝑆𝑆𝑝𝑝𝑑𝑑

 

where nD is the number of planktonic diatoms counted, nF is the number of fields of view counted, 
Apetridish is the petri dish area in mm2, AviewAview is the field of view area in mm2, VSubVSub is the 
subsample volume in mL and MSed is the dry sediment mass in g. 

2.4.3-b Still Imagery and benthic invertebrates 
Detailed underwater still images were obtained from a forward facing 8 megapixel Canon EOS 20D 
SLR with two speedlight strobes, mounted on a beam trawl. Transects at 32 sites were mostly between 
4-6 km long, with some exceptions ranging between 3-16 km. The trawl was controlled using a deck 
winch. Pictures were taken every 10 seconds. Fauna was identified to the highest taxonomic resolution 
possible. Where species identification was not possible, specimens with similar overall appearance 
were grouped into morphotypes (operational taxonomic units). The bottom third of each image was 
scored. For each image, the abundance of each species/morphotype was estimated within 5 % bins 
from 0 % to 50 % and 10 % bins from 50 % to 100 %. Using their taxonomy and body-type along with 
expert knowledge, the fauna was then classified into three broad functional groups; suspension feeders, 
deposit feeders and predators. We excluded two morphotypes from analysis for which a clear 
identification of the feeding types was not possible.  
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2.4.4 Statistical analyses 

2.4.4-a Particle-flux model evaluation against diatom data 
We used planktonic diatom absolute abundances from surface scrapes of sediment grabs (sediment 
grab collection, processing and diatom enumeration is described in 2.4.3-a) to evaluate and optimise 
parameters in the particle tracking models. The strong seasonal phytoplankton blooms in the Southern 
Ocean result in large seasonal downward fluxes of POC (Smith et al. 2006). Diatoms are a major 
component of these blooms and as a result, make up the majority of POC in the siliceous mud and 
ooze dominated surface sediments (Domack and Anderson 1983, Dutkiewicz et al. 2015). Our data shows 
carbonate abundance in the sediments is very low compared to biogenic silica (Post et al. 2011), and 
therefore the spatial patterns of diatom abundance are well representative of the overall potential POC 
flux to the seafloor. 

In a combined particle tracking and statistical approach, we fitted generalised linear models with a 
negative binomial distribution to test the relation between observed diatom abundances and the particle 
tracking results for each combination of model-parameters. We extracted values for the predicted 
particle abundances from the environmental grid cells corresponding to the diatom seafloor sample 
locations in each map/model. We tested the statistical fit for different values in the sinking speed 
(sinking-model) and in the particle size (settling-model) and used lowest AIC (Akaike Information 
Criterion) as an indicator of the best model. The parameter values resulting in the best statistical fit of 
the settling-model were used to generate the maps of POC flux.  

2.4.4-b Biodiversity analysis 
To test whether there is a link between food availability (as estimated with our particle-tracking models) 
and epibenthic organisms we related the abundance of each functional group and the total number of 
benthic invertebrate species (operational taxonomic units, Section 2.4.3-b) discernible at each site 
(=’species richness') to a number of biologically relevant covariates for which we had broad spatial 
coverage. The environmental covariates include depth and slope of the seafloor (Beaman et al. 2011), tidal 
current speed (Cougnon et al. 2013), floor current speed (Cougnon et al. 2013), surface productivity (Johnson 
et al. 2013, NASA Goddard Space Flight Center 2014) and the three key elements from our particle tracking 
models (i.e. arriving food-particles from the sinking-model, horizontal food flux, and settling food-
particles from the settling-model). 

Each transect was split at the boundaries of the environmental grid cells to ensure the pictures used to 
calculate average abundances and species richness all lay within the same value for the environmental 
covariates. A total number of 2685 images, distributed across 41 grid cells, were used in the analysis. 
Estimates of percent-cover of the broad functional groups were well distributed across the percent-
cover-categories (Appendix A Fig. 9), therefore we treated the data as numeric. Using a weighted 
multiple linear regression, with weights allocated according to the number of pictures per 
environmental grid cell, allowed us to account for sampling effort and hence uncertainty in the 
estimated mean abundance of each sample. For the analysis of species richness, we included the 
logarithm of the number of images taken at each site as an offset in a negative binomial generalised 
linear model to account for an increase in species observed with increased sampling effort. 
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A model containing the main effects of all covariates was simplified by backward selection using AIC 
(Appendix A Table 2 & 4) and the stepAIC function from the MASS package. We then manually 
removed the non-significant term floor current speed (F4, 36=22.67, p=0.179) from the model with the 
abundance of suspension feeders and the terms tidal current speed (z4,35=1.87, p=0.061) and slope (z3, 

36=1.53, p=0.127) from the model with the richness of suspension feeders. 

Suspension feeders are ecosystem engineers that promote species diversity by forming critical habitat 
for benthic communities. To test the relationship between cover of suspension feeders and the total 
number of benthic invertebrate species discernible at each site, we used a negative binomial 
generalised linear model and included the logarithm of the number of images taken at each site as an 
offset. 

For the statistical analysis, we used R Version 3.2.0 (R Core Team 2016) and the packages ‘raster’ (Hijmans 
and 2015), ‘MASS’ (Venables and Ripley 2002) and ‘mplot’ (Tarr et al. 2015). 

2.4.5 Data availability statement 

Data that support the findings of this study are available from the Australian Antarctic Division under 
the identifier doi:10.4225/15/58742bff60898 (diatom abundances from surficial scrapes of the 
sediment grabs), and the identifier doi:10.4225/15/59dea9a19a61d (aggregated abundances and 
richness for all benthic groups).The particle tracking software is published as a R-package ‘ptrackr’ 
(Jansen and Sumner 2017), and available with the identifier doi:10.5281/zenodo.803493 or under 
www.github.com/janjansen86/ptrackr. All other relevant data are available from the corresponding 
author upon reasonable request. 
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Abstract 
Seafloor communities are a critical part of the unique and diverse Antarctic marine life. Processes at 
the ocean-surface can strongly influence the diversity and abundance of these communities, even when 
they live at hundreds of meters water depth. However, even though we understand the importance of 
this link, there are so far no quantitative spatial predictions on how seafloor communities will respond 
to changing conditions at the ocean surface.  

Here, we map patterns in abundance of important habitat-forming suspension feeders on the seafloor 
in East Antarctica, and predict how these patterns change after a major disturbance in the icescape, 
caused by the calving of the Mertz Glacier Tongue. We use a purpose-built ocean model for the time-
period before and after the calving of the Mertz-Glacier Tongue in 2010, data from satellites and a 
validated food-availability model to estimate changes in horizontal flux of food since the glacier 
calving. We then predict the post-calving distribution of suspension feeder abundances using the 
established relationships with the environmental variables, and changes in horizontal flux of food. Our 
resulting maps indicate strong increases in suspension feeder abundances close to the glacier calving 
site, fueled by increased food supply, while the remainder of the region maintains similar suspension 
feeder abundances despite a slight decrease in total food supply. The oceanographic setting of the 
entire region changes, with a shorter ice-free season, altered seafloor currents and changes in food-
availability. 

Our study provides important insight into the flow-on effects of a changing icescape on seafloor habitat 
and fauna in polar environments. Understanding these connections is important in the context of 
current and future effects of climate change, and the mapped predictions of the seafloor fauna as 
presented for the study region can be used as a decision-tool for planning potential marine protected 
areas, and for focusing future sampling and monitoring initiatives. 

3.1 Introduction 

Primary productivity is at the base of most marine ecosystems. In Antarctica, primary production is 
highly seasonal and intricately tied to the location, timing and duration of sea-ice and ice-free areas 
such as polynyas (Arrigo and van Dijken 2003). The collapse of large ice-shelves or calving of massive 
icebergs, and the retreat of sea-ice that is mainly observed around the Western Antarctic Peninsula in 
recent years (Parkinson and Cavalieri 2012), can dramatically alter the oceanographic setting with down-
stream effects on the pattern of primary production hotspots and on Southern Ocean ecosystems (Arrigo 
et al. 2002, Gutt et al. 2011). Resulting changes in the location, timing and intensity of phytoplankton 
blooms (Cape et al. 2014) can influence the distribution of krill and predator aggregations (Gutt et al. 2011), 
the abundances of benthic suspension feeders (Fillinger et al. 2013, Gutt et al. 2013b) and can affect carbon 
storage (Peck et al. 2010). 

For most seafloor communities living below the photic zone (~200 m), surface-derived primary 
production represents their main food source (Dayton and Oliver 1977, Duineveld et al. 2004, Ruhl et al. 2014), 
and is therefore critical for their survival. Seafloor communities represent the richest component of 
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Antarctic biodiversity (Griffiths 2010), are highly endemic (Griffiths et al. 2009), and play an important role 
in the marine ecosystem (Thurber et al. 2014). However, despite evidence that a changing environment 
influences the distribution of these communities (Gutt et al. 2011, Fillinger et al. 2013, Gutt et al. 2013b, Griffiths 
et al. 2017), no study has so far quantified and mapped how their distribution might change due to a 
changing icescape at the ocean surface. One of the reasons for the lack of quantitative studies is that 
although surface-derived food is one of the main drivers, it is only recently that the nature and strength 
of this relationship has been quantified on the Antarctic shelf using a so-called Food-Availability-
Model (FAM) (Jansen et al. 2018c). Combining surface-productivity and ocean currents with particle-
tracking, FAMs estimate the distribution of surface-derived food at the seafloor, and evaluate the 
estimates against data from sediment cores. Jansen et al. (2018c) demonstrated a strong link between 
modelled flux of suspended food along the seafloor and abundances of sessile suspension feeders, 
providing a framework that allows to estimate the distribution of key elements of the seafloor 
community and to predict how they may change with changing ocean productivity and currents. 

One Antarctic region that has recently undergone drastic environmental changes is the George V shelf 
in East Antarctica. The calving of the Mertz Glacier Tongue (MGT) in 2010 (Young et al. 2010) has 
resulted in profound environmental changes in the region, such as increased sea-ice concentrations 
(Campagne et al. 2015), and changes in ocean currents along the shelf as suggested by observations (Aoki 
et al. 2017) and modeling studies (Cougnon et al. 2017, Kusahara et al. 2017). These environmental changes 
have consequences for the dynamics and distribution of primary production (Shadwick et al. 2013), the 
abundance of top-predators (Wilson et al. 2016), and has been observed to influence the community 
structure of shallow-water benthos (Clark et al. 2015). However, the effect of the MGT-calving on the 
seafloor across the region has so far neither been assessed nor observed, and so its impact on benthic 
communities across the continental shelf is still unknown. Obtaining this knowledge, however, is 
crucial for meaningful assessment of the comprehensiveness, effectiveness and representativeness of 
the proposed marine protected areas in this region.  

Here, we (i) quantify differences in the environmental setting on the George V shelf that will affect 
the supply of food to the benthos. In our modelling, we apply a recently developed FAM (Jansen et al. 
2018c) on two 5-year climatologies of remotely sensed surface chlorophyll-a for the period before and 
after the glacier calving, and use ocean current velocities from a purpose-built oceanographic model 
(Cougnon et al. 2017) (more details can be found in the Methods). We then (ii) map the distribution of 
benthic suspension feeder abundances before the glacier calving, using faunal abundances derived 
from underwater camera images and environmental predictor variables. Using the pre-calving 
statistical model for the suspension feeder abundances and the change in environmental conditions 
after the glacier calving, we then (iii) predict changes in suspension feeder abundances across the 
region, revealing the strong impact of the changing icescape on the seafloor ecosystem (Fig. 3.1 for 
general results, and Fig. 3.2 for an overview of the study-region). 
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Figure 3.1: Graphic summarizing observed and predicted changes in environmental conditions (sea-ice, surface-chl-a, 
ocean current speeds, food-export) and seafloor fauna due to the calving of the Mertz Glacier Tongue (MGT) in 2010. The 
graphics shows a cross-section of the George V continental shelf approximately 80 km off the coast, looking South towards 
the Antarctic continent. The top graphic shows pre-calving environmental conditions and displays abundances of 
suspension feeders as observed from towed camera images. The bottom graphic shows observed changes in sea-ice, 
surface-chl-a and the position of the grounded iceberg B09B, as well as modelled changes in ocean current speeds, food-
availability and suspension feeder abundances. Simplified food-availability-model (FAM) results are indicated for (1) 
Mertz Bank, (2) Adélie Sill, (3) Adélie Bank and (4) Adélie Basin. Additional indicators are included in the bottom graphic 
to highlight important changes. 
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Figure 3.2: Bathymetry (Beaman et al. 2011) with selected contour lines (in grey), coastline and sample locations in the 
study area. Major glacial features such as the Iceberg B09B in the centre (location in 2016) and the Mertz Glacier Tongue 
(MGT) on the Eastern margin of the map are included. The dashed line shows the extent of the MGT prior to the calving 
in 2010. The inset map shows the location of the study area as highlighted by the red box. 

3.2 Results 

3.2.1 Changes in environmental conditions 

Our results reveal that several aspects of the observed and the modelled marine environment have 
changed since the calving of the MGT (Fig. 3.3). Average sea-ice concentrations increased in the study 
region by 50-80%, particularly in the spring season, except over the Mertz Bank and where the calved 
MGT was located (Appendix B Fig. 1). Near the Mertz Bank, average surface-chlorophyll-a (chl-a) 
concentrations increase by a factor of two or more (Fig. 3.3c). The area of highest average surface-chl-
a concentration also shows an eastward extension into areas previously covered by sea-ice. West of 
the Mertz Bank, the George V Basin and the Adélie Bank show decreasing values for surface-chl-a 
(Fig. 3.3c). In this area, the breakup of the sea-ice post-calving occurs much later in the year (Appendix 
B Fig. 1), shortening the time-period where surface phytoplankton is observed by satellites from 
around 4.5 months to 3 months. At the South-East tip of the Adélie Bank, north of the grounded giant 
iceberg B09B, the outline of a newly formed polynya (Tamura et al. 2012, Fogwill et al. 2016) can be 
observed, marked by lower spring-time sea-ice concentrations and higher surface-chl-a relative to the 
surrounding area. Modelled seafloor current speeds (Appendix B Fig. 2) increase by about 5 cm/s on 
the shallower sections of the shelf down to around 500m depth, and decrease by almost 50 % at the 
shelf break and slope, as well as in the area previously occupied by the MGT. Changing bottom tidal 
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current speeds account for almost all the increase in current speed on the South-Western flanks of the 
Adélie and Mertz Bank, in the deep George V Basin and below the iceberg B09B at the North-Western 
edge of Commonwealth Bay (Fig. 3.3f). 

 

Figure 3.3: Comparison of mean values for selected biologically relevant environmental variables before and after the 
calving of the Mertz Glacier Tongue (MGT) in 2010. The first row shows environmental conditions in the five years leading 
up to the calving, the second row in the five years after, and the bottom row shows the magnitude of the change. a-c) are 
satellite-derived (MODIS-A) estimates of surface-chl-a corrected for Southern Ocean application (Johnson et al. 2013). 
The missing data at the previous location of the MGT stems from a landmask-artefact in the NASA-data. d-f) represent the 
speed of fluctuating currents (tidal currents) at the bottom layer of the regional ocean model used for this study (Cougnon 
et al. 2017). g-i) show the number of particles moving horizontally along the seafloor before their permanent sedimentation 
(on log-scale). In all maps the strongest changes can be observed in the Eastern section of the region, close to the location 
of the MGT. In the post-calving maps, the outline of the newly grounded iceberg B09B is added for reference while dotted 
lines indicate the original position of the glacier tongue before it broke off. 

The Food-Availability-Model (FAM) tracks and quantifies three components of surface-derived food 
particles: the sinking component captures the advection of phytodetrital matter by currents as it sinks 
through the water column until it reaches the seafloor; the flux component represents the horizontal 
flux of food particles along the seafloor before sedimentation; the settling component represents the 
final location of advected particles after taking into account the redistribution by seafloor currents. 
Sinking and settling particles follow similar patterns to the other environmental variables mentioned 
before, with an eastward shift for the peak number of sinking and settling particles. The model-output 
shows an absence of sedimentation on large parts of the Mertz Bank (closest to the former tip of the 
MGT) due to increased current speeds (Appendix B Fig. 3). Horizontal food flux along the seafloor, 
which is dependent mainly on the interaction between the distribution of surface productivity and 
seafloor current speeds, increases 20-50 fold on wide sections of the Mertz Bank (Fig. 3.3i). In contrast, 
changes are more patchy on the Adélie Bank, where increases in flux are mostly restricted to the inner 
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section of the bank and the shelf break, while the edges of the bank experience decrease in flux. Further, 
most of the deeper sections of the shelf experience lower flux than before the calving. 

 

Figure 3.4: Diagnostic plot showing the fit between predicted values from the pre-calving statistical model and the 
observed %-cover estimates from benthic still images at the sample sites. The red dotted line indicates a perfect fit. 

3.2.2 Predicted changes in suspension feeder abundances 

Mapped predictions of suspension feeder (SF) cover are based on the statistical relationship between 
pre-calving cover estimated from still-images, and the environmental covariates depth and log 
(horizontal flux) (Appendix B Table 1, deviance-explained = 44 %), which are selected as the best 
predictor variables by the stepwise regression process (Appendix B Table 2). There is a good fit 
between the predicted values from the statistical model and the observed values at the sampling sites, 
with a slight underestimation of high cover values (Fig. 3.4). SF-cover before the calving is high on 
most of the shallower sections of the shelf (<500 m depth) (Fig. 3.5a), with values estimated between 
60-100 % cover. The two shallow banks in the study area, the Mertz Bank closest to the MGT in the 
East and Adélie Bank in the West, show relatively similar patterns of SF-cover, with average values 
of around 60 % except for on the edges of the banks, where cover of suspension feeders may reach up 
to 100 %. In contrast, post-calving predictions show a clear difference between the two banks (Fig. 
3.5b) in that SF-cover is predicted to increase by 20-40 % (Fig. 3.5c) on large parts of the Mertz Bank, 
while the Adélie Bank and other areas retain similar SF-cover as previously. The strong predicted 
increase in SF-abundance on the Mertz Bank in the east stems directly from the 20-50-fold increase in 
predicted particle flux that is a direct result of both increased surface production and stronger tidal 
currents.  

3.3 Discussion 

We predict that the calving of massive icebergs will have far-reaching effects on benthic communities 
mediated through the mechanism of pelagic-benthic coupling, and that changes occur even hundreds 
of kilometers away from the glacier tongue. While previous studies have shown that calving events 
can have localized negative impacts on the benthos through iceberg scouring (Gutt et al. 1996), here we 
predict that the combination of changes in local oceanography and surface production influences 
patterns of seafloor food-availability at much larger scales. Particularly strong changes are predicted 
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in the horizontal flux of food particles post-calving, which is important in determining the distribution 
of suspension feeders (Jansen et al. 2018c). Similar to other Antarctic regions that have recently become 
ice-free (e.g. Fillinger et al. 2013), our results suggest environmental conditions on the Mertz Bank now 
are much more favorable for suspension feeders (SFs) than before the calving. Our modelling suggests 
that there will be a strong, but locally confined increase in SF-abundance on the Mertz Bank of up to 
40 %. Further away, near the Adélie Bank, increases in bottom current speeds seem to compensate for 
the overall decrease in food supply, resulting in a prediction of only marginal changes in SF-abundance. 
The distribution of surface production around the newly formed polynya on the leeward side of the 
grounded iceberg B09B (Fogwill et al. 2016) seems to slightly influence SF-abundances with relatively 
stable cover predicted beneath the polynya in contrast to decreasing cover in the ice-covered area 
directly north of the iceberg B09B. Close to and below the position of the tip of the MGT before it 
broke away, where Beaman and Harris (2005) have previously found a high number of macrobenthic 
species, including many sponges and bryozoans, our model predicts a substantial decrease in SF-
abundance, due to a decrease in floor current speed affecting the horizontal food-flux. However, we 
caution that little confidence should be placed in this result; the environmental conditions in this area 
might be unique due to the glacier tongue and we lack biological samples for this area. Further, we 
also lack confidence in the food-availability-data because of missing data in the remotely sensed 
surface chl-a dataset (see Methods section 4.2.2). Unfortunately, the shallower sections of the Mertz 
Bank and the western part of the Adélie Bank, which we show here are particularly interesting areas, 
have not been physically sampled as part of the survey (see Fig. 3.2). However, because the survey 
was designed to cover a wide range of depths and geomorphologies (Hosie et al. 2011), because of the 
high confidence in the predicted values from the statistical model (Fig. 3.4), and because of the 
similarity in environmental conditions between the shallow banks prior to the glacier calving, we are 
confident the relationship between environmental variables and distributional patterns of suspension 
feeder abundances is consistent across the region. 

Regions around ice-shelves and glacier tongues provide valuable insight into the dynamic environment 
of the Antarctic shelf. When an ice-shelf calves a massive iceberg or collapses entirely, the marine 
environment, to which species might have acclimated to for many years, can transition quickly 
between a food-poor and a food-rich system (Gutt et al. 2011). The MGT is thought to calve massive 
icebergs in a ~70 year cycle (Campagne et al. 2015, Giles 2017), meaning that there are likely also 
differences in the long-term stability of environmental conditions, and in the frequency of iceberg-
scour between the Mertz Bank near the MGT and the Adélie Bank in the West of the George V shelf. 
Studies on the West Antarctic Peninsula suggest that at least some components of Antarctic benthic 
communities on the shelf, such as glass sponges and pioneering species, can increase rapidly in areas 
that are newly ice-free, fueled by higher export of surface production (Gutt et al. 2011, Fillinger et al. 2013). 
Conversely, slower-growing deep-sea corals and bryozoans may respond more slowly to changing 
environmental conditions. Whether any species or communities have adapted to these long-term cyclic 
events in the George V region is unknown, because a comparative study between the Mertz and Adélie 
Bank has so far not been conducted due to a lack of biological data. Further, it is currently also not 
possible to validate our predictions with independent data, because there have been no comprehensive 
observations of the deep seafloor since the glacier calving. However, if the benthic community 
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response in East Antarctica is similar to that of the West Antarctic Peninsula, the community 
composition on the Mertz Bank can be expected to change rapidly in the more favorable environment 
after the glacier calving, or will have undergone changes already, given that eight years have passed 
since the calving event. The postulated more favorable environment on the Mertz Bank might continue 
to persist for some time until the MGT regrows the ice tongue. Further, oceanographic models from 
after the calving indicate an increase in basal melting of the MGT due to warmer, faster moving waters 
from the east after grounded tabular iceberg relocation and the MGT calving (Cougnon et al. 2017) which 
may slow the regrowth of the MGT.  

 

Figure 3.5: Spatial predictions of percentage cover of suspension feeders on the seafloor before and after the glacier calving. 
The cover of each species is estimated separately, thus overlapping cover can result in total coverage exceeding 100 %. a-
c) show the predicted mean, and d-f) the standard deviation of the predictions. Note that changes are most pronounced on 
the Mertz bank close to where the glacier calving happened. The high predicted cover pre-calving under the glacier tip is 
driven by high current speeds, but samples have so far not been taken in this location. 

Food-availability is a key factor influencing species distributions. Here, we map predicted changes in 
relevant seafloor-food-availability caused by the calving of a major glacier tongue, and predict change 
in distributional patterns of benthic suspension feeders, a key element of Antarctic biodiversity. The 
study area on the George V shelf lies within the recently proposed East Antarctic MPA (AAD 2017), 
and we suggest the Mertz Bank and Adélie Bank should be considered as distinct areas for future 
sampling of the benthic community. The predicted distribution of suspension feeders after the glacier-
calving provides an up to date picture of a key part of seafloor biodiversity, from which the 
representativeness of the proposed MPA can be assessed. Until regular monitoring programs are 
established, modelling studies such as ours give important information and context for future 
monitoring and assessment. Our study provides insight into temporal change and into the mechanisms 
that drive changes at the seafloor. This is important for a holistic understanding of the Antarctic marine 
ecosystem, and helps us to understand how climate change can affect the seafloor in the future. 
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3.4 Methods 

3.4.1 Study area 

The study area is located on the relatively deep (500-700 m) East Antarctic continental shelf and slope 
between latitudes 139°E and 147°E (Fig. 3.2). The depth of the shelf ranges between 200 m on the 
banks to 1300 m in the basins. The most prominent feature in this region is the Mertz Glacier Tongue 
(MGT) in the east which has strong influences on both oceanography (Barber and Massom 2007) and 
biology(Arrigo and van Dijken 2003, Sambrotto et al. 2003, Beans et al. 2008, Jansen et al. 2018c). Strong katabatic 
winds in the region drive sea-ice production (Massom et al. 2001), convection of dense water that 
contributes to overturning circulation (e.g. Williams et al. 2008), and importantly also form ice-free surface 
areas on the westward sides of the MGT and the grounded icebergs. These permanent ice-free areas 
support a long growing season for phytoplankton resulting in high phytoplankton productivity (Arrigo 
and van Dijken 2003, Sambrotto et al. 2003, Beans et al. 2008). Abundant and diverse benthic suspension feeder 
communities have been found primarily on the shallower section of the shelf between 200-600 m (Post 
et al. 2011). Further, tidal currents on the seafloor redistribute surface derived production, with flux rates 
of organic particles directly related to the abundance and species richness of the benthic community 
(Jansen et al. 2018c).  

The MGT calves off massive icebergs in an estimated 70-year cycle (Campagne et al. 2015), the last event 
happening in 2010 after a collision between the massive iceberg B09B and the MGT. Since the calving 
of the MGT, the Mertz Polynya has decreased significantly in size (Tamura et al. 2016), changing ocean 
circulation (Aoki et al. 2017, Cougnon et al. 2017, Kusahara et al. 2017) and increasing sea-ice concentrations 
(Tamura et al. 2012). The iceberg B09B grounded on the South-Eastern flank of the Adélie Bank shortly 
after the collision, and a new polynya has formed on its leeward side (Fogwill et al. 2016). For more 
details on the study area and the oceanography we refer to numerous papers on the region (e.g.Beaman 
and Harris 2005, Cougnon et al. 2013, Shadwick et al. 2013, Cougnon et al. 2017, Kusahara et al. 2017, Jansen et al. 2018c). 

3.4.2 Environmental data and numerical modelling 

3.4.2-a Ocean model and bathymetry 
Ocean current speeds and directions before and after the glacier calving are derived from a tide-
simulating oceanographic model for the George V shelf developed by Cougnon et al. (2017) based on 
the Regional Ocean Modelling System (ROMS) (Shchepetkin and McWilliams 2005). The model setup used 
here is similar to that described by Cougnon et al. (2013), using the same horizontal and vertical grid. 
The horizontal grid has a resolution of 2.16 km near the southern boundary and 2.88 km near the 
northern boundary. The vertical grid is arranged to give higher resolution at the top and bottom of the 
water column. The model domain encompassed the area from the Antarctic coastline to the deep ocean 
at 62.72°S, and from 135.77°E to the west of the French base, Dumont D’Urville, to 158.08°E to the 
east of George V Land (Cougnon et al. 2013). 

The model includes ocean-ice shelf thermodynamics described by three equations following Holland 
and Jenkins (1999), frazil ice thermodynamics following Galton-Fenzi et al. (2012a), as used in 
previous studies (e.g.Cougnon et al. 2013, Gwyther et al. 2014) and a simplified analytic tidal forcing at the 
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lateral boundaries (Cougnon et al. 2017 for details). The bathymetry in both simulations is based on RTopo-
1 (Timmermann et al. 2010), and modified to include local high-resolution bathymetry (Beaman et al. 2011) 
as described in Mayet et al. (2013). Ice draft of the MGT and B09B, along with the underlying 
bathymetry, is based on an early version of the most up-to-date product by Mayet et al. (2013). 

The total run time of the model for each simulation(before and after calving) is 33 years, using an 
annually repeating loop of the same lateral forcing for both simulations and an annually repeating loop 
of the surface forcing corresponding to each icescape. This 33 year run includes a spin-up phase of 30 
years to reach equilibrium. The spin-up phase of the model has no relevance for the seafloor 
communities, but is a procedure to ensure the ocean model reaches equilibrium (so that the ocean heat 
content and the ocean currents are relatively stable under the applied forcing, allowing to analyze the 
output). The iceberg B09B is at equilibrium in the model. In the model, icebergs and ice-shelves are 
steady and do not move or change shape. However, they are thermodynamically active, which means 
that heat and salt fluxes due to ocean-driven melting/refreezing are taken in consideration. 

3.4.2-b Surface productivity and sea-ice 
We estimated spatial patterns of surface productivity from measures of ocean colour derived from 
NASA’s Moderate Resolution Imaging Spectroradiometer (MODIS-Aqua) (NASA Goddard Space Flight 
Center 2014). We used Level-3 binned daily remote sensing reflectance, provided at a resolution of 4km 
equal-area bins, and corrected the values for Southern Ocean application using the algorithm in 
Johnson et al. (2013). Daily measures of chlorophyll-a concentrations were averaged for southern 
hemisphere spring and summer in each year for a five-year period before (2005-2009) and after (2011-
2016) the calving of the MGT. There are no data available from NASA for the area previously covered 
by the MGT, presumably due to a landmask artefact. 

We estimated seasonal patterns of sea-ice concentrations from satellite-measures of Nimbus-7 SMMR 
and DMSP SSM/I-SSMIS Passive Microwave Data (Cavalieri et al. 1996 , updated yearly). Daily measures 
of sea-ice concentrations were averaged for southern hemisphere spring and summer in each year for 
a five-year period both before (2005-2009) and after (2011-2016) the calving of the MGT. 

3.4.2-c Food availability model (FAM) 
We mapped the availability of surface-derived food at the seafloor before and after the calving event 
using a validated food-availability model (FAM) as described in Jansen et al. (2018c). The FAM uses 
a distribution of particles that is based on multi-year averages of satellite derived chlorophyll-a (section 
4.2.2), and tracks individual particles from the surface to the seafloor while accounting for their sinking 
speed, the speed and direction of currents (section 4.2.1) in 3D, and the sedimentation-rate of particles 
on the seafloor based on particle sizes (Jansen et al. 2018c). The model generates three maps of food 
availability, namely a sinking-map (showing the number of particles arriving/temporarily settling on 
the seafloor), a map of horizontal flux (showing where particles move along the seafloor before their 
sedimentation), and a settling-map (showing where particles permanently settle on the seafloor). While 
the objectives in our study differ strongly from the Jansen et al. (2018c)-study (Jansen et al. described 
& validated a new method, while we apply the method to map the distribution of suspension feeders 
and their changes through time), the only difference in the food-availability model is using a different 
ocean model and a different surface-chl-a climatology. Current speeds on the shelf seem to be slightly 
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lower in the pre-calving part of the model developed by Cougnon et al. (2017) compared to that of 
Cougnon et al. (2013), but are within the seasonal variation of the Cougnon et al. (2013) model. 

For the particle tracking, we used four consecutive time-slices of the ocean-model for the summer 
season before and after the calving respectively. We used the four consecutive time slices with the 
strongest differences in current direction and speed, to ensure that each time slice adequately captures 
one full tidal movement (a 6h time-slice with 3 hours of incoming tide and 3 hours of outgoing tide 
would show very little current speed). The maximum number of seed particles was ~4.5 million for 
the pre-calving model and the particles were tracked in 30 min time-steps. At each time-step the 
location of each particle with respect to the ROMS-cells was calculated, and water current speed and 
direction at that location updates for advection of the particles during the next time-step. Particles were 
stopped when they either moved out of the study area or matched the stopping criteria for the respective 
model, as described in Jansen et al. (2018c). The resulting particle distributions from each model-run 
were back-transformed into a regular grid with a resolution of 1/15 degrees.  

We use the FAM-parameters previously defined for this region (Jansen et al. 2018c), namely a sinking 
speed of 300 m/day, a particle radius of 0.24 mm, the density of seawater at 1030 kg/m3, the density 
of settling particles at 1100 kg/m3 and an aspect ratio of 1 representing idealised spherical particles in 
our modelling.  

For the particle tracking, we used R Version 3.3.1 (R Core Team 2016) with the packages ‘ptrackr’ (Jansen 
and Sumner 2017), ‘raster’ (Hijmans and 2015), ‘ncdf4’ (Pierce and 2014), ‘nabor’ (Elseberg et al. 2012), 
‘geostatspat’ (Brown 2015) and ‘spatstat’ (Baddeley and Turner 2005). 

3.4.3 Biological data collection 

We use the same dataset of benthic images as used by Jansen et al. (2018c), which is available through 
the Australian Antarctic Division Data Centre (Jansen et al. 2017). It comprises detailed underwater still 
images collected during the Collaborative East Antarctic Marine Census (CEAMARC) for the Census 
of Antarctic Marine Life in December 2007 to February 2008 (Hosie et al. 2011). Transects during the 
CEAMARC were designed to cover a wide range of depths and geomorphologies in the region and 
therefore can be considered representative of the area modelled. A forward facing 8 megapixel Canon 
EOS 20D SLR with two speedlight strobes was mounted on a beam trawl and pictures were taken 
every 10 seconds. 32 sites were sampled with transect length mostly between 4-6 km, with exceptions 
ranging between 3-16 km. The trawl was controlled using a deck winch. Benthic fauna were identified 
to the lowest taxonomic resolution possible and, where species identification was not possible, 
specimens with similar overall appearance were grouped into morphotypes. The bottom third of each 
image was scored. For each image, the abundance of each species/morphotype was estimated within 
5% bins from 0% to 50% and 10% bins from 50% to 100%. Using taxonomy and body-type along 
with expert knowledge, the abundance of the suspension feeding fauna in each picture was calculated. 

3.4.4 Statistical Analysis 

We use the image data and the maps of environmental data for 2005-2009 to generate a pre-calving 
statistical model, aiming at producing the statistical model that best explains the abundance of 
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suspension feeders (SF). Each transect was split at the boundaries of the environmental grid cells to 
ensure all pictures lay within the same value for the environmental covariates. We multiplied %-cover 
estimates in each image by 100 and rounded up to generate integer values that better suit a statistical 
analysis using a multiple linear regression with a negative binomial GLM (assuming the values would 
then represent the number of pixels covered by the fauna). We backwards selected variables from a 
full model using AIC. The full model contained the important environmental variables identified by 
Jansen et al. (2018c), namely depth, tidal-current speed and the horizontal flux of particles along the 
seafloor. The final model contained only depth and log(horizontal-flux) as predictor variables. We 
found that using a negative binomial generalized linear model (compared to a linear model in the 
previous study) did not affect the selection of model terms. Therefore, the change in selected model 
terms is likely to come from the difference in the ocean model or the surface productivity. The pre-
calving statistical model showed a good fit between the predicted and the observed values at the sample 
sites, with possibly a slight underestimation of suspension feeders at high abundances (Fig. 3.5). Due 
to the limited amount of biological data available, we were not able to use separate datasets for training 
and testing the statistical model. 

We then used the pre-calving statistical model to predict the spatial distribution of SF-cover in both 
the pre-calving and the post-calving environment. The difference between the resulting maps was used 
to make inferences about areas with expected increases and decreases in the abundance of suspension 
feeders. Further, we bootstrapped the parameters of the pre-calving statistical model to obtain estimates 
for the standard-deviation of the predictions.  

For the statistical analysis, we used R Version 3.3.1 (R Core Team 2016) and the packages ‘raster’ (Hijmans 
and 2015), ‘MASS’ (Venables and Ripley 2002), ‘maptools’ and ‘modEvA’. 

3.4.5 Data availability 

Estimates of suspension feeder abundances from benthic images are available through the Australian 
Antarctic Division Data Centre (Jansen et al. 2017). Raster files containing mapped predictions of food-
availability and suspension feeder abundances presented in this study, from before and after the glacier 
calving are available through the Australian Antarctic Data Centre (Jansen 2018).  
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Abstract 
Benthic marine biodiversity on the Antarctic continental shelf is high and unique, yet its distributional 
patterns are still relatively poorly understood. Some of the main issues are that biological data are 
sparse, and that many species are rare and seem only weakly related to environmental conditions. 
Grouping species by taxonomic or functional similarity has historically been used to compensate for 
missing species identification, to generate a more widespread distribution of data-points, and this 
practice can help to gain a better understanding of the distribution of biodiversity. However, there are 
few guidelines on how to group species, the implicit assumptions about species associations in the 
groups are difficult to validate, and the information loss associated with grouping species is unknown.  

Here, we analyse whether grouping benthic macrofaunal species by taxonomic or functional similarity 
preserves distributional patterns seen in species distributions, using a model-based approach called 
‘species archetype model’ that groups species or other units based on the similarity in their responses 
to environmental factors. Using presence-absence data, the species archetype models identify twice as 
many assemblages when used on the highest taxonomic resolution data, than when applied to 
taxonomic data at lower resolution (e.g. class) or functional groups based on mobility, feeding type 
and body shape. Further, confidence in the predictions of either taxonomic or functional groups is far 
less than for predictions based on the highest taxonomic resolution data. Although using functional 
groups is often thought to accumulate species with similar environmental responses, our analysis 
shows that functional groups may insufficiently resolve assemblage structure for presence-absence 
data. Model-based approaches provide key information to understanding the regional distribution of 
Antarctic marine biodiversity, and care needs to be taken when using a-priori groupings of species to 
make statements about the distribution of biodiversity. 

4.1 Introduction 

The ocean surrounding the Antarctic continent supports unique assemblages of highly diverse benthic 
marine species (Griffiths et al. 2009, De Broyer et al. 2014, Chown et al. 2015). However, the remoteness which 
has protected this pristine environment for a long time also means that biological data for the region 
are sparse (De Broyer et al. 2014). Sparse biological data, the rarity of many Antarctic species, limited 
environmental predictor variables (Jansen et al. 2018c) and inconsistent relationships between biological 
data and environmental conditions across the regions and taxa studied (Cummings et al. 2010, Convey et al. 
2014) are all reasons that the distributional patterns of seafloor biodiversity around Antarctica are still 
relatively poorly understood (Brandt et al. 2007, Chown et al. 2015). This is an issue because lack of 
knowledge about the distribution of biodiversity hinders (1) informed marine spatial planning in 
Antarctica, including the implementation of conservation measures, (2) policy development 
underpinning regulation of human activity in Antarctica, and (3) predicting the response of Antarctic 
marine ecosystems to environmental change. 

Statistical models that link the occurrence of biota with relevant environmental factors are one way of 
making the most of sparse biological data to understand and map the distribution of benthic 
communities and their biodiversity. To date efforts to map seafloor communities have either focused 
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on a few common species of echinoids (Gutt et al. 2012, Pierrat et al. 2012), or have been based on 
dissimilarity metrics (Koubbi et al. 2011a), expert opinion (Gutt et al. 2013c), or aggregating species with 
functional similarity (Jansen et al. 2018a). However, while these efforts provide useful insight into the 
distribution of biodiversity, they either analyse only a single component of the benthic community, 
they lack reproducibility, or individual species responses are difficult to identify (in the case of 
multivariate distance based approaches). 

Aggregating species by taxonomic or functional similarity is a common approach to overcome 
difficulties in analysis of data with many rare species (e.g. Cunningham and Lindenmayer 2005, Rooper et al. 
2014, Jansen et al. 2018a), that comprise a substantial number of the species in any community. 
Traditionally, species are often grouped by their taxonomy, further motivated by constraints in time, 
expertise, or funding. More recently, species have been aggregated or classified according to functional 
traits. Functional traits define a species in terms of their ecological role and can include body size, 
other morphological characteristics and life history traits. Further, these traits are thought to be related 
to the performance of a species, and therefore its occurrence and abundance, under particular 
environmental conditions (Webb et al. 2010). In grouping species based on functional traits, it is assumed 
that different species with common functional traits respond to environmental gradients in a similar 
way. Because this approach provides a more mechanistic understanding of the structure and function 
of assemblages and their response to change (Sunday et al. 2015a), it has attracted much interest (Petchey 
and Gaston 2006, Cadotte et al. 2015). In Antarctica, functional traits such as mobility and feeding-strategy 
have been described as important factors influencing species distributions, with species commonly 
classified into mobile deposit feeders and sessile suspension feeders (e.g. Barry et al. 2003, Jansen et al. 
2018c). While sessile suspension feeders, such as Bryozoans, Corals and Sponges are often associated 
with steep slope habitats and rocky substrate, mobile deposit feeders such as Holothurians and a range 
of burying fauna inhabit softer sediments in areas with low current speeds (Barry et al. 2003). Functional 
approaches can result in spatial patterns that are distinctly different to those based on traditional 
taxonomy and inform us about how communities are structured (Stuart-Smith et al. 2013). However, there 
are few guidelines on how and at which level to group species, yielding a wide variety of approaches 
that are dependent on individual researchers. Further, the assumptions about species associations in 
the groups are difficult to validate and it is unknown how much information about biodiversity patterns 
is lost when species are grouped. 

In contrast to a-priori groupings, model-based approaches, such as Species Archetype Models 
(SAMs)(Dunstan et al. 2011), allow grouping species or other units based solely on the similarity of their 
response to a suite of environmental covariates. SAMs are based on generalised linear models, are 
defined for a range of different types of data, and importantly for our context are able to model rarer 
species. Also, because SAMs are purely based on environmental responses, the resulting archetypes 
are not a result of any a-priori assumptions about species associations. Model-based approaches are a 
relatively new statistical tool, but have already shown promising results for mapping species and 
habitat distributions (e.g. Woolley et al. 2013, Hill et al. 2017, Ovaskainen et al. 2017). 

In this study, we use SAMs to map the benthic invertebrate community on the George V shelf in East 
Antarctica. We use presence-absence data from underwater camera images in which taxa have been 
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identified to the highest taxonomic resolution possible, and use two additional versions of the same 
dataset in which species were grouped a-priori by taxonomic or functional similarity. We hypothesise 
that species with similar functional traits in mobility, feeding-type and body-shape respond in a similar 
way to environmental conditions, and that grouping species before analysis only marginally affects 
predicted biodiversity patterns. Further, we hypothesise taxonomic groupings of species aggregate 
different functional traits, and therefore expect predicted biodiversity patterns to differ from both the 
analysis of functional group and of the species-data, unless niche-conservatisms is high in which case 
an analysis of taxonomic groups would differ only little from patterns observed in the species-data. 

4.2 Methods 

4.2.1 Study area 

The study area is the George V continental shelf and slope in East Antarctica, spanning latitudes 139°E 
to 147°E from the Antarctic coastline to the shelf break at around 65.5°S. Water depth on the shelf is 
typically 500-700 m, punctuated by bathymetric features including the Mertz and Adélie Banks (200-
250 m depth) and the George V and Adélie Basins (depths up to 1300 m) (Fig. 4.1). The oceanography 
in this area is mainly influenced by the Mertz Glacier Tongue and the adjacent Mertz Polynya (Cougnon 
et al. 2013), an area of ice free water that drives water circulation (Massom et al. 2001) and supports a 
relatively long growing season of phytoplankton (Sambrotto et al. 2003, Beans et al. 2008). Abundant and 
diverse benthic communities have been found primarily on the shallower section of the shelf between 
200-600 m and on the shelf break (Post et al. 2011), and modelling work suggests widespread cover of 
suspension feeders on the banks (Jansen et al. 2018a). 

4.2.2 Biological data 

4.2.2-a Data collection and scoring 
Biological data were collected during the Collaborative East Antarctic Marine Census (CEAMARC) 
for the Census of Antarctic Marine Life in December 2007 to February 2008 (Hosie et al. 2011).  

Detailed underwater still images were obtained from a forward facing 8 megapixel Canon EOS 20D 
SLR with two speedlight strobes mounted on a beam trawl. Transects at 32 sites were mostly 4-6 km 
long (with some exceptions ranging between 3-16 km) and the water depth at the sample sites was 
between 200 m and 1550 m. The trawl was controlled using a deck winch and pictures were taken 
every 10 seconds. Fauna were identified to the lowest taxonomic resolution possible. Where species 
identification was not possible, specimens with similar overall appearance were grouped into 
morphotypes (operational taxonomic units, or OTU). The bottom third of each image was scored. For 
each image, the abundance of each OTU was estimated within 5 % bins from 0 % to 50 %, and 10 % 
bins from 50 % to 100 %. Although abundance was recorded from the images, the statistical method 
we used required reducing the data to presence-absence for analysis (see section 4.2.4). The image-
derived data from each transect was then split at the boundaries of the environmental grid cells to 
ensure pictures used in the analysis all lay within the same value for the environmental covariates. A 
total number of 2685 images, distributed across 41 grid cells, were used in the analysis.  
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Figure 4.1: Overview of the George V shelf, East Antarctica. Shown are the bathymetry (Beaman et al. 2011) with selected 
contour lines (in grey), coastline, sample locations and approximate location of areas closed to bottom fishing due to the 
presence of vulnerable marine ecosystems (Jones 2017). The inset map in the top right corner shows the location of the 
study area as highlighted by the red box. 

4.2.2-b Functional and taxonomic groupings 
From the raw dataset comprised of 172 OTUs (Appendix C Table 1), we generated two aggregated 
datasets using expert knowledge. One dataset comprised OTUs grouped purely by taxonomy, and the 
other with OTUs grouped by functional traits. Each OTU was identified to the highest taxonomic 
resolution possible, and for each OTU we defined its mobility (mobile or sessile), its feeding-type 
(deposit feeders, opportunists, predators, active and passive suspension feeders), and body shape (12 
categories). We chose these three categories of functional traits because they can be identified from 
images and expert knowledge, and because Antarctic benthic communities have been categorised in a 
similar way in the past, although not in such detail (Gutt et al. 2013c). By aggregating OTUs with the 
same combination of these three functional traits, we identified 30 different functional groups (the full 
range of functional groups is listed in Appendix C Table 2). 

Taxonomic grouping was done mostly at the class and phylum level. As a general rule, we aimed at 
creating a number of taxonomic groups similar to the number of functional groups to aid comparison. 
On average five OTUs were grouped together to form a taxonomic group, although in seven instances 
only a single OTU represented an isolated taxonomic group. In total, we identified 27 taxonomic 
groups (Appendix C Table 3). 
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4.2.3 Environmental data 

The environmental covariates used for model predictions were those that are commonly considered 
important for describing the habitat of benthic invertebrates. They were depth, slope of the seafloor 
and topographic position index derived from Beaman et al. (2011), ocean current speed, tidal current 
speed and temperature at the seafloor derived from an oceanographic model (Cougnon et al. 2013), and 
three measures for the availability of food at the seafloor from Jansen et al. (2018c) (i.e. food-particles 
arriving near the seafloor after sinking from the surface, horizontal flux of food along the seafloor, and 
food-particles settling onto the seafloor). We did not include other environmental covariates because 
of their high correlation with variables already selected, namely surface productivity (highly correlated 
with the number of sinking particles arriving near the seafloor; Pearson’s r = 0.971), and roughness of 
the seafloor (highly correlated with slope; Pearson’s r = 0.992). In the map of the settling particles, 35 
out of 2515 grid-cells contained exceptionally high values, ranging from 1035 – 5122. These values 
are likely an artefact of the modelling process rather than a pattern likely to be observed, and we 
therefore arbitrarily adjusted the values those cells to 1000 particles. 

4.2.4 Statistical analysis 

Data were analysed using species archetype models (SAMs) (Dunstan et al. 2011), which are based on 
generalised linear models and define groups of taxa based on their similar responses to environmental 
covariates. These groups are termed ‘species archetypes’. Currently, SAMs are developed only for 
presence-absence data and count-data, and we therefore reduced our raw-dataset from percent-cover 
estimates to presence-absence for the SAM-analysis. For the boxplots presented in Fig. 4.2 and Fig. 
4.5, we used the percentage-cover estimates for individual OTUs in the respective species archetypes 
to aid interpretation of the results. For the SAM-analysis, we considered all of the environmental 
covariates in section 4.2.3 and included a polynomial term for depth and the logarithm for slope. We 
used Bayesian information criteria (BIC) for selecting the optimal number of species archetypes in 
each of the three datasets (OTUs, taxonomic groups and functional groups), running 50-iterations of 
the same model with random starts and extracting the BIC in each of these models to ensure that 
inference was based on the global maximum of the likelihood-surface. The model with the optimal 
number of species archetypes as determined by BIC (see Appendix C Fig. 1 for the OTU-analysis) 
was then used to predict the occurrence of the species archetypes across the study area. This prediction 
uses the relationship identified between species archetypes and the environmental covariates, and then 
predicts species archetype occurrence in areas where only environmental data are available. We 
restricted the prediction area to the continental shelf down to ~1500m depth, the maximum depth that 
the camera was deployed. 

For the statistical analysis, we used R version 3.3.1(R Core Team 2016), and the SAMs were developed 
using the R package ‘SpeciesMix’ (Dunstan et al. 2011). 

4.2.5 Data availability 

The full biological dataset is published in Robineau et al. (2018) and is publically available through 
the Australian Antarctic Division (doi:10.4225/15/5ae7cf565cebb). 
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Figure 4.2: Distribution of six species archetypes (SA 1-6) identified from the OTU-dataset using the species archetype 
analysis, the standard error of the prediction, the total abundance of all OTUs combined within each SA and the relationship 
between predicted and observed values. A colour-code is added on the left side of the graphs for helping to compare this 
figure with figures 4.3 & 4.4. The red dotted line indicates the 1:1 line between predicted and observed values; the R2-
value is for a linear regression between observed and predicted values. The predictions are based on data from 41 sites, 
and the area under the Mertz Glacier Tongue is excluded from the predictions. 
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4.3 Results 

Classifying benthic fauna to the highest taxonomic resolution possible, we identified a total of 172 
operational taxonomic units (OTUs) from 11 different phyla (Appendix C Table 1), belonging to 27 
taxonomic and 30 functional groups. Many OTUs were rare, with 26 OTUs observed only once at the 
41 sites, and half of all OTUs found at five sites or less. Only 17 OTUs were found at more than 20 
sites, and six of these common OTUs represent unidentified taxa where individuals could not be 
distinguished further than to broad categories of Bryozoans, Sponges, Seastars, Ophiuroids, 
Holothurians and Actinaria. The most dominant phyla were echinoderms (38 OTUs), sponges (35 
OTUs) and cnidarians (34 OTUs). In total, we found 54 mobile OTUs compared to 118 sessile OTUs. 
Most sponges (= active suspension feeders) were of a simple erect form or had a stalked base lifting 
them off the ground (Appendix C Tables 2 & 3). In contrast, most passive suspension feeders were 
branching in three dimensions.  

 

Figure 4.3: Probability of occurrence for the six species archetypes in relation to each of the environmental variables used 
in the analysis. A steep slope of a line means that the archetype changes strongly along this environmental gradient, 
indicating which environmental predictor variables are important in determining the presence or absence of species 
archetypes. tpi= topographic position index 

4.3.1 OTU-level archetypes 

The statistical analysis using species archetype models identified six distinct species archetypes (SAs, 
Fig. 4.2 & Appendix C Fig. 1) from the full dataset which contains benthic fauna classified to the 
highest possible taxonomic resolution (operational taxonomic units, or OTUs). All Species Archetypes 
(SAs) contain OTUs with a mix of functional traits and belonging to different taxonomic groups 
(Appendix C Tables 2-5). Predictions for OTU occurrences from the SAs match well with the observed 
values (R2 between 0.533-0.923), with the exception of SA-5 (R2 = 0.178). The strongest (steepest) 
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overall response from SAs is in relation to depth of the seafloor (Fig. 4.3 & Appendix C Table 6), but 
all environmental variables used in the analysis influence SA-distributions. 

OTUs in SA-1 are mostly mobile with a few sessile taxa of simple body-shape, living in the deeper 
part of the continental shelf, where unconsolidated sediments prevail (Fig. 4.2, Appendix C Table 4). 
This assemblage is predicted with high probability on the slope near the Adelie Bank and Sill, but just 
outside of areas sampled in our study, meaning we cannot confirm these high values with our 
observations (see sampling sites in Fig. 4.1 and predicted vs observed for SA-1 in Fig. 4.2). SA-2 is 
an assemblage representative of the slope areas, and is dominated by sessile taxa. Generally, SA-1 and 
SA-2 share a similar environmental response apart from SA-1 occurring with a higher probability on 
higher topographic positions and SA-2 occurring in warmer waters (Fig. 4.3).  

SA-3 is an assemblage containing species with a diversity of body-shapes and similar to SA-2, is 
dominated by passive suspension feeders (Appendix C Table 2). This archetype inhabits the edges of 
the banks and also occurs along the continental slope, typically in steep slope regions. SA-2 and SA-3 
contain many taxa that classify as vulnerable marine ecosystems, meaning they are vulnerable to some 
fishing practices and deserve special protection due to their importance for ecosystem functioning 
(www.fao.org/in-action/vulnerable-marine-ecosystems). 

 

Figure 4.4: Hard classed distribution of six archetype predictions across the George V shelf, East Antarctica. Map a) 
identifies which group of species is most likely to be encountered at any specific prediction point across the study area. b) 
shows the probability of occurrence for the most likely archetype. These maps do not provide any indication of similarity 
or difference between sites for which a different analysis, such as regions of common profile (Foster et al. 2013), is needed. 
SA-6 never dominates the assemblage. 

SA-4 contains common taxa, similarly to SA-5, but is restricted to the banks. This is a typical Antarctic 
assemblage with many suspension feeders and a diverse range of body-shapes. SA-5 dominates the 
benthic assemblage on most of the George V shelf (Fig. 4.4), and represents a diverse range of a few 
(18) very abundant and common OTUs with a broad distribution (see also Appendix C Table 4). 
Although the standard error of the prediction is low (Fig. 4.2) across the study region, comparing 
predicted and observed values reveals poor predictive power of this group (Fig. 4.2, last column, R2 = 
0.18). Thus, the OTUs comprising this group are relatively abundant and ubiquitous independent of 
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environmental variation. The response curve of SA-5 to environmental variables is shallow (Fig. 4.3), 
indicating that even strong environmental differences only lead to weak changes in this group. SA-5 
contains four OTUs that represent unidentified taxa where individuals could not be distinguished 
further than the broad categories of Bryozoans, Sponges, Seastars and Ophiuroids. 

SA-6 represents an assemblage with low abundance, and limited to shallow and steep sections on the 
shelf close to the coast and in locations characterised by muddy substrate, dropstones and relatively 
protected from icebergs (Marc Eléaume, unpublished data). This group largely responds to depth and 
slope but not to other environmental variables examined, and contains a mix of mobile and sessile taxa 
with many different body shapes (Appendix C Table 4). SA-6 is the only archetype that never 
dominates the benthic community on the George V shelf (Fig. 4.4). 

All six SAs contain mobile and sessile species, but not every SA contains all categories of feeding type 
and body-shape (Appendix C Table 2). For example, only suspension feeders and predators can be 
found in SA-2, but there are no deposit feeders or opportunists present. Similarly, not every SA 
contains every body-shape. Flat body-shapes are absent from SA-2, erect stalked forms are absent from 
SA-3, barrel and tube-like sponges are absent from SA-1, SA-3 and SA-5, 2D-structured suspension 
feeders are absent from SA-1 and SA-5, no Anemones are found in SA-5 while tubeworms are found 
only in SA-3, SA-4 and SA-5. Ball-shaped forms are absent in SA-1 & SA-6 and massive sponges 
only occur in SA-6 (although only 3 OTUs fall into this category). 

4.3.2 Taxonomic- and functional-group archetypes 

In contrast to the analysis of the OTU-dataset, which reveals six species archetypes, the aggregated 
datasets of taxonomic groups (TG) and functional groups (FG) reveal three species archetypes 
respectively (Fig. 4.5). Both TG and FG archetypes show similar distributions, but all species 
archetypes show weak predictive power for the probability of occurrence (R2 from 0.17-0.37, Fig. 4.5, 
predicted vs observed). Another similarity between TG- and FG-analyses is that each results in one 
archetype with abundant and very common OTUs (TG SA-1, FG SA-1), a second archetype with also 
abundant OTUs but not as common (TG SA-2, FG SA-2), and a third archetype of rare OTUs (TG 
SA-2, FG SA-2). Interestingly, despite these similarities, the OTU composition varies considerably 
between the TG- and FG-archetypes (Appendix C Fig. 2).  

4.4 Discussion 

Our results show distinct assemblages of benthic macrofauna can be identified with much greater 
confidence when using data comprising presence/absence of operational taxonomic units (OTUs) than 
when data describe a-priori determined taxonomic or functional groups. Although we expected the 
expert-grouped taxa not to perform as well as when using the more highly resolved data, the magnitude 
of differences was surprising to us, especially in regard to grouping by functional traits. In theory, if 
the functional traits selected truly correspond to species with similar responses to environmental 
conditions, we should (1) expect predicted values from the analysis of functional groups to fit similarly 
well to observed values as predicted values from the OTU-analysis, and (2) expect OTUs in each 
species archetype to be from mostly the same functional groups. However, our results show this is not 
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the case, and a-priori grouping of OTUs by functional or taxonomic similarity merges OTUs that do 
not respond to environmental conditions in the same way. 

 

Figure 4.5: Predicted distribution of species archetypes identified from the taxonomic (TG) and functional group (FG) 
datasets, the standard error of the prediction, the total abundance of all OTUs combined within each SA and the relationship 
between predicted and observed values. The red dotted line indicates the 1:1 line between predicted and observed values; 
the R2-value is for a linear regression between observed and predicted values. The predictions are based on data from 41 
sites, and the area under the Mertz Glacier Tongue is excluded from the predictions. 
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A possible explanation why the functional grouping poorly predicts the distribution of biodiversity is 
that the functional traits selected are not important in determining the presence or absence of these 
taxa, or are not important at all. Our results show most combinations of the three functional traits 
feeding-type, mobility and body-shape can be found in at least half of all species archetypes, in a wide 
range of environmental conditions across the study region, and are therefore not good surrogates for 
predicting the presence and absence of species. However, this result does not mean the functional traits 
selected are not important at all, because they could act on different levels of community structure, 
such as on the abundance of different species. Interestingly, a very broad grouping of taxa based solely 
on their feeding type, produces promising results for mapping patterns in the abundance of key 
components of the benthic community (Jansen et al. 2018a). More research is needed to resolve whether 
other functional traits not used here might be more suitable for predicting patterns in the presence and 
absence of species.  

Another factor that influences the results is the taxonomic level at which to group species. In our study, 
we grouped species mostly at the class and phylum level. Classifying organisms into lower level 
taxonomic groups such as families is difficult when using image-data, because many family-specific 
features might not be distinguishable. Previous studies have also found that an aggregation at class or 
phylum level changes observed patterns in assemblage structure (Smale et al. 2010) and species 
distributions (Wodarska-Kowalczuk and Kedra 2007). However, although there are examples where family-
level aggregations may be used as effective surrogates for diversity patterns (e.g. in molluscs: Terlizzi et al. 
2009), any taxonomic rank higher than species can behave as a random group of species not providing 
ecologically meaningful information (Bevilacqua et al. 2012) and the outcomes of taxonomic groupings 
may vary between habitats and trophic levels (Sutcliffe et al. 2012). Our results suggest that presence-
absence data should be classified to the highest taxonomic resolution where possible, and not 
amalgamated into either taxonomic of functional groupings when studying responses of Antarctic 
benthic communities to environmental conditions. 

Our mapped predictions of the benthic communities on the George V shelf show similarities to 
previousl detailed descriptions and maps of the region (Post et al. 2010, Post et al. 2011, Jansen et al. 2018a). 
We can confirm that areas of particular interest (i.e. areas with rare assemblages, and a turnover of 
species archetypes) are shallow, steep habitats close to the coast or on the edges of the banks, and on 
the continental shelf break and slope. Vulnerable marine ecosystem (VME) taxa, which are of 
particular interest for management, have previously been detected and then protected from bottom 
fishing practices in two separate areas in this region (see Fig. 4.1). SA-2 and SA-3 are likely 
representative for the distribution of VMEs, and the mapped predictions can help finding further 
assemblages in need of protection. SA-4 and SA-5 are most similar to the distribution of seafloor 
suspension feeders mapped in an earlier effort in this region (Jansen et al. 2018a). Some small-scale 
features in SA-4 and SA-5, particularly on the Adélie bank, stand out, but should be treated with care, 
as they could be artefacts from the ocean model and the food-availability-maps that have translated 
into the predictive maps. More sampling in these interesting areas would help to clarify if such patterns 
exist. A proportion of the benthic community (i.e. SA-5) is difficult to predict, even with the cutting-
edge statistical methods used here, which at least partially explains why the biogeography of Antarctic 
benthos has been found to be hardly predictable in other regions around the continent (Gutt et al. 2013c). 
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Nonetheless, the overwhelmingly high correlations between observed and predicted values from the 
species archetype models are encouraging, and we suggest model-based approaches should be a first 
choice when mapping Antarctic benthic communities.  

Taxonomic resolution matters, and the level to which taxa in a dataset are identified influences the 
spatial patterns in biodiversity that are - and can be - observed. If resources such as time, money or 
expertise are limited, and taxa can only be identified at a broad taxonomic level, a more simplified and 
less accurate picture of the patterns of biodiversity has to be expected. Our study shows that – for the 
most part- the distribution of benthic fauna on the Antarctic continental shelf can be well explained by 
environmental conditions. This is a promising step towards mapping the distribution of Antarctic 
benthic fauna on a continental scale as a base for an informing management of this unique environment. 
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Abstract 
Characterising the spatial distribution and variation of species communities and validating these 
characteristics with data from the field are key elements for an ecosystem-based approach to 
management. However, models of species distributions that yield community structure are usually not 
linked to models of community dynamics, constraining understanding and management of the system, 
particularly in data-poor regions. Here we use a dynamic network model to predict changes in Antarctic 
benthic community structure between major marine habitats characterised largely by seafloor depth 
and slope and use multivariate mixture models of species distributions to validate the community 
dynamics. Further, we then assess how future increases in primary production associated with 
anticipated loss of sea-ice will likely affect the ecosystem. Our study shows how the spatial and 
structural features of ecosystems in data-poor regions can be analysed and possible futures assessed, 
with direct relevance for ecosystem-based management. 

5.1 Introduction 

Ecosystem-based management, which aims to conserve ecological services while simultaneously 
meeting socioeconomic, political and cultural needs, is of key importance for sustainably managing 
natural resources now and into the future (FAO 2018). Fundamental to any ecosystem-based 
management is a thorough understanding of the functioning of the ecosystem of interest and the spatial 
distribution of its major components. The two main pathways to gather this knowledge from collected 
data are models of community dynamics which focus on the ecological structure and functioning of 
the system, and regionalisations which spatially categorise assemblages of species, functional groups, 
or other operational taxonomic units.  

Ecosystem models allow testing hypotheses regarding the dynamics of interaction networks and the 
potential impacts of external drivers on ecosystem components. They have been fundamental for the 
management and assessment of extractive industries (e.g. Dambacher et al. 2015, Marzloff et al. 2015, Harvey 
et al. 2016), in cumulative impact assessments (e.g. Melbourne-Thomas et al. 2011a, Melbourne-Thomas et al. 
2011b, Anthony et al. 2013, Gurney et al. 2013), in evaluating food-webs (e.g. Gillies et al. 2013, Melbourne-Thomas 
et al. 2013, Heymans et al. 2016), and in predicting changes in ecosystem attributes under scenarios for 
human use and environmental change (e.g. Fulton 2010, Melbourne-Thomas et al. 2011a, Melbourne-Thomas et 
al. 2011b, Blanchard et al. 2017). These kinds of fully quantitative models usually require detailed 
information about the rate of physical and biological processes in the ecosystem. In contrast, ecological 
regionalisations of ecosystems, which typically underpin spatial planning including assessments for 
Marine Protected Areas (e.g. Barrett et al. 2001, Jordan et al. 2005, Hill et al. 2017), focus more on high-
resolution estimates of the spatial distribution of distinct assemblages of species, but cannot, for 
example, account for non-linear changes in interactions between species. A combination of both 
approaches allows complementary insight into ecosystems providing there is adequate validation by 
field-data.  

However, as the physical environment changes in space, in both two- and three-dimensions, or through 
time, so do the interactions between the physical and the biological environment, influencing species 
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distributions and ecosystem functioning (Edwards and Richardson 2004, Hoegh-Guldberg and Bruno 2010b). 
This presents a challenge, particularly in data-limited regions where little is known about how 
biological communities change in space and through time, limiting the ability to both conserve the 
environment and ensure its sustainable use. Combining spatial and dynamic quantitative approaches 
could draw on the strengths of both models, while avoiding trade-offs that would be apparent if only 
one type of model were used (Levins 1966, 1993). 

An environment that is comparatively little studied and not well understood is the deep ocean floor 
(here considered as anything below 200 m), one of the largest biomes on Earth. To date, deep benthic 
and demersal ecosystems have usually been broadly categorised into shelf, slope and abyssal habitats 
(e.g. O'Hara et al. 2011, Douglass et al. 2014, Woolley et al. 2016), with latitudinal gradients overlying species 
distributions (e.g. O'Hara et al. 2011, Woolley et al. 2013). However, the physical and ecological processes 
leading to the separation between these habitats and communities are not fully understood, and while 
species differ between the tropics, temperate and polar regions, ecological theory suggest fundamental 
processes influencing their distribution should be similar (e.g. Woolley et al. 2016). Although bathymetry 
may not directly influence most species, the 3D-structure, rugosity, slope, and other features of the 
sea-floor that are related to bathymetry serve as a proxy for important variables that influence many 
species, in particular determining whether the benthos at a particular location is characterised by hard 
or soft substrata, the local ocean current regime, food-availability, and sedimentation patterns. 
Therefore, it is important to consider bathymetric features to understand how the structure and 
functioning of benthic ecosystems differ in space (e.g. Hogg et al. 2016, Jansen et al. 2018b). 

Recently, several new techniques have been developed that can make much greater use of sparse 
biological data (Dunstan et al. 2011, Melbourne-Thomas et al. 2012, Foster et al. 2013, Ovaskainen et al. 2017). New 
statistical techniques, such as Species Archetype Models (Dunstan et al. 2011), can group multiple species 
with similar responses to environmental factors together, enabling study of the distributional patterns 
of a much bigger proportion of the fauna than previously. Mapping these assemblages also reveals 
insights into spatial differences in community structure, an important factor for the functioning of an 
ecosystem. Another important recent development allows for statistical analysis of qualitative network 
topologies (Raymond et al. 2011, Melbourne-Thomas et al. 2012). Qualitative network topologies provide 
useful insights into ecosystems where data are too limited to fully parameterise an ecosystem model 
(Dambacher et al. 2009). The new approach uses press-perturbations of the system, combined with 
thousands of quantitative runs using randomly assigned magnitudes for every interaction while 
preserving the sign of the interaction, to reveal insight into how different nodes of the network respond 
to the simulated perturbation (Melbourne-Thomas et al. 2012). This enables a powerful test of the effects of 
putative ecosystem drivers on ecosystem functioning for little known systems. 

In our study, we analyse both the spatial distribution and the network structure of the Antarctic benthic 
and demersal ecosystem using data from the East Antarctic continental shelf and upper slope (Fig. 5.1). 
We map the spatial distribution of demersal fish assemblages from trawl-data (Causse et al. 2011), 
compare the distributional patterns to mapped predictions of benthic macro-invertebrates from a 
previous study (Jansen et al. 2018b), and use these to quantitatively identify four distinct habitats 
characterised by depth and slope. We conceptualise the network topology of the broad Antarctic 
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benthic ecosystem, test how changes in depth and slope affect ecological structure and validate results 
from a dynamic network model with the mapped distributions of fish and macro-invertebrates. We 
also test how increases in primary production, a likely future scenario (Laufkötter et al. 2015), may affect 
the system. The analysis gives insight into the functioning of a biodiverse ecosystem in a remote 
environment and shows how predicted dynamics in community structure can be validated and located 
spatially using species distributions. 

 

Figure 5.1: Overview of our approach combining spatial and dynamic models to learn about species community structure 
in different habitats and predict effects of a changing environment. (1) Mapped distributions of distinct communities are 
based on statistical relationships between ‘species’ (or operational taxonomic unit) distributions and environmental 
variables. In our study, we use species archetype models to map communities. (2) The qualitative network topology 
describes interactions between the species community and its physical (phys.) and biological (biol.) drivers. (3) Using 
press-perturbations of important physical drivers, the dynamic network model simulates the composition of species 
communities in different habitats. (4) Comparing predictions from the dynamic and the spatial model allows validating the 
network topology to ensure all key drivers are captured in the model, and that model responses to drivers are consistent 
with observations. Importantly, the combination of the two different models allows spatial definition of the boundaries of 
simulated habitats from the dynamic network model, and identification of species associated with each habitat. (5) Future 
scenarios, such as increased primary production near the Antarctic continent, can be simulated by press-perturbing 
biological drivers. Critically, these simulations give new insight into how the composition of species communities can 
respond to environmental changes. 

5.2 Methods 

5.2.1 Study area 

The study region is the George V continental shelf and slope in East Antarctica, spanning latitudes 
139°E to 147°E from the Antarctic coastline to the shelf break at around 65.5°S. The continental shelf 
in this region is typically between 500-700 m but punctuated by bathymetric features including the 
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Mertz and Adélie Banks (200-250 m depth) and the George V and Adélie Basins (depths up to 1300 m) 
(Fig. 5.2). The oceanography in this area is mainly influenced by the Mertz Glacier Tongue and the 
adjacent Mertz Polynya (Cougnon et al. 2013), an area of ice free water that drives water circulation 
(Massom et al. 2001) and supports a relatively long growing season of phytoplankton (Sambrotto et al. 2003, 
Beans et al. 2008). Demersal fish have been found to primarily inhabit the deeper inner-shelf depressions 
and their upper sides, and descriptive analyses of the region have found differences in the assemblage 
structure between the continental slopes, the basins and on the shelf (Koubbi et al. 2010, Causse et al. 2011). 
Diverse and abundant benthic macrofaunal communities are found along the shelf-break and on the 
shallower section of the shelf between 200-600 m (Post et al. 2011). Modelling work indicates widespread 
suspension feeder cover on the banks (Jansen et al. 2018a), and distinct assemblages of benthic macro-
invertebrates particularly along the steep edges of the banks and the coastal and continental slopes 
(Jansen et al. 2018b). A more detailed descriptive analyses of the fish assemblages inhabiting the George 
V shelf can be found in Causse et al. (2011), and a detailed description of the benthic invertebrate 
communities in Post et al. (2011). 

Figure 5.2: East Antarctic continental shelf in the George V region with trawl-sample locations. Background colours and 
contour lines in grey indicate depth (Beaman et al. 2011). All areas shallower than 550 m are closed to bottom fishing, as 
are the two deep areas (dotted circles) due to the presence of vulnerable marine ecosystems (Jones 2017). The inset map 
(bottom left) shows the location of the study area (red box). 

5.2.2 Biological data 

We used previously published data for abundances of demersal fish (Causse et al. 2011) and benthic 
macro-invertebrates (Robineau et al. 2018) from the George V shelf. All biological data were collected 
during the Collaborative East Antarctic Marine Census (CEAMARC) for the Census of Antarctic 
Marine Life from December 2007 to February 2008 (Hosie et al. 2011). 
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5.2.2-a Demersal fish sampling and identification 
Beam trawls (3 m wide, 1.39 m high, mesh size in the cod end 10 x10 mm) were used to collect 
demersal fish at 66 sites. Trawls were placed along different environmental gradients covering banks, 
shelf depressions, coastal and continental slopes (Fig. 5.2), and covering the entire shelf from 139°E 
to 145°E. Trawl distance at the bottom was mostly between 500-1000 m (ranging between 85-1698 m) 
at depths of 150-2065 m. There was no spatial-, depth- or slope-related bias in the duration/distance 
of the trawls, and we accounted for the distance trawled in the analysis of the fish-abundance. There 
was a weak correlation between the distance trawled and the logarithm of the number of fish species 
found (F1,64 = 5.861, P = 0.0183). However, deriving a constant offset for a logit link function and a 
Bernoulli response is not possible, and therefore trawl distance was not included as an offset in the 
species archetype models. While univariate models may underpredict rare species, species archetype 
models are typically better at predicting rare species (Hui et al. 2013) giving confidence in the model 
outputs. Mounted video cameras were used to study avoidance of the trawl by fish. 

Fish species were identified using Gon and Heemstra (1990), based on fresh or preserved specimens 
and, where possible, DNA barcoding. A total of 53 species belonging to 8 families were identified 
(Appendix D Table 1), with Nototheniidae the most abundant family (44.7% of individuals), followed 
by Bathydraconidae (19.8%) (Causse et al. 2011). A detailed description of sampling and identification, 
and a thorough descriptive analysis of the demersal fish diversity in the region can be found in Causse 
et al. (2011). 

5.2.2-b Benthic invertebrate sampling and identification 
Benthic invertebrate abundances were estimated from underwater still images, collected using a 
forward facing 8-megapixel Canon EOS 20D SLR with two speedlight strobes mounted on the beam 
trawls used to collect demersal fish. Hereafter, ‘trawls’ refers to the fish trawls and ‘transects’ refers 
to all still image transects. Still-cameras taking pictures every 10 seconds were deployed at 32 sites, 
and transect length was mostly between 4-6 km long, with the exceptions ranging between 3-16 km. 
Tow speed was 2.5 knots, and the average field of view of the seabed was 3.5 m, ranging between 0.6 
to 7 m at times. A total of 2724 out of 3442 images were usable for analysis. The bottom third of each 
image was scored. For each image, the abundance of each species/morphotype was estimated within 
5 % bins from 0 % to 50 %, and within 10 % bins from 50 % to 100 %. 

Benthic invertebrates were identified to the highest taxonomic resolution possible. Where species 
identification was not possible, specimens with similar overall appearance were grouped into 
morphotypes (operational taxonomic units). A total of 172 benthic invertebrate morphotypes were 
identified and grouped into three feeding mode classes for analyses. A detailed list of identified benthic 
invertebrate morphotypes containing information about their taxonomic class, their feeding type and 
their association with the different species archetypes can be found in Appendix C Tables 1-4. 

5.2.2-c Feeding modes of fish and invertebrates 
Feeding mode is a functional trait that can play an important role in determining species distributions 
(e.g. Gaston 1987, Lombarte et al. 2003, Jansen et al. 2018c). In our study, we build a qualitative network 
topology based on the primary feeding modes of demersal fish and benthic macro-invertebrates and 
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validate the dynamic network analysis using quantitative information about species distributions (see 
section ‘Dynamic network model (DNM)’). 

For each species of fish, we identified their primary feeding mode (either zooplankton, zoobenthos or 
nekton) using fishbase.com and published literature (see Lombarte et al. 2003, Duhamel et al. 2010) (Appendix 
D Table 1). We were unable to assign primary feeding modes to only seven species and excluded those 
species from validating the dynamic network model. 

Benthic invertebrates from the region have previously been classified into suspension feeders, deposit 
feeders and predators by Jansen et al. (2018c), using their taxonomy and appearance along with expert 
knowledge. We used the previously published dataset containing the full list of species, their feeding 
types and abundances (Robineau et al. 2018). 

5.2.3 Environmental data 

For mapping the spatial distribution of demersal fish, we used the same environmental covariates 
considered for mapping the distribution of benthic invertebrates as in Jansen et al. (2018b). Specifically, 
we considered depth, slope of the seafloor and topographic position index derived from Beaman et al. 
(2011), ocean current speed, tidal current speed, and temperature at the seafloor derived from a regional 
oceanographic model (Cougnon et al. 2013), and three estimates for the availability of food at the seafloor 
from Jansen et al. (2018c) (i.e. food-particles arriving near the seafloor after sinking from the surface, 
horizontal flux of food along the seafloor, and food-particles settling onto the seafloor). We excluded 
environmental covariates that were highly correlated with variables already selected, such as surface 
productivity (highly correlated with the number of sinking particles arriving near the seafloor; 
Pearson’s r = 0.971), and roughness of the seafloor (highly correlated with slope; Pearson’s r = 0.992).  

Similarly to Jansen et al. (2018b), we corrected exceptionally high values from the map of settling 
particles to a value of 1000 (35 out of 2515 grid-cells contained values between 1035-5122), as these 
high values are likely an artefact of the modelling process rather than a real pattern to be observed. 

5.2.4 Statistical analysis 

We used a multi-model approach for analysing the benthic ecosystem on the George V shelf (Fig. 5.1). 
We first mapped the spatial distribution of demersal fish in the region using Species Archetype Models 
(SAMs) and set up a network topology using previously published detailed descriptions of the 
Antarctic ecosystem (see section 5.2.4-b for details). We then ran a dynamic network model (DNM) 
using press-perturbations to simulate different habitats and compare responses of the species 
communities to the predicted species community patterns from the SAMs. Finally, we used the DNM 
to test how anticipated future increases in primary production will likely affect the species 
communities.  

5.2.4-a Species Archetype Models (SAMs) 
For statistical analysis of the fish-data, we used SAMs (Dunstan et al. 2011, Dunstan et al. 2013), which are 
based on generalised linear models, and group taxa with similar responses to environmental covariates 
into ‘species archetypes’ for modelling. We initially developed SAMs for both count-data (number of 
individuals per species) and presence-absence data, but a preliminary analysis using the count-data did 
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not show reliable results due to the high number of rare species, and the general low count of fish, 
which results in dataset-characteristics more similar to presence-absence data. Therefore, we converted 
our dataset to presence-absence data for analysis and used a Bernoulli distribution in the SAM-analyses.  

For the SAM-analysis, we considered all the environmental covariates outlined in the section 5.2.3 
‘Environmental data’ and additionally included the logarithm for slope and a quadratic term for depth 
to account for exponential and hump-shaped responses in the data. As suggested in Dunstan et al. 
(2011), we used Bayesian information criteria (BIC) for selecting the optimal number of species 
archetypes. We ran 50-iterations of the same model with random starts and extracted the BIC in each 
of these models to ensure that inference was based on the global maximum of the likelihood-surface. 
We then used the model with the optimal number of species archetypes, and the suite of maps of 
environmental covariates to predict the probability of occurrence of each species archetype across the 
study area. We restricted the prediction area to the continental shelf down to ~2200 m, the maximum 
depth that the beam trawl was deployed, and do not predict below the Mertz Glacier Tongue where we 
have no samples and where environmental conditions might differ to the study region. 

For the statistical analysis, we used R version 3.3.1(R Core Team 2016), and SAMs were developed using 
the R-package ‘SpeciesMix’ (Dunstan et al. 2011). 

5.2.4-b Dynamic network model (DNM) 
Model setup 
For describing and analysing interactions in the Antarctic benthic ecosystem, we used a DNM based 
on a qualitative network topology with signed digraphs (Fig. 5.3). We used previous detailed 
descriptions of this region and of the Antarctic benthic marine ecosystem (e.g. Beaman and Harris 2005, 
Gutt 2007, Koubbi et al. 2010, Post et al. 2010, Causse et al. 2011, Gutt et al. 2011, Post et al. 2011, Gillies et al. 2013, 
Post et al. 2017, Jansen et al. 2018c) to choose which components to represent in the network model, and the 
nature of their relationships. A detailed description for each node can be found in Appendix D Table 
2. 

For our analysis, we focussed on physical and biological interactions that are affected by changes in 
either depth, slope or food-availability. In our network topology, we use the simplified term ‘pelagic 
food sources’ to represent the complex pelagic ecosystem dynamics between primary production, 
zooplankton communities and the export of particulate organic carbon. While the strength of individual 
nodes in the pelagic ecosystem differs, general increases in surface primary production positively 
influence both the zooplankton abundance and the export of particulate organic carbon. This simplified 
representation reduces model complexity while still allowing to assess how overall changes in primary 
production affect the benthic ecosystem. We have chosen not to include icebergs in our network 
topology, which can play an important role in the ecosystem (Gutt et al. 2007) but are difficult to predict 
because of their stochastic occurrence. We also did not include non-tidal ocean currents because in 
contrast to tidal-currents, they are affected by depth and slope in a less consistent manner. 

The nodes and interactions of the network model were then analysed using QPress (Melbourne-Thomas 
et al. 2012). QPress uses a simulation approach for evaluating uncertainty. We ran 10,000 simulations 
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of the network, where in each simulation a random value between 0 and 1 (or 0 and -1 for negative 
interactions) was allocated to each interaction in the network.  

For simulating the four main benthic habitats determined from the SAMs, we simultaneously changed 
slope and depth by individually assigning either a positive or a negative sign (Appendix D Table 3). 
Further, to simulate anticipated future conditions of increased primary production (Jones et al. 2014) we 
increased pelagic food sources in each of those four habitat-simulations, resulting in a total of eight 
scenarios.  

 

Figure 5.3: Qualitative network topology describing interactions and responses in the Antarctic benthic ecosystem. The 
colour code distinguishes between different categories of physical drivers (grey, white), ecological drivers (green), and key 
functional groups (blue). ‘Pelagic food sources’ included surface primary production, secondary production through 
zooplankton, and the export of this production towards the seafloor. An arrow-head shows positive influence; a circle-head 
shows negative influence; dotted lines indicate weak or uncertain interactions. The model also includes self-limitation for 
each component of the network (not shown on diagram). Drivers that we press-perturbed in the dynamic network analysis 
are marked (*). 

Model evaluation 
We evaluated the DNM-results for different habitats using the abundances of demersal fish from the 
benthic trawls (Causse et al. 2011), and the estimated cover of benthic invertebrates from Robineau et al. 
(2018).  
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For each species of fish/invertebrate, we calculated their mean abundance across all sites where they 
are present. We then aggregated the mean abundances for all species belonging to both the same 
Species Archetype and the same feeding-mode (Appendix D Table 4), which we used for comparison 
to the DNM-results. 

For illustrating the spatial match between Species Archetype distributions based on presence/absences 
and the observed species abundances from the sample sites, we aggregated the abundances of all 
fish/invertebrates that occur in both the same Species Archetype and have the same feeding-mode for 
each site (Appendix D Fig. 1 & 2).  

We adjusted fish-counts for sampling effort, by dividing through the distance trawled at each site. 
Estimates of the percentage cover of invertebrates did not need adjusting, because they are mean-
values across transects. 

For evaluating the spatial match between the distributions of species archetypes of benthic 
invertebrates and demersal fish, we’ve visually inspected the distribution maps and also calculated the 
correlation of values in the maps using the function ‘rasterCorrelation’ (Evans 2018) in R (Appendix D 
Table 5). 

5.2.5 Data availability 

The full dataset of demersal fish abundances is available through Causse et al. (2011). The benthic 
invertebrate data is available through Robineau et al. (2018). 

5.3 Results 

5.3.1 Species archetype models (SAMs) of demersal fish 

Based on SAMs, we find five distinct assemblages of demersal fish on the George V shelf, each 
containing between five and 16 species from a total of eight families (Appendix D Table 1; a hard-
classed prediction of the fish-assemblages summarizing their spatial distribution is given in Appendix 
D Fig. 5). Demersal fish can be found along three main habitat types, namely shallow banks (~200-
300m), shelf depressions and the continental slope (Fig. 5.4). The confidence in the predictions is high 
(Fig. 5.4 & Appendix D Fig. 3). 

Species Archetype A (SA-A) is made up of species belonging to the taxonomic families of 
Artedidraconidae, Bathydraconidae and Zoarcidae, and is predicted for deep (~400-1200m), flat 
habitat which has a lot of food arriving near the seafloor alongside a low topographic position index 
(i.e. which is typical for the inner-shelf depressions). Unexpectedly, the analysis suggests this 
assemblage is more likely to occur at low levels of sedimentation, which is atypical for the basins. The 
number of particles arriving near the seafloor and the number of particles settling on the seafloor are 
positively correlated in this area which potentially downplays the importance of settling particles in 
the model. Similar to SA-A, SA-B also occurs in the inner-shelf depressions but contains a wider range 
of taxonomic families with less common and less abundant species, and the model doesn’t predict the 
occurrence of this archetype very well (Fig. 5.4 & Appendix D Fig. 3).  
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Figure 5.4: Comparison of species archetype model results for demersal fish species (A-E, this study), and for benthic 
invertebrates (F-K, from Jansen et al. (2018b)). The area under the Mertz Glacier Tongue is excluded from the 
predictions. Comic-icons in the column between fish and invertebrates indicate the main habitat corresponding to each 
pair of species archetypes. From top to bottom, these are: Deep-flat (A, B & F), deep-steep (C & G), shallow-flat (D, H 
& I), widely distributed (E & J), shallow-steep (K). Species archetype models are based on observations from 68 sites 
(fish) and 41 sites (invertebrates). 
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SA-C is an assemblage dominant along the shelf-break and continental slope, preferring deep and steep 
habitat. It is comprised of equal amounts of zoobenthos- and zooplankton-feeding species, is 
dominated by species from Channichthyidae, Liparidae, Zoarcidae and contains the only Macrouridae 
and Muraenolepididae found in the samples. Although this species archetype is predicted mainly along 
the deep and steep shelf-break, zooplankton-feeding species also sometimes occur on the shelf 
(Appendix D Fig. 1). 

SA-D contains a mix of feeding-types from a wide range of species and is predicted mainly on the 
shallower banks, where it occurs in low numbers. Certainty in the prediction is high, but the 
environmental preferences of SA-D are complex. Although the mapped predictions show higher 
probabilities on the shallower banks, the probability of occurrence for this archetype is higher for 
deeper and steeper habitat with a low topographic position index (Appendix D Fig. 4). 

SA-E contains common, abundant and widely distributed species, mainly from the families 
Channichthyidae and Nototheniidae. The model shows a positive correlation between predicted and 
observed values, yet the relationship is relatively weak (R2=0.364), and the model underestimated 
values where observed abundances are high (Appendix D Fig. 3). 

The predicted spatial distribution of demersal fish shows similarities to the distribution of benthic 
macro-invertebrates in this region (Jansen et al. 2018b), which is highlighted in Fig. 5.4 (F-K) and in 
Appendix D Table 5. Assemblages most strongly correlate in the deep habitats (SA- & SA-C with SA-
G, Pearson’s r = 0.491 & 0.491) and on the shallower sections of the shelf (SA-D with SA-H & SA-I, 
Pearson’s r = 0.353 & 0.436). Assemblages on the steeper sections of the shelf differ between demersal 
fish and benthic macro-invertebrates. The corresponding assemblage of benthic macro-invertebrates 
to SA-C (Fig. 5.4G), differs to the fish in that it is not only distributed along the shelf-break but also 
along the edges of the banks on the shelf.  

5.3.2 Dynamic network model 

The dynamic network model (DNM) aims to capture the main environmental and biological processes 
influencing seafloor communities in the region. Based on the mapped species distributions from the 
SAMs, we created a DNM (Fig. 5.3) and used press-perturbations to simulate how the key ‘drivers’ 
(depth and steepness) of community structure change across the four main habitats (i.e. deep-flat, deep-
steep, shallow-flat, shallow-steep) (Fig. 5.5). To validate the simulated effects of the drivers on 
community structure in the DNM, we used the abundances of seafloor fauna in the species archetypes 
corresponding to each of the four habitats (see Methods section for details). After validating the DNM, 
we then tested how increasing pelagic food sources (primary production and zooplankton), a likely 
future scenario, might influence benthic ecosystem structure (Fig. 5.6). 

The results from simulating different benthic habitats using press-perturbations on depth and slope as 
key ‘drivers’ largely agree with the changes in abundances of major fish and invertebrate categories 
observed from the SAMs (19 out of 27 cases, Fig. 5.5). In half of the eight cases where predictions 
from the DNM and observations disagree, the differences are very small and arguably not ecologically 
relevant (Fig. 5.5 & Appendix D Fig. 6). The overall high agreement with predictions suggests that the 
DNM adequately represents this ecosystem. 
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The comparison of habitats shows that when moving from a shallow to a deeper habitat, relative 
abundances of deposit feeders and zooplankton-feeding fish increase, while all other groups decrease. 
When moving from a flat to a steep habitat, abundances of suspension feeders and zooplankton-feeding 
fish increase, while all other groups decrease.  

 P O P O P O Functional groups 

shallow-
flat 

- - - - + - Suspension feeders 

+ + - - - - Deposit feeders 

- - - - - - Predators 

+ + + + +  Zooplankton-feeding fish 

- + - + -  Zoobenthos-feeding fish 

- - - - -  Nekton-feeding fish 

 
deep-flat 

+ + + + Suspension feeders 

 - - - - Deposit feeders 

 (-) (+) (-) (+) Predators 

 + - -  Zooplankton-feeding fish 

 - - -  Zoobenthos-feeding fish 

 (-) (0) 0  Nekton-feeding fish 

   
deep-steep 

+ + Suspension feeders 

   (-) (+) Deposit feeders 

   + + Predators 

   -  Zooplankton-feeding fish 

   +  Zoobenthos-feeding fish 

   +  Nekton-feeding fish 

    

shallow-
steep 

 

Figure 5.5: Cross-comparison of changes in macro-invertebrate and fish functional groups between Antarctic benthic 
habitats. Predicted change (‘P’) for each functional group is the trend change in total positive outcomes after 10,000 press-
perturbations of the dynamic network model. Observed change (‘O’) is the change in functional group abundance 
approximated through the species archetype models (see methods for details on the calculation). Table is read from top-
left to bottom-right, e.g. moving from a shallow-flat to a deep-flat habitat, the dynamic network model predicts a decrease 
in suspension feeders (-), which is confirmed by the observed values (-). Highlighted in red are instances in which observed 
values do not confirm the predicted changes. Highlighted in parentheses are instances in which observed values also do 
not confirm predicted changes, although in these cases the differences are only small and not ecologically meaningful (e.g. 
slight positive versus slight negative, see Appendix D Fig. 6 for absolute values). Note that the species archetype models 
suggest that there is no distinct assemblage of demersal fish which inhabits the shallow-steep environment, which is why 
there are no data for demersal fish in the last column 
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Figure 5.6: Evaluation of Antarctic benthic and demersal community responses to press-perturbations of the dynamic 
network model (10,000 simulations). To simulate the four main habitats, we used four combinations of negative/positive 
effects on depth and slope (Appendix D Table 3). Red indicates how often the component increases and blue how often it 
decreases as a response to the perturbation. Grey indicates how often responses are neutral because of weak or non-existing 
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links through the network. Variables that are press-perturbed in the analysis are marked with ‘P’. The left-hand column 
(labelled ‘Responses to press-perturbations on key habitat variables’) shows how different components of the ecosystem 
respond to a change in the habitat (e.g. moving into a shallower and flatter habitat, the amount of surface-derived food near 
the seafloor increases). The right-hand column shows the difference between the basic model with change in only depth 
and slope, and when pelagic food sources increase in addition to a change in depth and slope. 

The validation data shows that shallow-steep habitat contains less suspension feeders than shallow-flat 
habitat (Fig. 5.5, top row), which contradicts the predictions from the DNM. The other discrepancies 
in our results are that zooplankton-feeding fish are predicted to increase from deep-flat to deep-steep 
habitat while the observed data show a decrease, and that zoobenthos-feeding fish generally prefer 
deep habitat more than our DNM suggests. 

Increasing primary production and thus zooplankton abundance and particulate organic carbon export, 
which is an expected future scenario on the Antarctic continental shelf (Jones et al. 2014), results in 
increased abundances of most seafloor fauna in the simulated habitats (Fig. 5.6). Hard substrata 
decrease in all habitats due to the increased sedimentation, and only shallow-steep suspension feeders 
decrease slightly. The model simulates surface-derived food near the seafloor already at saturating 
levels in shallow habitat prior to increasing primary production, and therefore increases in surface-
derived food only increase the sedimentation-load with negative influence on suspension feeder 
abundances. 

5.4 Discussion 

Characterising the spatial and structural dynamics of ecological communities and validating these 
patterns with data from the field is key for an ecosystem-based approach to management. Validation 
of our dynamic network model (DNM) using species archetype models (SAMs) combines two very 
different approaches, and draws on the strengths of both models, avoiding trade-offs that would be 
apparent if only one type of model were used (Levins 1966, 1993). The DNMs allow both describing the 
ecosystem and network topology qualitatively and simulating system-level effects of future change, 
and the SAMs allow describing distinct community assemblages and locating where they occur. This 
is particularly relevant for areas with limited data, such as the Antarctic or parts of Africa and Asia, 
where ecosystem characterization will be crucial for developing an ecosystem-based management of 
marine resources (FAO 2016). 

The DNM we present here, although simple, explains most qualitative changes in faunal abundance 
observed between the four main seafloor habitats. While our study focusses on East Antarctica, the 
general characterisation into bathymetric classes should hold true not only around the Antarctic 
continent, but also on other continental shelves and slopes around the world (see e.g. Danovaro et al. 2010, 
O'Hara et al. 2011, Woolley et al. 2016). The main difference from the Antarctic to lower latitudes will be 
related to temperature and seasonality, both of which influence the magnitude of interactions among 
functional groups in pelagic and benthic systems. For example, particles from phytoplankton blooms 
at higher latitudes are usually exported to the deeper ocean in higher proportions than at lower latitudes 
where particles decompose faster during sinking due to higher temperatures and different pelagic food-
web dynamics (Lutz et al. 2007, Siegel et al. 2014). However, these differences should not fundamentally 
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change the structure of the system, i.e. deep-flat habitats should still receive more sedimentation than 
shallow-steep habitats, with concomitant effects on the distribution of fauna. Thus, similar network 
topologies to those used here can possibly be applied to other regions with limited data.  

Although often described as pristine, Antarctic waters have already experienced measurable change 
(Walther et al. 2002, Constable et al. 2014, Gutt et al. 2015), and will undergo further change in the future due 
to climate change (Jones et al. 2014, Griffiths et al. 2017). The predicted decrease in sea-ice cover and an 
increase in melting will likely lead to higher primary production in certain areas, fuelling growth of 
fauna on the seabed (Barnes 2017) and increasing sedimentation. Our results suggest that increases in 
pelagic food sources are unlikely to lead to major structural changes in benthic communities, as almost 
all elements in the DNM increased in similar proportions. However, other factors that will change in 
the future, such as temperature and ocean acidification, are not captured in our network model, but are 
likely to affect the distributions of species and functional groups differentially (Constable et al. 2014, 
Griffiths et al. 2017, Marzloff et al. 2018). For example, increases in temperature to above 0°C could lead to 
shifts from species-communities tolerant to freezing temperatures to more generalist types of species 
communities (Griffiths et al. 2017). Because SAMs aggregate the distributions of single species, they can 
be used to validate additional functional aspects of assemblage structure that form part of a network 
model, depending on how much is known about the individual species. Incorporating these factors in 
a more comprehensive DNM can help to better understand whether and how different parts of the 
ecosystem are likely to change in the future. Further, a network model that incorporates different 
habitats, or includes estimates for how the ecosystem changes in the transition between habitats, can 
be used to test how changes in climate or other human pressures such as fishing affect those habitats, 
facilitating better management of ecosystem pressures.  

Our combined assessment shows bathymetry and slope characterise the Antarctic benthic ecosystem 
into four main habitats, namely the various permutations of shallow/deep and flat/steep. In general, 
the large bathymetric features corresponding to these habitats are the shallow banks, the steep slopes 
along the banks and near the coast, the deep inner-shelf depression and the deep and steep continental 
shelf-break with the upper slope (Fig. 5.2). On top of this main bathymetric characterisation, pelagic 
food sources and other factors such as ocean currents or disturbance through icebergs (not considered 
here) affect the system. Indeed, in our case the location of the highly productive Mertz polynya over 
the deep-flat section of the shelf can explain some of the differences between predictions and 
observations, such as why we observe more zooplankton-feeders than predicted on the deep-flat than 
on the deep-steep section of the shelf. In contrast, the abundance of suspension feeders in the shallow 
flat habitat might be under-predicted because the bathymetry data does not capture small-scale steep 
features on the largely flat banks. Generally, our results are consistent with previous evidence that 
bathymetry and its derivatives influence the spatial distribution of species and communities in the 
Antarctic benthic and demersal ecosystem (e.g. Barry et al. 2003, Beaman and Harris 2005, Post et al. 2010, 
Douglass et al. 2014, Post et al. 2017, Jansen et al. 2018c). However, we show how bathymetry changes the 
dynamics of physical and biological processes that influence species communities, providing a better 
understanding of how different habitats might respond to future changes. 
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In conclusion, we have shown how our integrated approach can be used to analyse the spatial 
distribution and the structural dynamics of benthic communities in a diverse but data-limited region. 
Our integrated approach suggests that no major changes will occur in benthic community structure as 
result of increased primary production in the future, an insight we could not have gained from using 
just a single model. The four main habitats identified, described and simulated are commonly found in 
marine ecosystems globally, and the SAMs give us confidence in the topology of the qualitative 
network while also allowing insight into where specific habitats and functional groups can be found 
across the study area. We suggest that incorporating directly into DNMs how depth and slope influence 
ecosystem relevant mechanisms will allow to better investigate how species community dynamics 
change in space and through time, with particular relevance for data-limited regions such as the 
Antarctic. 
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Abstract 
Biodiversity is nature’s most valuable resource, yet current rates of biodiversity loss are unprecedented 
in human history. While the challenge to better conserve biodiversity is well recognised in international 
treaties, the process of how to produce the knowledge required to best do so is not. Here, we review 
recent statistical developments for modelling biodiversity, methods for obtaining biological and 
environmental data, and approaches for linking biodiversity prediction with dynamic process models. 
Taken together, these improvements mark a step-change in biodiversity prediction from local to global 
scales. Although more technically challenging than other methods, statistical models allow more 
accurate predictions of how biodiversity is distributed, allow us to address the most relevant ecological 
questions, and allow to explicitly quantifying prediction-uncertainty. Combining key attributes from 
statistical and dynamical process models in an integrated approach can improve understanding of the 
space-time dynamics of ecosystem functioning and lead to greater confidence in management 
decisions for the mutual benefit of marine ecosystems and humanity. 

6.1 Introduction 

Biodiversity is nature’s most valuable resource (Tilman et al. 2014) and profoundly influences humanity 
(Chapin Iii et al. 2000). It is a key element of ecosystem function and stability (Gamfeldt et al. 2015, Pennekamp 
et al. 2018), affects a wide range of important ecosystem services from food-production to disease-
control (Cardinale et al. 2012), and its role is well recognised in a number of international conventions and 
treaties (e.g. Resolution 72/249 UN General Assembly, SCBD 2012, CCAMLR 2018). However, current human-
induced biodiversity loss is estimated to be a thousand times faster than the background rate (De Vos et 
al. 2015). Reversing this unprecedented loss rate is one of the greatest and most important challenges of 
our time. Fundamental to tackling this challenge is to understand where and how biodiversity is 
distributed, and how these patterns are likely to change into the future, without which it is impossible 
to avoid further significant impacts from human activity. 

Understanding where and how biodiversity is distributed can help with formulating (e.g. Reyers et al. 
2007, Hauck et al. 2013), implementing (e.g. Hauck et al. 2013), monitoring (e.g. Jones 2011) and reviewing (e.g. 
Hill et al. 2017) the economic, social and environmental decisions that protect biodiversity from further 
decline (Guisan et al. 2013). However, because sampling comprehensive biological data is difficult and 
expensive, particularly in the oceans, there is a mismatch between what biological data are available 
and what we need to know to inform the important decisions that help protect biodiversity. Biodiversity 
predictions based on the relationship between relatively sparse biological samples and readily available 
comprehensive maps of environmental data are necessary to bridge this knowledge gap. While a key 
use of biodiversity predictions has been (and still is) to develop networks of protected areas (i.e. to meet 
Aichi Target 11 (SCBD 2012)), biodiversity prediction is also fundamental to any kind of spatial 
management that requires an understanding of the ecological structure and functioning of an area, such 
as risk assessment underpinning management decisions (e.g. Fordham et al. 2011, Keith 2015) and the 
management of fisheries (e.g. Foster et al. 2015, Anderson et al. 2016). 
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Despite that the importance of understanding how biodiversity is distributed in space and time is 
recognised widely, we have until now been limited in our capacity to deliver this information. Lacking 
biological and environmental data are key issues, but so are the technical challenges in analysis, 
including accounting for important data characteristics (Warton et al. 2015a). These problems can reduce 
our confidence in the reliability and interpretability of predictions, and restrict the kinds of ecological 
questions that can be investigated. However, recent developments in attaining and distributing 
biological and environmental data, in computational power, and in statistical methods suggest a step-
change in capacity to predict biodiversity from local to global scales. Although more challenging than 
other methods, statistical models allow not only better validated and more precise predictions of how 
biodiversity is distributed, but they also allow estimating the uncertainty associated with predictions 
so that the results are more robust and more comprehensively interpretable than alternative approaches. 

Here, we cover a range of topics that are key for predicting the distribution of biodiversity. Although 
the focus is on marine biodiversity, many of the developments outlined are relevant for any 
environment. First, we summarise different motivations that underpin the need for biodiversity 
predictions. Then we consider the limitations of biodiversity prediction given the kind of biological 
and environmental data available and outline some of the limitations and efficacies of commonly used 
methods. We introduce new developments that address these limitations and allow predicting 
biodiversity with unprecedented quality. Finally, we suggest how the recent developments in 
biodiversity prediction can be integrated with considerations of community and ecosystem dynamics 
to produce more informed and sophisticated predictions of biodiversity dynamics into the future. 

6.2 What do we need to predict? 

Ecological systems are complex, and there are many facets of biodiversity (Swingland 2001). In theory, 
we will only know everything about the biodiversity of an ecosystem once we know the characteristics 
and the distribution of every species it contains and understand the genetic flows within its populations. 
However, it is unrealistic to be spatially comprehensive in gathering this kind of knowledge for a 
natural system and so prediction is necessary to fill important knowledge gaps. What we need to predict 
can therefore vary widely depending on what aspect of the ecosystem we set out to understand.  

The basic characterisation of a region to determine its biodiversity is often the aim of exploratory 
analysis of remote and/or difficult to access regions (usually this focusses on the abundance and 
richness of species that can be found, e.g. Dunstan et al. (2012)). Traditionally, sparse biological data 
may be used for descriptive analysis, or data may be reduced to biodiversity indicators such as richness 
to characterise general biodiversity patterns (e.g. Foster and Dunstan 2010, Dunstan and Foster 2011). In 
contrast, biodiversity predictions in better known ecosystems often have a specific aim that is relevant 
to their current use. Thus, what we need to predict can be the distribution of single species (or species 
groups) which are iconic and/or threatened (e.g. Pirotta et al. 2011, Brower et al. 2017), relevant for fisheries 
(e.g. Foster et al. 2015, Anderson et al. 2016, Champion et al. 2018) or useful surrogates for ecosystem health or 
ecosystem services (e.g. Young et al. 2015, Jansen et al. 2018a). If the aim is holistic spatial planning, such 
as for conservation planning and management, then predicting a single species’ distribution is usually 
not sufficient, and a more comprehensive analysis of biodiversity is required. Multi-species 
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distributions can address similar questions to single-species distributions or biodiversity indicators, 
but additionally allow, for example, defining areas with similar species assemblages for spatial 
planning (e.g. Hill et al. 2017). This kind of more comprehensive knowledge is important for 
understanding how ecosystems function, how ecosystems might change in the future and how resilient 
they are to change, which underlies spatial planning important for management and conservation.  

6.3 Limiting factors for biodiversity predictions 

Any prediction of biodiversity is constrained by the nature and amount of biological and environmental 
data available, and by the methods used in analysis. In this section, we characterise how common 
limitations have to date hindered more comprehensive, accurate and reliable predictions of biodiversity. 

6.3.1 Limitations in biological data 

A major limiting factor for biodiversity prediction is what biological/ecological data are available for 
analysis, and how well the spatial and temporal scales at which the biological data are collected match 
the scales at which management is considered. Due to external restrictions (or incentives) such as 
funding, ease of access or weather patterns, biological data are often highly aggregated in space and/or 
time (e.g. Boakes et al. 2010, De Broyer et al. 2014, Isaac and Pocock 2015) and can contain a number of biases, 
which, if not carefully considered or accounted for in analysis, can dramatically influence the results 
of biodiversity predictions (e.g. Warton et al. 2013) and management outcomes (e.g. Grand et al. 2007). 
Potential issues with biological data can arise from how the data are collected, such as what type of 
gear or which individual has been used to collect/analyse the data (e.g. Harmelin‐Vivien and Francour 1992, 

Warton et al. 2013), or in which environment these data have been collected, such as in food-rich or food-
poor environments (e.g. Dayton and Oliver 1977). Further, the timing of the sampling is important, such as 
whether samples have been collected during day or night, during winter or summer, or during El-Niño 
or La-Niña years (e.g. Rooker and Dennis 1991, Holbrook et al. 1994, Godınez-Domınguez et al. 2000). 

Apart from the way biological data are physically sampled, the way biological data are recorded and 
compiled inadvertently influences what type of biodiversity patterns can be predicted from them. Are 
species identities recorded or higher taxonomic levels, or are individuals identified by a common 
functional trait? Are only presences of species recorded, or are both presences and absences of species 
recorded? Are species’ abundances recorded, and have they been recorded as the number of individuals, 
as biomass, or as percentage cover? For example, aggregating or identifying species at higher 
taxonomic levels such as order, class or phylum changes patterns in the diversity and distribution of 
arctic benthic macrofauna (Wodarska-Kowalczuk and Kedra 2007) and temperate macroalgae (Smale et al. 
2010), but these changes may not be consistent and vary depending on the habitat and the trophic level 
considered (Sutcliffe et al. 2012). Similarly, grouping species according to major functional traits changes 
the predicted distributional patterns of Antarctic benthic macrofauna compared to an analysis of 
ungrouped data (Jansen et al. 2018b). The extent to which these types of groupings influence diversity 
patterns may additionally depend on whether abundance or presence-absence data are used because 
the occurrence of certain functional traits might be influenced in a different way by the environment 
than their prevalence. As an example, the availability of surface-derived food at the seafloor influences 
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the abundance but not the richness of benthic suspension feeders (Jansen et al. 2018c). The way biological 
data are recorded and compiled (either before or during analysis) can therefore influence the 
complexity and confidence in the spatial predictions and whether important spatial features of species 
distributions are detected (Jansen et al. 2018b).  

Biological data can be particularly limited in large-scale analyses attempting to combine data from 
different studies. In these cases, the sampling method and the level of species identification may vary 
strongly between surveys and regions given different levels of taxonomic expertise and funding. 
Therefore, aggregating even high-quality biological datasets from different surveys and regions is 
difficult and potentially problematic, and, as a result, large-scale or global datasets (such as OBIS) 
usually contain only information about species occurrences and not their absences or abundances, 
limiting the biodiversity information that can be obtained from these data. 

6.3.2 Limitations in environmental data 

Sensible biodiversity predictions require using environmental factors in the predictions that are 
relevant to the species’ distributions. However, biologically relevant environmental predictor variables 
are often missing from analyses, especially for fine-scale data sets. Instead, variables that correlate, 
but have no direct causal relationship with species (such as latitude), are used for prediction. While 
these kinds of variables can correlate with observed biodiversity patterns and help to understand coarse 
global trends in biodiversity pattern (e.g. Chaudhary et al. 2016), reliability in patterns based on these 
variables, their transferability to other regions and ecological interpretation can be limited (Gillman et 
al. 2015). Importantly, if biologically relevant environmental variables are missing, biodiversity patterns 
can be misattributed to other sources, or missed altogether – correlation is not causation. Further, 
missing variables that are important determinants of distributions can result in residual spatial 
autocorrelation in statistical analyses that violates the assumptions of many models, and can lead to 
overly confident predictions and estimates of the importance of environmental variables (Dormann et al. 
2007, Guélat and Kéry 2018). This is particularly problematic if poor models are then used to support 
management decisions or to estimate future changes. Today, there are still a wide range of potentially 
important environmental variables not regularly available for biodiversity analyses. Major missing 
variables include the availability of surface-derived food at the seafloor (Jansen et al. 2018c) and, most 
notably, high resolution bathymetry and backscatter data (useful for determining substratum type) for 
the majority of the ocean (Mayer et al. 2018). These omissions limit our ability to model known regional 
biodiversity hotspots such as smaller reef systems, canyons, seamounts and other features in global 
analyses.  

When important environmental variables are available for analysis, there can still be issues regarding 
their usage. Some environmental variables might include biases, noise or uncertainty that is not 
obvious to the user (such as limited detection of deep phytoplankton blooms using satellite remote 
sensing, see Blondeau-Patissier et al. (2014)), or the variables might not be useful because of their 
spatial or temporal resolution. The spatial and temporal resolution of environmental variables is 
important, particularly when they vary strongly on small scales (e.g. substratum, slope of the seafloor) 
or when analysing the distribution of highly mobile species. The coarser the resolution of a variable 
(both spatial and temporal), the more the variance is smoothed out, leading to a higher chance of 
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missing important spatial features such as steep-slope habitats (e.g. Lecours et al. 2017), or temporal 
features such as phytoplankton blooms (e.g. Bergkemper and Weisse 2018). Many spatial or temporal 
features that are critical drivers of regional biodiversity patterns can therefore be easily missed in 
global analyses where lower resolution environmental data are used.  

6.3.3 Limitations in the statistical methods 

Limitations in statistical methods can strongly influence biodiversity predictions. Reviewing the 
varying issues of the many different commonly used statistical methods is beyond the scope of this 
review. Here, we want to primarily focus on positive new developments. Nonetheless, we need to 
briefly mention a few important issues.  

Statistical methods that do not account for the particular characteristics, biases and sampling artefacts 
of a dataset as listed in the section above can distort the inferences drawn, including detecting patterns 
where none exist (Warton et al. 2012, Warton et al. 2013, Foster et al. 2017). While some of these methods, such 
as dimension-reduction approaches based on distance metrics (e.g. Bray and Curtis 1957), have 
significantly contributed to our ecological understanding of the world, they were originally developed 
more than half a century ago when computational power was very limited. As such, the data needed to 
be simplified prior to the use of relatively simple, computational tractable analyses. Today, 
computational power is no longer a limitation, and more appropriate statistical tools are actively being 
developed for biodiversity analysis, including model-based methods that formally encapsulate 
assumptions, allow for predictions with uncertainty, facilitate model diagnostics and include robust 
validation procedures (Warton et al. 2015b). 

6.4 A new era of biodiversity predictions 

6.4.1 Biological and environmental data 

In recent years, the biological and environmental data available for ecological analyses has increased 
dramatically (Fig. 6.1). Probably one of the most important developments regarding both biological 
and environmental data is that funding agencies and scientific journals now usually expect that data 
collected and/or used in the analysis will be made publicly available, and in particular be made findable, 
accessible, interoperable and reusable (FAIR principles) (Wilkinson et al. 2016). Global databases provide 
a platform for these widely shared data and provide easy access to biodiversity (e.g. Global 
Biodiversity Information Facility ‘GBIF’, Ocean Biogeographic Information System ‘OBIS’, World 
Register of Marine Species ‘WORMS’) and environmental data (e.g. General Bathymetric Chart of 
the Ocean ‘GEBCO’, Global Ocean Currents Database ‘GOCD’). 

Not only do data generally become more available, but citizen science initiatives such as Reef-Life 
Survey (Edgar and Stuart-Smith 2014), Redmap (Pecl et al. 2014), and biodiversity games such as 
QuestaGame, now produce biological data at unprecedented spatial and temporal coverage (Dickinson 
et al. 2010), and at minimum cost. Although the data produced by these initiatives contain specific biases 
that need to be accounted for in their analysis, they have already helped to reveal new global hotspots 
of fish diversity (Stuart-Smith et al. 2013), identifying key features of marine protected areas (Edgar et al. 
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2014), and answering important questions regarding the impact of mass coral bleaching on reef-
ecosystems (Stuart-Smith et al. 2018), the vulnerability of reef-fish to a warming ocean (Stuart-Smith et al. 
2015) and geographic range-shifts in species (Sunday et al. 2015b). Further, automated processing of 
biological data can facilitate analysis of huge datasets while also reducing biases often inherent when 
using human observers, and consistent classification schemes such as CATAMI (Althaus et al. 2015) are 
being developed and applied to allow comparison of datasets from different regions. 

 

Figure 6.1: Overview of key advances in technology and collaboration that lead to improved biodiversity predictions. The 
‘third age’ of ecological analysis refers to recently developed sophisticated hierarchical models that allow specifying joint 
statistical models (Warton et al. 2015a), as opposed to models of the second age that focus less on correlation between 
species (traditional species distribution models), and analysis of the first age that was developed under very limited 
technology (ordination techniques). 

Increasing computing power and technical advances also mean environmental variables that are 
relevant for modelling the distribution of species can be sourced at higher spatial and temporal 
resolution than ever before. In particular, the frequency and quality of satellite observations are steadily 
increasing through the addition of higher-resolution or newly developed sensors such as cloud-
penetrating synthetic aperture radar. Major advances in computing power and easy access to 
supercomputers allow developing ocean models with high spatial and temporal resolution that now 
regularly include simulations of tidal movements, eddy-kinetics, stokes drift, and ocean-ice-shelf 
interactions. Even at large scales covering entire oceans, models now exist at resolutions of 1 km 
(Stewart et al. 2018). These high-resolution ocean models, in combination with individual tracking of 
large particle numbers, allow generating previously unavailable but important environmental variables 
(e.g. availability of surface-derived food near the seafloor (Jansen et al. 2018a, Jansen et al. 2018c)), predict 
how larvae disperse (e.g. Brasier et al. 2017), or how species can break through oceanic barriers previously 
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thought impenetrable (Fraser et al. 2018). The data required to inform these models stem from an 
increasingly dense global networks of observing systems, such as ARGO-floats that regularly measure 
ocean-temperature and salinity (Riser et al. 2016), and can measure oxygen concentration, nitrate, 
chlorophyll, dissolved organic carbon and particle scattering if equipped with additional sensors (OAO 
2018). Newly developed sail-drones aim to even take acoustic measurements of marine mammals and 
measure fish biomass in addition to measuring an entire suite of environmental parameters (Saildrone 
2018). Improvements in the quantity, quality and the availability of biological and environmental data 
have paved the way to answer important biodiversity distribution questions at a wide range of scales 
and have stimulated developments in statistical methods to model these data. 

6.4.2 Statistical methods  

Analysing ecological data is difficult, mainly because of the high number of species and their sparsity 
(many zeros), the increasing dimensionality of covariates and the number of elements in any species-
by-locations matrix.  Modern approaches to ecological analyses leverage recent advances in computing 
power and in statistical and machine learning methodologies. This allows a step change in the way that 
ecological analysis can be approached. Instead of changing the data to suit the analysis, e.g. by deriving 
synthetic aggregate measures such as ‘distance’, it is now possible to design the statistical analysis to 
test hypotheses about the relationships between species and ecosystem dynamics, and fit models to the 
data.  

 

Figure 6.2: Overview of important positive and negative characteristics associated with different types of models for 
biodiversity prediction. ‘Good’ models make reliable and easily interpretable predictions that can take into account a wide 
range of data characteristics. Models falling under ‘acceptable’ can be suitable for analysis if the data has been collected 
without relevant sampling biases (e.g. by using a spatially and statistically balanced sampling design). Many commonly 
used methods for analysis fall under the ‘poor’ category because of how they transform complex multivariate data into 
univariate space. 

Modern statistical methods for analysing ecological data change the models to suit the properties of 
the data (Warton et al. 2015b), and focus on the observed data directly rather than on arbitrary transformed 
or otherwise derived metrics. The result is statistical models that can predict the data, or some 
ecologically meaningful model-encapsulated quantity (such as a bioregion), while making 
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assumptions transparent (Warton et al. 2015b). Examples of this approach include combining species-
specific models into a single hierarchical model (Ovaskainen and Soininen 2011), grouping species with 
similar responses to environmental factors into ‘species archetypes’ (Dunstan et al. 2011) or sites with 
similar characteristics into ‘regions of common profile’ (Foster et al. 2013), clustering matrix columns 
and rows of ordinal (Fernández et al. 2016) or binary and count data (Pledger and Arnold 2014), and 
accommodating the statistical properties of the data in unconstrained ordination (Hui et al. 2015). These 
approaches allow answering a wide range of ecological questions (Warton et al. 2015b, Ovaskainen et al. 
2017), including how communities are distributed, structured or how they can change in the future (in 
their review, Ovaskainen et al. (2017) present a list of 10 topical questions that can be addressed). 

 

Figure 6.3: Overview of how a ‘good’ model can be used to address and refine important ecological questions and directly 
impact management, conservation and policy. (1) While traditionally ecological questions are asked before sampling occurs 
(first a question, then data collection, then analysis and finally results (e.g. Warton et al. 2015b)), this is usually not the 
case with global or large-scale analyses. In these analyses the kind of questions that can be asked depend on the 
characteristics of already collected data (2), their biases (3) and the statistical tools available (4). Therefore, the data and 
the statistical tools available influence/define what type of questions can be asked. 

Although limitations exist even for these modern statistical methods, such as in analysing abundance 
data that contain many zeros and ones (see e.g. Chapter 5), in our opinion, one of the biggest current 
challenges is not technical but rather deciding what ecologically desirable predictions are required 
from the analysis, i.e. clarifying the ecological question(s) of interest. In this context, quantitative 
ecologists are already starting to push the boundaries of traditional research questions. An example is 
how traits are dispersed over the landscape (the so-called fourth-corner problem (Brown et al. 2014)), 
which is closely related to how molecular ecologists might query the spatial pattern of molecular 
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markers (e.g. Hanks et al. 2016). These are just some examples of how statistical methods can be developed 
to address particular ecological needs, once those needs are succinctly expressed. 

There will never be a single analysis strategy that can address all present and all future research 
questions and associated problems. Ensuring that the methods applied are appropriate to the data and 
the ecological questions of interest is key. Are the assumptions the model makes and its structure 
answering the question of interest? Often novel research questions will require novel analytical 
solutions, and sequentially applying multiple existing methods makes assessment of uncertainty more 
complex and scientific inference more ambiguous. It is important that current and especially future 
researchers are armed with intuitive understanding of statistical thinking rather than be given a set of 
standard tools for analysis (that may well soon be outdated). Based on this argument, we define the 
characteristics of three different model-types that researchers choose from: A ‘good’ model, an 
‘acceptable’ model, and a ‘poor’ model (Fig. 6.2). 

- A good model mathematically describes a specific ecological problem, ranging from simple 
linear regressions for normally distributed data to highly sophisticated analyses for multi-
species data with particular data-characteristics and sampling-biases. Importantly, the output 
from a good model contains an estimate of uncertainty of the prediction and is readily 
interpretable so that important information can be easily communicated to managers and 
stakeholders (Fig. 6.3). 

- An acceptable model would usually not be capable of taking into account specific sampling-
biases but can be appropriate to use if the data have been collected thoroughly, e.g. using a 
spatially and statistically balanced sampling design. 

- In contrast to ‘good’ and ‘acceptable’ models, a poor model modifies the data to suit an 
analytical technique, rather than designing the model to describe the data. Analysing modified 
data can lead to misleading conclusions about various aspect of the ecosystem with potentially 
detrimental outcomes for conservation where management decisions are based on these results.  

6.5 How will we predict biodiversity in the future? 

The recent developments outlined above not only improve predicting the distribution of biodiversity, 
but they also open new ways of how to investigate species, communities and ecosystems. It has been 
suggested that ecological analysis recently entered the ‘third age’ (Warton et al. 2015a) marked by the 
advent of sophisticated statistical models that allow analysing complex multi-variate ecological data 
while accounting for specific data characteristics and sampling biases. To deliver robust ecosystem-
assessments these approaches need to be broadly implemented, and then linked to dynamic process 
models. An integrated approach that combines the strengths of statistical models (particularly 
estimating uncertainty and accounting for data-characteristics and biases) with dynamic process 
models will be challenging to develop, but has the potential to reveal more insight into an ecosystem 
than the sum of the individual approaches. As an example, in Chapter 5 we show how a combined 
assessment of the spatial distribution and structural dynamics of deep benthic Antarctic marine 
communities can be used to assess the influence of potential futures on this community that otherwise 
would not be possible. Integrated assessments would allow addressing new and more complex 
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ecological questions in both little studied and well understood regions. Potential questions include (i) 
where, when and how species communities will restructure with climate change, and (ii) where, when 
and how this affects biodiversity and important ecosystem services, taking into account interspecies 
interactions, dispersal rates, reproductive cycles and other important factors not normally included in 
species distribution models.  

The recent and imminent technical advances can also change the way scientific advice is 
communicated to managers and stakeholders. Predictions that are easy to interpret and carry a message 
about their uncertainty are set to become an integral part of decision processes for managing and 
conserving marine biodiversity, just as is already the case in fisheries where catch quota are set with 
respect to probabilities of population collapse and recovery (although care needs to be taken because 
models can be misused (Dickey-Collas et al. 2014)). Communicating uncertainty in the predictions is 
particularly relevant where large investments are considered, such as for the AICHI target to protect 
10% of the world’s oceans. Knowing whether there is a 0, 10, 50 or 100 per cent chance of 
losing/gaining certain species/communities depending on policy and management and conservation 
decisions is invaluable to assess policy impact.  

6.6 Conclusion 

Biodiversity from local to global scales can now be assessed and predicted as never before. We are at 
this point of step-change of biodiversity prediction because (i) new observing technologies (and the 
rising distribution of existing ones) allow obtaining unprecedented data of biological systems and 
environmental conditions, (ii) much of these data are findable, accessible, interoperable and reusable, 
(iii) new statistical methods are available for relating biological samples to environmental data in ways 
that models are easily interpretable and contain estimates of uncertainty for the predictions, (iv) access 
to powerful computers enable full use of these advances and (v) integrating biodiversity predictions 
with dynamical process models of communities allow new questions to be asked, such as how 
ecosystems are structured and how they change spatially and through time. 

Ecologists today can take full advantage of the wide range of recent technical developments and should 
question using those analytical methods that fail to capture and express the uncertainty of predictions. 
Although modern statistical methods can be more challenging to use than many traditional analytical 
approaches, statistical methods that fit models to the data should be widely adopted as a benchmark 
for predicting biodiversity. Predicting biodiversity in a way that results are readily interpretable and 
key messages are well communicated helps to improve the decision cycle and improve management 
and conservation outcomes, a top priority in light of the current unprecedented biodiversity loss. 

Future analyses of biodiversity should consider combining statistical and dynamic process models into 
integrated approaches that will allow a more complete understanding of how spatial, temporal and 
ecological interactions and feedbacks in the ecosystem affect its structure and functioning. Developing 
frameworks that combine the advantages of the respective methods will be challenging, but will help 
to understand where, when and how changes might occur, and to give confidence to management 
decisions for the mutual benefit of marine ecosystems and humanity. 
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Conclusion 

This thesis has developed, applied and discussed new approaches to map the spatial, temporal and 
structural distribution of marine biodiversity. The key findings of this thesis are: 

• Food-availability at the Antarctic seafloor below the photosynthesis zone can be estimated 
using satellites, ocean models and particle-tracking, and directly relates to the abundance and 
species richness of key Antarctic seafloor fauna. The linkage between the ocean-surface and 
the seafloor is therefore considered to be relatively direct in the Antarctic. As a result, changes 
in the icescape, such as the calving of the Mertz Glacier Tongue in 2010, can strongly affect 
seafloor communities through changes in seafloor food-availability and regional differences in 
suspension feeder abundances are predicted to emerge on the George V shelf in East Antarctica. 

• Environmental conditions, including seafloor food-availability, explain much of the variation 
in the distribution of benthic macro-invertebrates and demersal fish on the East Antarctic 
continental shelf. This stands in contrast to many previous Antarctic studies that have found 
little consistency in the relationship between the environment and the seafloor fauna. A major 
factor that influences how biodiversity patterns relate to differences in the environment is how 
the data are analysed. Grouping species by taxonomic and functional similarity amalgamates 
species with different responses to environmental conditions, and therefore distorts the 
predicted spatial patterns in biodiversity, reduces confidence in the predictions and inhibits 
detecting potentially important biodiversity patterns.

• Combining species distribution models with a dynamic network model into an integrated 
approach allows analysing and validating spatial patterns in the distribution and variation of 
seafloor communities. Assemblages of demersal fish and benthic macro-invertebrates on the 
East Antarctic continental shelf show relatively similar spatial distributions. Our results suggest 
four main habitats that are commonly found in marine ecosystems globally, namely shallow-
flat, shallow-steep, deep-flat and deep-steep. The dynamic network model suggests that no 
major changes in benthic community structure will occur in this region as result of increased 
primary production in the future. 

• A number of recent technical developments, including the developments made in this thesis, 
suggest that we are at a point of step-change in the way spatial, temporal and structural patterns 
of biodiversity can be predicted. Key to improve management and conservation outcomes are 
reliable and easily interpretable biodiversity predictions that include estimates of uncertainty. 

The key findings in this thesis highlight how interdisciplinary studies and novel analytical approaches 
help to better understand the ecology of the unique and biodiverse Antarctic ecosystem. The food-
availability models (Chapters 2 & 3) and the integrated approach of assessing the distribution and 
variation of species communities (Chapter 5) allow insights into how Antarctic species abundances 
and community structure might change even when no time-series of biological data are available. 
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Modern statistical methods, such as the Species Archetype Models used in this thesis (Chapters 4 & 
5), allow detailed and reliable predictions of seafloor biodiversity, and add to a number of important 
other recent developments (Chapter 6) that mark significant improvements with regard to how the 
spatial, temporal and structural patterns of biodiversity can be predicted and how this information can 
be communicated to decision makers. Reliable and easily interpretable information about biodiversity 
patterns can be used as context for future monitoring and assessment of the ecosystem, and can be used 
to more accurately assess the representativeness of current and future planned marine protected areas. 
Further, the advances help to understand how climate change can affect the seafloor in the future and 
evaluate the robustness of marine protected areas against future changes in the Southern Ocean. 

In conclusion, this thesis increases understanding of how the ocean-surface is linked to the Antarctic 
seafloor, and develops techniques to more confidently map spatial, temporal and structural patterns of 
seafloor biodiversity where sampling is difficult and costly. These advances are highly relevant in light 
of climate change, the current unprecedented loss of biodiversity and the vastness of the global oceans. 
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Appendix A 

Supporting Information for Chapter 2 

 

Appendix A Figure 1: Statistical fit of the settling-model given different radius of particle sizes used in the settling-model. 
The statistical fit is measured using 2x log-likelihood, and only a selected range of values close to the best fitting particle 
size are presented. Each line/colour represents one of seven different particle sinking-speeds used in the sinking-model. 
The settling-model uses the output from the sinking-model as its input, therefore the results of the settling-model partially 
depend on the sinking-model. Higher values of the 2x log-likelihood represent a better fit of the model. The best statistical 
fit of the settling-model occurred at a particle radius of 0.24 mm, combined with the input from a sinking-model run with 
300 m/day sinking speed. 
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Appendix A Figure 2: Seafloor current speeds derived from a regional ocean model(Cougnon et al. 2013) for the study 
region. a) absolute mean current speed, b) temporal mean current speed, and c) residual current speed which indicates tide-
affected areas in particular. Noteworthy are the high speeds of currents moving in one direction along the shelf-break at 
around 65.5°S. Currents between the shelf-break and the coast are very low on average (centre plot) with the exception of 
some particular sites. Current speed on the shelf is mainly attributable to tidal currents, as shown in the bottom plot. 

a            b 

c  
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Appendix A Figure 3: Variable inclusion plot. This plot shows the probability of covariates being selected in the final 
regression model when a stepwise selection of model terms is applied to 1,000 bootstrap replicates of the data. The 
probability of variable selection is shown as a function of the penalty multiplier on the number of estimated parameters, 
with Akaike Information Criterion (AIC) at penalty=2 and Bayesian Information Criterion (BIC) at penalty=log(n) where 
n is the number of observations. Variables with high values in bootstrapped probability at the AIC and BIC marks are more 
robust predictors of functional group percentage cover across the region than variables with low values. A random variable 
(RV) is included in the analysis as reference to aid in interpretation. 

a  Suspension feeders 

b  Deposit feeders 

c  Predators   
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Appendix A Figure 4: Species richness vs. environmental variables. Partial residual plots for the relationship between 
depth and the number of a) all benthic species (%-deviance explained = 55.7) and b) predatory species (%-deviance 
explained = 49.4). Depth is the only variables remaining after a stepwise removal of non-significant terms in the multiple 
linear regression analysis. An offset-term is included in the analysis to correct for the number of pictures taken at each of 
the 41 sites. The shaded areas mark the 95 % confidence intervals of the estimated mean. 

      a         all benthic species           b          predatory species 

 

Appendix A Figure 5: Species richness vs suspension feeder abundance. Partial residual plot showing the relationship 
between suspension feeder cover and a) number of deposit feeding species observed (%-deviance explained by model = 
9.1), and b) number of predatory species observed (%-deviance explained by model = 35.2). An offset-term is included in 
the negative binomial regression analysis to correct for the number of pictures taken at each of the 41 sites. The shaded 
areas mark the 95 % confidence intervals of the estimated mean. 

     a     deposit feeding species        b           predatory species 
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Appendix A Figure 6: Predator abundance vs. environmental variables. Partial residual plots for the relationship between 
selected environmental variables and the percent cover of predators (adjusted-R2= 0.318). Only environmental variables 
marked as significant in the weighted multiple linear regression analysis are shown. Data points are weighted by the number 
of images taken at each of the 41 sites. The shaded areas mark the 95 % confidence intervals of the estimated mean. 
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Appendix A Figure 7: Satellite derived(NASA Goddard Space Flight Center 2014), corrected(Johnson et al. 2013) 
estimates of surface chlorophyll-a concentrations in different southern hemisphere seasons. The dashed line marks the 
outline of the largely ice-free waters of the Mertz Polynya(Campagne et al. 2015). There are no observations for winter, 
when the region is covered in ice and receives little to no sunlight.  
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Appendix A Figure 8: Satellite derived(NASA Goddard Space Flight Center 2014) estimates of the percentage of sea ice 
cover in different southern hemisphere seasons. There are no observations for winter, when satellites cannot obtain 
measures of reflectance due to missing sunlight.  
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Appendix A Figure 9: Analysis of the frequency of observed percentage cover in the epibenthic imagery (2685 images). 
Values were scored in 5 percent bins from 0-50 %, and 10 percent bins from 50-100 %. Accumulated percent-cover can 
reach values higher than 100% when multiple species overlap within a picture.  
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Appendix A Table 1: Faunal abundances. Results from weighted multiple linear regressions with model terms selected 
by Akaike Information Criterion (AIC) and consecutive removal of non-significant terms. a) suspension feeder cover in 
relation to depth, horizontal flux of particles (=log(flux)) and tidal current speed (adjusted-R2= 0.677). b) cover of deposit 
feeders in relation to depth, sinking particles from the sinking model and floor current speed (adjusted-R2= 0.718). c) cover 
of predators in relation to depth, settling particles, tidal current speed, horizontal flux of particles and slope of the seafloor 
(adjusted-R2= 0.318). 

a 
model terms Estimate Std. error t value p-estimate 
Intercept -16.7 15.9 -1.054 0.299 
depth -0.060 0.008 -7.692 < 0.001 
log(flux) 10.5 1.8 5.742 < 0.001 
tidal current speed 546 119 4.579 < 0.001 

b 
model terms Estimate Std. error t value p-estimate 
Intercept 3.42 0.46 7.364 < 0.001 
depth -0.00128 0.00040 -3.183 < 0.001 
settling particles 0.00184 0.00027 -6.778 < 0.001 
surface productivity -0.00104 0.00016 -6.594 < 0.001 

c 
model terms Estimate Std. error t value p-estimate 
Intercept 1.23 0.29 4.281 < 0.001 
depth -0.000349 0.000096 -3.633 < 0.001 
settling particles -0.000150 0.000063 -2.286 0.028 
tidal current speed -3.46 1.60 -2.160 0.038 
log(flux) -0.0533 0.0248 -2.150 0.039 
slope -1.16 0.55 -2.120 0.041 
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Appendix A Table 2: Faunal abundances. Analysis of Deviance table for the stepwise backward selection of model terms. 
Presented are the changes in Akaike Information Criterion (AIC) as a result of simplifying the model of a) the suspension 
feeders and b) the deposit feeders and c) predators. We further removed the non-significant term floor current speed from 
the suspension feeder model. Df = degrees of freedom. 

a 
model step deviance Df residual deviance AIC 
full model  32 543210 407.16 
- settling particles  2098 33 545308 405.32 
- sinking particles  6634 34 551942 403.81 
- surface productivity 1778 35 553720 401.94 
- slope  8616 36 562336 400.58 
- floor current speed 29312 37 591648 400.66 

b 
model step deviance Df residual deviance AIC 
full model  32 1219 157.08 
- log(flux)  2.10 33 1221 155.15 
- tidal current speed  9.35 34 1230 153.46 
- slope  49.4 35 1280 153.07 
- sinking particles 58.6 36 1338 152.91 
- floor current speed 59.6 37 1398 152.69 

c 
model step deviance Df residual deviance AIC 
full model  32 6985 228.66 
- floor current speed  189.7 33 7175 227.76 
- sinking particles 215.8 34 7391 226.97 
- surface productivity  22.5 35 7413 225.10 

 

 

Appendix A Table 3: Species richness. Results from negative binomial regressions with model terms selected by Akaike 
Information Criterion (AIC) and consecutive removal of non-significant terms. The model contains an offset in the form 
of log(number of images) to account for sampling effort. a) suspension feeder richness in relation to depth, settling and 
sinking particles (deviance explained = 58.9 %). b) richness of deposit feeders in relation to depth and log(flux) (deviance 
explained = 46.9 %). c) richness of predators in relation to depth (deviance explained = 49.4 %) 

a 
model terms Estimate Std. error t value p-estimate 
Intercept 0.362 0.380 0.951 0.342 
depth -0.00194 0.00029 -6.727 < 0.001 
settling particles -0.000407 0.000180 -2.234 0.026 
sinking particles 0.000317 0.000125 2.532 0.011 

b 
model terms Estimate Std. error t value p-estimate 
Intercept -0.833 0.580 -1.436 0.151 
depth -0.00118 0.00039 -3.034 0.002 
log(flux) -0.201 0.075 -2.692 0.007 

c 
model terms Estimate Std. error t value p-estimate 
Intercept -1.27 0.19 -6.723 < 0.001 
depth -0.00151 0.00025 -6.005 < 0.001 
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Appendix A Table 4: Species richness. Analysis of Deviance table for the stepwise backward selection of model terms. 
Presented are the changes in Akaike Information Criterion (AIC) as a result of simplifying the model of a) the suspension 
feeders, b) the deposit feeders and c) predators. We further removed the non-significant terms tidal current speed and slope 
from the suspension feeder model, and tidal current speed from the deposit feeder model. Df = degrees of freedom, n.a. = 
not available. 

a 
model step deviance Df residual deviance AIC 
full model  32 45.24 328.41 
- surface productivity  0.318 33 45.56 326.68 
- floor current speed  0.845 34 46.40 325.93 
- log(flux) 0.0368 35 46.44 325.04 
- tidal current speed n.a. 36 n.a. 326.23 
- slope n.a. 37 46.46 326.58 

b 
model step deviance Df residual deviance AIC 
full model  32 28.06 144.41 
- floor current speed  0.0177 33 28.08 142.46 
- slope 0.330 34 28.41 140.54 
- surface productivity 0.223 35 28.18 138.59 
- tidal current speed 0.251 36 27.93 136.69 
- settling particles 0.537 37 27.39 135.62 
- sinking particles  0.550 37 26.85 135.49 

c 
model step deviance Df residual deviance AIC 
full model  32 37.51 188.28 
- slope  0.321 33 37.83 186.31 
- settling particles 0.559 34 37.27 184.52 
- sinking particles  0.870 35 36.40 183.27 
- log(flux)  0.982 36 37.39 181.91 
- surface productivity 0.617 37 36.77 181.68 
- floor current speed  0.999 38 37.77 181.33 
- tidal current speed 1.27 39 36.50 180.31 
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Appendix B Figure 1: Satellite derived measures (Cavalieri et al. 1996 , updated yearly) of average sea-ice concentration 
for pre- and post-calving in summer a-c) and in spring d-f). 
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Appendix B Figure 2: Seafloor current speeds obtained from a regional ocean model for pre- and post calving (Cougnon 
et al. 2017). a-c) are absolute current speed at the bottom layer of the model. d-f) show the numeric mean speed of the 
currents (absolute current speed minus tidal current speed (Fig. 3.3)). 
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Appendix B Figure 3: Food-availability-model (FAM) results for pre- and post calving conditions. a-c) are results from 
the sinking-model, showing the relative number of particles arriving near/ or settling temporarily on the seafloor. d-f) 
shows the number of particles permanently settling on the seafloor. Note how changes between pre- and post-calving 
resemble the changes in surface chlorophyll-a (Fig. 3.3). 
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Appendix B Table 1: Results from stepwise backwards selected multiple negative binomial regression with model terms 
selected by Akaike Information Criterion (AIC). We used the environmental predictor variables identified as important in 
Jansen et al. (2018c) to generate the full model (depth, tidal current speed and horizontal flux). Only depth and horizontal 
flux are selected as important variables (adjusted proportion of deviance explained = 0.443). 

 

 

 

 

Appendix B Table 2: Analysis of Deviance table for the stepwise backward selection of model terms. Presented are the 
changes in Akaike Information Criterion (AIC) as a result of removing the term tidal current speed from the model of 
suspension feeder abundance. Df = degrees of freedom. 

model step deviance Df residual deviance AIC 

full model  37 42.93 745.67 

- tidal current speed 0.0192 38 42.95 744.10 

 

 

 

  

model terms Estimate Std. error z value 

Intercept 8.90 0.31 29.13 

depth 0.00180 0.00024 7.52 

log(flux) 0.0870 0.0467 1.86 
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Appendix C Figure 1: Likelihood of Akaike Information Criteria (aic) and Bayesian Information Criteria (bic) for the 
number of species archetypes for the OTU-dataset. The global maxima of the likelihood surface are estimated using 50 
iterations of the same model with random starts, and extracting aic and bic values in each of those runs. 
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Appendix C Figure 2: Comparison between species archetype models using operational taxonomic units (OTUs) and the 
analysis using taxonomic (TG) and functional groups (FG). All panels show the number of OTUs within the respective 
species archetypes (SA), and colours indicate where these OTUs are located in either the high-resolution species archetypes 
a/c) or in the species archetypes based on grouped data b/d). Interestingly, although TG-SAs and FG-SAs share a similar 
number of OTUs from each of the high-resolution data SAs, around half of the species are not shared between each TG-
SA and FG-SA. 
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Appendix C Table 1: Taxonomic classification of all operational taxonomic units (OTUs) identified from the camera 
images and the number of sites these OTUs were observed. 

Annelida # of 
sites Chordata # of 

sites Ctenophora # of 
sites Nemertea # of 

sites 
Perkinsiana sp. 25 Ascidia sp. 9 23 Lyrocteis flavopallidus 7 Nemertea sp. 8 
Polychaeta sp. 2 12 Ascidia sp. 5 17 Echinodermata # of 

sites Porifera # of 
sites Polychaeta sp. 3 8 unidentified Ascidia 17 

unidentified empty tubes 5 Ascidia sp. 3 14 unidentified Ophiuroidae 33 unidentified Porifera 29 
Polychaeta sp. 6 4 Ascidia sp. 4 12 Abatus sp. 31 Antarctotetilla cf. 

 
23 

Polychaeta sp. 5 4 Ascidia sp. 13 7 Promachocrinus 
  

29 Rosalla cf. nuda 18 
Polynoidae sp. 3 Ascidia sp. 6 3 unidentified Asteroidea 27 Cinachyra antarctica 15 
Polychaeta sp. 4 3 Ascidia sp. 12 2 Synallactidae sp. 24 Hemigellus cf. 

 
15 

Polychaeta sp. 1 3 Ascidia sp. 8 2 Dendrochirotida sp. 24 Mycale acerata 14 
Sabellidae sp. 2 Ascidia sp. 7 2 Notocidaris sp. 1 24 Rosalla cf. villosa 12 
Terebellidae sp. 1 Ascidia sp. 2 2 Astrotoma agassizii 22 Isodictya cf. toxophila 12 
unidentified Sedentaria sp. 1 Ascidia sp. 11 1 unidentifiedHolothuroidae 21 Rosella cf. fibulata 12 

Arthropoda # of 
sites 

Ascidia sp. 10 1 Sterechinus sp. 18 Guitarra cf. antarctica 11 
Ascidia sp. 1 1 Florometra mawsoni 16 Polymastia invaginata 11 

Colossendeis sp. 9 Cnidaria # of 
sites 

Anthometrina adriani 13 Cinachyra/Craniella sp. 
 

11 
unidentified Isopoda 6 Notocrinus virilis 11 Haliclona sp. 1 10 
unidentified species 3 4 Thouarella sp. 24 unidentified Comatulidae 11 Isodictya cf. lankesteri 10 
Crustacea sp. 2 4 Primnoidae sp. 3 21 Diplasterias sp. 10 Latrunculia cf. apicalis 9 
Chorismus antarcticus 4 unidentified Actinaria 21 Psolidium sp. 10 Rosella cf.nuda 9 
Crustacea sp. 1 1 Pennatulacea sp. 1 18 Bathyplotes bongraini 8 Stylocordyla 

 
9 

Brachiopoda # of 
sites 

Actinaria sp. 2 16 Acodontaster conspicuus 7 Tetillidae spp 7 
Ceriantharia sp. 1 13 Bathyplotes moseleyi 7 Cinachyra/Craniella sp. 

 
6 

Brachipoda sp. 1 Primnoidae sp. 2 13 unidentified burying  Calyx sp. 1 6 

Bryozoa # of 
sites 

Hydrozoa sp. 1 12 Ophiuridae 6 Inflatella belli 6 
unidentified Hydrozoa 12 Echinodermata sp. 4 5 Clathria sp. 2 5 

unidentified Bryozoa 28 Actinaria sp. 3 11 Holothuroidea sp. 1 5 Kurikpatrickia variolosa 4 
Cellarinelloides sp. 15 Anthozoa sp. 1 10 Saliasterias sp. 4 Haploscleriada spp. 4 
Pemmatoporella marginata 14 Stauromedusae sp. 10 Acodontaster capitatus 4 Homaxinella cf. 

 
4 

Bryozoa sp. 5 13 Primnoidae sp. 1 10 Holothuroidea sp. 3 4 Rossella cf. racovitzae 4 
Cellarinelloides crassus 10 Scleractinia sp. 8 Echinodermata sp. 5 3 Dendrilla antarctica 3 
Bryozoa sp. 3 9 Hydrozoa sp. 9 8 Perknotaster sp. 2 Homaxinella cf. 

 
3 

Camptoplites sp. 1 7 Hydrozoa sp. 7 8 Cuenotaster sp. 2 Isodyctya sp. 1 3 
Camptoplites sp. 2 6 Umbellula sp. 7 Holothuroidea sp. 2 2 Haliclona sp. 2 2 
Bryozoa sp. 1 6 Anthomastus 

 
6 Echinodermata sp. 3 1 Mycale sp. 1 2 

Cellarinella sp. 5 Errina sp. 1 6 Echinodermata sp. 2 1 Haliclona cf. dancoi 2 
Bostrychopora dentata 4 Hydrozoa sp. 8 5 Echinodermata sp. 1 1 Isodyctya erinacea 2 
Flustridae sp. 4 Hydrozoa sp. 4 5 Odontaster penicillatus 1 Tedania sp. 1 1 
Bryozoa sp. 2 2 Actinaria sp. 1 5 Psilaster charcoti 1 Sphaerotylus 

 
1 

Reteporella gelida 2 Errina sp. 2 4 Remaster sp. 1 Unidentified # of 
sites Bryozoa sp. 4 1 Zoantharia sp. 4 Lysasterias sp. 1 

  Hydrozoa sp. 2 4 Holothuroidea sp. 4 1 unidentified species 2 3 
  unidentified Cnidaria 4 Notocidaris sp. 2 1 unidentified species 1 2 
  Primnoidae sp. 4 3 Mollusca # of 

sites 
unidentified species 4 2 

  Actinaria sp. 4 3 unidentified species 5 1 
  Hydrozoa sp. 3 3 Mollusca sp. 4 14   
  Pennatulacea cf. 

 
2 Mollusca sp. 2 6   

  Cerantharia sp. 2 2 Mollusca sp. 5 4   
  Hydrozoa sp. 6 2 Austrodoris kerguelensis 4   
  Hydrozoa sp. 10 1 unidentified Mollusca 3   
  Hydrozoa sp. 5 1 Mollusca sp. 7 2   
    Mollusca sp. 1 2   
    Mollusca sp. 8 1   
    Mollusca sp. 6 1   
    Mollusca sp. 3 1   
    Adamussium colbecki 1   
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Appendix C Table 2: Number of OTUs within 30 categories of functional groups associated with each of the six species 
archetypes (SA-1 to SA-6). Functional groups are based on the traits of mobility, feeding-type and body-shape. Four OTUs 
with unknown functional traits are in the category ‘unidentified’. The last column shows the number of OTUs not sorted 
into any species archetype. Feeding-types: DF = deposit feeder, Opp = opportunistic, PR = predator, aSF = active 
suspension feeders, pSF = passive suspension feeder 

 

Mobility Feeding Body-shape SA-1 SA-2 SA-3 SA-4 SA-5 SA-6 no SA 
Mobile DF erect simple 1  1 1 2 2  

Mobile DF flat 1  2     

Mobile  erect simple 1   1  1 1 

Mobile  flat    1  1 1 

Mobile Opp erect simple     3  1 

Mobile Opp flat 1    1   

Mobile PR       1  

Mobile PR erect simple 1 2    2  

Mobile PR flat 1  2 2 1 11 4 

Mobile pSF erect 3D branching     1   

Mobile pSF erect simple     1 2  

Sessile aSF ball-shaped  1 2 1 1   

Sessile aSF cuplike barrel  3     1 

Sessile aSF cuplike tube  1  1  1  

Sessile aSF erect 2D laminar  1 2 2    

Sessile aSF erect 3D branching 1  1 1  1 1 

Sessile aSF erect simple 2 4 1 2 1 4 1 

Sessile aSF erect stalked 2   1 1 6 1 

Sessile aSF massive      2 1 

Sessile DF flat      1  

Sessile PR Anemone 1 2 1 2  2 1 

Sessile PR erect stalked    1    

Sessile pSF Anemone 1 1  2  1  

Sessile pSF erect 2D fan-like      1 2 

Sessile pSF erect 2D laminar    1  2 1 

Sessile pSF erect 3D branching  2 4 8 4 6 2 

Sessile pSF erect simple   1     

Sessile pSF erect stalked 1 1  3 1  3 

Sessile pSF Tubeworm   1 2 1   

unidentified   2     1 1 

TOTAL   16 18 18 32 18 48 22 
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Appendix C Table 3: Number of OTUs within 27 taxonomic groups associated with each of the six species archetypes 
(SA-1 to SA-6). Four OTUs are in the category ‘unidentified’ because they could not be sorted into one of the taxonomic 
groups. The last column shows the number of OTUs not sorted into any species archetype. 

Taxonomic group SA-1 SA-2 SA-3 SA-4 SA-5 SA-6 no SA 
Annelidae 2  3 2 1 3 1 

Ascidiacea 1 1  2 1 8 1 

Asteroidae 1  2 2 1 8 2 

Brachiopoda 1       

Bryozoa   1 5 1 5 3 

Cnidaria - Hexacorallia 2 1 1 3  3 1 

Cnidaria - Hydrozoa  1 2 3  4 1 

Cnidaria - Octocorallia  1 1 2 3  2 

Cnidaria - Staurozoa    1    

Crinoidae  2  2 1   

Crustacea 2 1    1 1 

Ctenaria    1    

Echinidae     3  1 

Holothuriae   1 2 3 4  

Mollusca 1 1    6 3 

Nemertea    1    

Ophiuridae 1    2   

Porifera – Dendroceratida 1       

Porifera – Haplosclerida  1 1 1  2  

Porifera – Lyssacinosida  4     1 

Porifera – Petrosina    1    

Porifera – Poecilosclerida 1 2 2 3  2 2 

Porifera – Polymastida  1    1  

Porifera – Suberitida 1  1   1  

Porifera – Tetractinellida  1 2 1 1   

Pycnogonidae 1       

unidentified 1 1 1  1  3 

TOTAL 16 18 18 32 18 48 22 
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Appendix C Table 4: Distribution of OTUs across the six archetypes. Shown are only those OTUs with a posterior 
probability greater than 0.8 of belonging to the respective archetypes. 

SA-1 SA-3 SA-5 SA-6 
Ascidia sp. 13 Acodontaster capitatus Abatus sp. Actinaria sp. 1 
Austrodoris kerguelensis Anthomastus bathyproctus Antarctotetilla cf. grandis Ascidia sp. 1 
Brachipoda sp. Bathyplotes moseleyi Ascidia sp. 9 Ascidia sp. 2 
Chorismus antarcticus Bryozoa sp. 1 Astrotoma agassizii Ascidia sp. 6 
Colossendeis sp. Cinachyra/Craniella sp. 2 Dendrochirotida sp. Ascidia sp. 7 
Dendrilla antarctica Clathria sp. 2 Notocidaris sp. 1 Ascidia sp. 8 
Echinodermata sp. 5 Errina sp. 1 Pennatulacea sp. 1 Ascidia sp. 10 
Hydrozoa sp. 8 Errina sp. 2 Perkinsiana sp. Ascidia sp. 11 
Inflatella belli Haploscleriada spp. Primnoidae sp. 3 Ascidia sp. 12 
Polychaeta sp. 6 Homaxinella cf. balfourensis Promachocrinus kerguelensis  Bostrychopora dentata 
Stylocordyla chupachups Kurikpatrickia variolosa Sterechinus sp. Bryozoa sp. 2 
unidentified burying Ophiuridae Polychaeta sp. 5 Synallactidae sp. Cellarinella sp. 
unidentified empty tubes Polynoidae sp. Thouarella sp. Cerantharia sp. 2 
unidentified species 2 Sabellidae sp. unidentified Asteroidea Crustacea sp. 2 
unidentified species 3 Saliasterias sp. unidentified Bryozoa Cuenotaster sp. 
Zoantharia sp. Scleractinia sp. unidentified Holothuroidea Echinodermata sp. 3 
 Tetillidae spp unidentified Ophiuoridea Echinodermata sp. 4 
 unidentified Cnidaria unidentified Porifera Flustridae sp. 

SA-2 SA-4 
 Haliclona cf. dancoi 
 Haliclona sp. 2 

Actinaria sp. 3 Acodontaster conspicuus  Holothuroidea sp. 1 
Anthometrina adriani Actinaria sp. 2  Holothuroidea sp. 2 
Cinachyra antarctica Anthozoa sp. 1  Holothuroidea sp. 3 
Haliclona sp. 1 Ascidia sp. 3  Holothuroidea sp. 4 
Hydrozoa sp. 9 Ascidia sp. 4  Homaxinella cf. flagelliformis 
Isodictya cf. toxophila Bathyplotes bongraini  Hydrozoa sp. 2 
Latrunculia cf. apicalis Bryozoa sp. 3  Hydrozoa sp. 3 
Mollusca sp. 4 Bryozoa sp. 5  Hydrozoa sp. 4 
Polymastia invaginata Calyx sp. 1  Hydrozoa sp. 5 
Rosalla cf. nuda Cellarinelloides crassus  Hydrozoa sp. 10 
Rosalla cf. villosa Cellarinelloides sp.  Isodyctya sp. 1 
Rosella cf. fibulata Ceriantharia sp. 1  Lysasterias sp. 
Rosella cf.nuda Cinachyra/Craniella sp. 1  Mollusca sp. 3 
Umbellula sp. Diplasterias sp.  Mollusca sp. 5 
unidentified Actinaria Florometra mawsoni  Mollusca sp. 6 
unidentified Ascidia Guitarra cf. antarctica  Mollusca sp. 7 
unidentified Comatulidae Hemigellus cf. fimbriatus  Mollusca sp. 8 
unidentified Isopoda Hydrozoa sp. 1  Odontaster penicillatus 

 
Hydrozoa sp. 7  Perknotaster sp. 
Isodictya cf. lankesteri  Polychaeta sp. 1 

 Lyrocteis flavopallidus  Psilaster charcoti 
 Mycale acerata  Remaster sp. 
 Nemertea sp.  Reteporella gelida 
 Notocrinus virilis  Sphaerotylus antarcticus 
 Pemmatoporella marginata  Tedania sp. 1 
 Polychaeta sp. 2  Terebellidae sp. 
 Polychaeta sp. 3  unidentified Mollusca 
 Primnoidae sp. 1  unidentified Sedentaria sp. 
 Primnoidae sp. 2   
 Psolidium sp.   
 Stauromedusae sp.   
 unidentified Hydrozoa   
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Appendix C Table 5: Table of mixing probabilities for those OTUs not clearly associated with one species archetype (i.e. 
where tau < 0.8). The highest probabilities are highlighted in bold. 

 SA-1 SA-2 SA-3 SA-4 SA-5 SA-6 
Actinaria sp. 4 0.001 0 0.698 0 0 0.3 
Adamussium colbecki 0.232 0 0.195 0 0 0.572 
Ascidia sp. 5 0 0 0 0.287 0.713 0 
Bryozoa sp. 4 0.67 0 0.002 0 0 0.328 
Camptoplites sp. 1 0 0 0 0.488 0 0.512 
Camptoplites sp. 2 0.348 0 0 0.64 0 0.012 
Crustacea sp. 1 0.216 0 0.003 0 0 0.782 
Echinodermata sp. 1 0.005 0 0.311 0 0 0.684 
Echinodermata sp. 2 0.67 0 0.002 0 0 0.328 
Hydrozoa sp. 6 0.217 0 0 0.001 0 0.782 
Isodyctya erinacea 0.003 0 0.577 0 0 0.42 
Mollusca sp. 1 0.344 0 0.518 0 0 0.137 
Mollusca sp. 2 0 0 0 0.775 0 0.225 
Mycale sp. 1 0.2 0 0 0.001 0 0.799 
Notocidaris sp. 2 0.005 0 0.311 0 0 0.684 
Pennatulacea cf. Pennatula 0.174 0 0.792 0 0 0.033 
Polychaeta sp. 4 0.774 0 0 0.001 0 0.226 
Primnoidae sp. 4 0.333 0 0.615 0 0 0.052 
Rossella cf. racovitzae 0.036 0 0.405 0.008 0 0.55 
unidentified species 1 0.223 0 0.392 0 0 0.385 
unidentified species 4 0.656 0 0.001 0 0 0.343 
unidentified species 5 0.67 0 0.002 0 0 0.328 

 

 

Appendix C Table 6: Coefficients (coef.) and standard error (se) for each of the six species archetype (SA-1 to SA-6). 
Coefficients larger than the standard error are highlighted in blue. 
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coef.             
SA-1 -2.62 0.40 -1.85 -0.31 0.43 0.44 -0.89 0.76 -0.76 -0.11 0.81 0.31 
SA-2 -1.20 0.39 -1.91 -2.05 0.23 0.36 -0.52 0.99 -0.39 -0.45 -0.42 1.19 
SA-3 -8.22 1.51 5.11 0.96 -2.56 5.64 -2.83 11.73 0.51 -2.55 -2.47 -0.47 
SA-4 -1.22 0.33 1.50 0.18 -0.44 0.27 0.84 -0.53 0.09 -0.33 -0.42 -0.58 
SA-5 0.40 0.38 0.09 0.03 -0.08 0.60 -0.04 -0.21 0.23 -0.52 0.14 -0.02 
SA-6 -3.56 0.05 3.79 2.02 -0.42 0.48 1.20 -0.65 0.49 -0.47 -0.41 -0.27 

se             
SA-1 0.24 0.44 1.22 1.18 0.27 0.58 0.78 0.66 0.62 0.39 0.39 0.38 
SA-2 0.12 0.26 0.62 0.69 0.21 0.38 0.51 0.45 0.31 0.26 0.26 0.30 
SA-3 1.68 0.71 2.42 1.52 0.97 1.62 1.06 3.12 0.53 1.07 0.84 1.42 
SA-4 0.10 0.16 0.48 0.59 0.12 0.17 0.35 0.21 0.21 0.16 0.20 0.21 
SA-5 0.08 0.19 0.48 0.57 0.14 0.23 0.40 0.26 0.24 0.18 0.19 0.24 
SA-6 0.26 0.24 1.13 1.05 0.23 0.24 0.62 0.29 0.37 0.26 0.42 0.44 
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Appendix D Figure 1: Observed total counts of demersal fish per main feeding-type and species archetype. The underlying 
maps indicate the spatial distribution of the probability of occurrence for each species archetype. The big aggregation of 
zoobenthos-feeding fish in SA-B is a school of Trematomus tokarevi. 
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Appendix D Figure 2: Observed total abundances of benthic macro-invertebrates per main feeding-type and species 
archetype from Jansen et al. (2018b). The underlying maps indicate the spatial distribution of the probability of occurrence 
for each species archetype. OTUs= Operational taxonomic units (= species or other groups of morphologically resembling 
fauna identified to the highest possible taxonomic resolution). Letters F-K identify each species archetype and are identical 
to the letters used in Fig. 5.4. 
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Appendix D Figure 3: Predicted values from the species archetype models versus observed values from the sample-sites 
(the probability of occurrence across all species in each species archetype). The red dotted line indicates the 1:1 line 
between predicted and observed values; the R2-value is for a linear regression between observed and predicted values. The 
predictions are based on trawl-data from 68 sites. From top to bottom: SA-A (Species Archetype - A) to SA-E. 
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Appendix D Figure 4: Probability of occurrence for five species archetypes of demersal fish in relation to each of the 
environmental variables used in the analysis. Species archetypes change strongly along an environmental gradient if the 
line is steep, indicating which environmental predictor variables are important in determining high or low probability of 
occurrence for each species archetypes. tpi= topographic position index 

 

 

 

Appendix D Figure 5: Hard classed distribution of five species archetype predictions for demersal fish across the George 
V shelf, East Antarctica. Map (a) identifies which assemblage of species is most likely to be encountered at any specific 
prediction point across the study area. (b) shows the probability of occurrence for the most likely archetype.  
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Appendix D Figure 6: Cross-comparison of changes in macro-invertebrate and fish functional groups between Antarctic 
benthic habitats. The top-right part of the figure shows the change between habitats for each functional group, as predicted 
from the qualitative network model (the difference in total positive outcomes after 10000 press-perturbations). The bottom-
left shows the observed change in functional group abundance approximated through the species archetype models (see 
methods for details on the calculation). Note that the species archetype models suggest no distinct assemblage of demersal 
fish inhabits the shallow-steep environment, which is why data for demersal fish is missing from the three bottom panels. 
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Appendix D Table 1: Taxonomic family, species identity, feeding-type and associated species archetype (colour coded 
for easier interpretation) for each demersal fish-species used in this study. The last column identifies the source used to 
identify the feeding-type. Sub-families are identified for the Nototheniidae (Nototh.). * = feeding-type information from 
unpublished data. 

Family Species Feeding-type Species Archetype Reference 
Nototh. - Artedidraconidae Artedidraco loennbergi zoobenthos SA-E (wide distr., medium depth) www.fishbase.com 

Nototh. - Artedidraconidae Artedidraco shackletoni zoobenthos SA-D (banks) www.fishbase.com 

Nototh. - Artedidraconidae Artedidraco skottsbergi zoobenthos SA-D (banks) www.fishbase.com 

Nototh. - Artedidraconidae Dolloidraco longedorsalis zoobenthos SA-A (basins - common species) www.fishbase.com 

Nototh. - Artedidraconidae Histiodraco velifer zooplankton SA-D (banks) www.fishbase.com 

Nototh. - Artedidraconidae Pogonophryne phyllopogon zoobenthos SA-D (banks) Lombarte et al. (2003) 

Nototh. - Artedidraconidae Pogonophryne maculatus zoobenthos SA-B (basins - rare species) Lombarte et al. (2003) 

Nototh. - Artedidraconidae Pogonophryne sp. zoobenthos SA-B (basins - rare species) Lombarte et al. (2003) 

Nototh. - Bathydraconidae Acanthodraco dewitti    

Nototh. - Bathydraconidae Akarotaxis nudiceps  SA-A (basins - common species) www.fishbase.com 

Nototh. - Bathydraconidae Bathydraco antarcticus  SA-B (basins - rare species)  

Nototh. - Bathydraconidae Bathydraco macrolepis  SA-B (basins - rare species) www.fishbase.com 

Nototh. - Bathydraconidae Bathydraco marri  SA-B (basins - rare species)  

Nototh. - Bathydraconidae Cygnodraco mawsoni nekton SA-D (banks) www.fishbase.com 

Nototh. - Bathydraconidae Gerlachea australis zooplankton SA-A (basins - common species) www.fishbase.com 

Nototh. - Bathydraconidae Gymnodraco acuticeps nekton SA-D (banks) www.fishbase.com 

Nototh. - Bathydraconidae Prionodraco evansii zoobenthos SA-D (banks) www.fishbase.com 

Nototh. - Bathydraconidae Racovitzia glacialis zooplankton SA-E (wide distr., medium depth) www.fishbase.com 

Nototh. - Bathydraconidae Vomeridens infuscipinnis  SA-A (basins - common species) www.fishbase.com 

Nototh. - Channichthyidae Chaenodraco wilsoni zooplankton SA-B (basins - rare species) www.fishbase.com 

Nototh. - Channichthyidae Chionobathyscus dewitti zooplankton SA-C (shelf-break) www.fishbase.com 

Nototh. - Channichthyidae Chionodraco hamatus nekton SA-E (wide distr., medium depth) www.fishbase.com 

Nototh. - Channichthyidae Chionodraco myersi zooplankton SA-B (basins - rare species) www.fishbase.com 

Nototh. - Channichthyidae Cryodraco antarcticus zooplankton SA-E (wide distr., medium depth) www.fishbase.com 

Nototh. - Channichthyidae Dacodraco hunteri  SA-B (basins - rare species) www.fishbase.com 

Nototh. - Channichthyidae Neopagetopsis ionah zooplankton SA-C (shelf-break) www.fishbase.com 

Nototh. - Channichthyidae Pagetopsis macropterus nekton SA-D (banks) www.fishbase.com 

Nototh. - Channichthyidae Pagetopsis maculatus nekton SA-D (banks) www.fishbase.com; * 

Nototh. - Nototheniidae Trematomus eulepidotus zooplankton SA-E (wide distr., medium depth) www.fishbase.com 

Nototh. - Nototheniidae Trematomus hansoni zooplankton  www.fishbase.com 

Nototh. - Nototheniidae 
Trematomus 
lepidorhinus/loennbergii 

zoobenthos SA-E (wide distr., medium depth)  

Nototh. - Nototheniidae Trematomus newnesi zooplankton SA-B (basins - rare species) www.fishbase.com 

Nototh. - Nototheniidae Trematomus pennellii zoobenthos SA-D (banks) www.fishbase.com 

Nototh. - Nototheniidae Trematomus scotti zooplankton SA-E (wide distr., medium depth) www.fishbase.com 

Nototh. - Nototheniidae Trematomus tokarevi zoobenthos SA-B (basins - rare species) www.fishbase.com 

Liparidae Careproctus longipectoralis zoobenthos SA-C (shelf-break) Duhamel et al. (2010) 

Liparidae Edentoliparis terraenovae zooplankton SA-B (basins - rare species) Duhamel et al. (2010) 

Liparidae Paraliparis antarcticus zoobenthos SA-B (basins - rare species) Duhamel et al. (2010) 

Liparidae Paraliparis charcoti zoobenthos SA-B (basins - rare species) Duhamel et al. (2010) 

Liparidae Paraliparis leobergi zoobenthos SA-D (banks) Duhamel et al. (2010) 
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Appendix D Table 1 continued: Taxonomic family, species identity, feeding-type and associated species archetype 
(colour coded for easier interpretation) for each demersal fish-species used in this study. The last column identifies the 
source used to identify the feeding-type.  

Family Species Feeding-type Species Archetype Reference 
Liparidae Paraliparis mawsoni zoobenthos SA-C (shelf-break) Duhamel et al. (2010) 

Liparidae Paraliparis valentinae zoobenthos  Duhamel et al. (2010) 

Macrouridae Macrourus whitsoni zoobenthos SA-C (shelf-break) www.fishbase.com 

Muraenolepididae Muraenolepis sp. zooplankton SA-C (shelf-break)  

Zoarcidae Lycenchelys antarcticus zoobenthos  Duhamel et al. (2010) 

Zoarcidae Lycenchelys aratrirostris zoobenthos SA-B (basins - rare species) Duhamel et al. (2010) 

Zoarcidae Lycenchelys tristichodon zoobenthos SA-B (basins - rare species) Duhamel et al. (2010) 

Zoarcidae Lycenchelys xanthoptera zoobenthos SA-C (shelf-break) Duhamel et al. (2010) 

Zoarcidae Lycodapus pachysoma zooplankton SA-C (shelf-break) Duhamel et al. (2010) 

Zoarcidae Lycodichthys antarcticus zoobenthos SA-D (banks) Duhamel et al. (2010) 

Zoarcidae Oidiphorus mcallisteri zoobenthos SA-C (shelf-break) Duhamel et al. (2010) 

Zoarcidae Ophthalmolycus amberensis zoobenthos SA-A (basins - common species) Duhamel et al. (2010) 

Zoarcidae Pachycara brachycephalus zoobenthos SA-B (basins - rare species) Duhamel et al. (2010) 

Zoarcidae Pachycara sp. zoobenthos  Duhamel et al. (2010) 
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Appendix D Table 2: Notes and some relevant references for the signed interaction nodes in the qualitative network 
diagram. P=positive, N=negative, uncertain or weak links marked in grey. 

From To sign Notes reference 
Pelagic food sources 

Surface-derived food 
near seafloor 

P 
High export ratios for primary production and 
particulate organic carbon in the Southern Ocean 

Henson et al. 
(2012) 

Depth of seafloor 
Surface-derived food 
near seafloor 

N Decomposition of food-particles during sinking  

Depth of seafloor Tidal-current speed N 
Same volume of water moving over shallow areas 
induces higher tidal-current speeds 

 

Slope of seafloor 
Food-deposition / 
sedimentation 

N Particles less likely to settle on sloped surfaces  

Slope of seafloor Hard substratum P Particles less likely to settle on sloped surfaces  

Ocean-current speed Suspended food P Ocean-currents resuspend food-particles 
Jansen et al. 
(2018c) 

Ocean-current speed 
Food-deposition / 
sedimentation 

N Ocean-currents resuspend food-particles 
Jansen et al. 
(2018c) 

Tidal-current speed Suspended food P Ocean-currents resuspend food-particles 
Jansen et al. 
(2018c) 

Tidal-current speed 
Food-deposition / 
sedimentation 

N Ocean-currents resuspend food-particles 
Jansen et al. 
(2018c) 

Surface-derived food 
near seafloor 

Food-deposition / 
sedimentation 

P More particles -> more sedimentation  

Surface-derived food 
near seafloor 

Suspended food P More particles -> more resuspension  

Food-deposition / 
sedimentation 

Hard substratum N 
Hard substrata decrease with food-deposition, but 
uncertain how strong this link is relative to the 
strong link between hard substrata and slope 

 

Food-deposition / 
sedimentation 

Mobile deposit feeders P 
Deposit feeders are more abundant where 
sedimentation is higher 

Jansen et al. 
(2018c) 

Food-deposition / 
sedimentation 

Sessile suspension 
feeders 

N 
Strength of link uncertain. Deposition of food has 
been shown to influence suspension feeder 
abundance less than suspended food 

Jansen et al. 
(2018c) 

Suspended food 
Sessile suspension 
feeders 

P 
Suspension feeders are more abundant where 
suspended food is abundant 

Jansen et al. 
(2018c) 

Hard substratum Mobile deposit feeders N Deposit feeders prefer soft substrata  

Hard substratum 
Sessile suspension 
feeders 

P 
Suspension feeders need hard substrata for 
attachment 

 

Mobile deposit feeders Zoobenthos feeding fish P / N Predator-prey interaction  
Mobile deposit feeders Mobile predators P / N Predator-prey interaction  
Sessile suspension 
feeders 

Mobile predators P Provide habitat, but strength of link uncertain  

Sessile suspension 
feeders 

Zoobenthos feeding fish P Provide habitat, but strength of link uncertain  

Mobile predators Zoobenthos feeding fish P / N Predator-prey interaction  

Pelagic food sources Zooplankton feeding fish P 
Predator-prey interaction, but size of the negative 
effect of zooplankton feeding fish on zooplankton 
unknown, and therefore not included here 

 

Zoobenthos feeding fish Nekton feeding fish P / N 
Predator-prey interaction, but role of each prey 
source and the strength of link uncertain 

 

Zooplankton feeding fish Nekton feeding fish P / N 
Predator-prey interaction, but role of each prey 
source and the strength of link uncertain 
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Appendix D Table 3: Setup of press-perturbations of the dynamic network model. Using QPress, both depth and slope are 
given either positive (+) or negative (-) press-perturbations for simulating changes in the ecosystem between the four main 
habitats.  

 

 

Appendix D Table 4: Abundances of different feeding types of demersal fish and benthic macro-invertebrates in each 
species archetype (SA-A to SA-E, and SA-1 to SA-6). Values are calculated in two steps: First, the mean abundance of 
each species is calculated for all sites where this species is present. Second, the average abundances of every species with 
both the same feeding-type and the same species archetype are summed up. For demersal fish, abundance is given as 
number of individuals caught on average, while for benthic macro-invertebrate the abundance is given as average %-cover. 
In SA-B, a large school of Trematomus tokarevi contributed to the high value for the benthos-feeding fish (the amount of 
benthos-feeding fish other than T. tokarevi is 10.46). Comic-icons above the table indicate the main habitat corresponding 
to each pair of species archetypes. From left to right, these are: Deep-flat, deep-steep, shallow-flat, widely distributed, 
shallow-steep. 

 

fish SA-A SA-B SA-C SA-D  SA-E  
Plankton feeder 4.00 4.77 4.51 3.63  13.28  
Benthos feeder 3.34 50.31 12.28 8.87  10.46  
Nekton feeder    4.05  3.74  
        
invertebrates SA-1  SA-2 SA-4 SA-6 SA-5 SA-3 
Suspension feeder 5.78  15.65 63.18 72.00 27.39 22.59 
Deposit feeder 0.91   0.29 0.72 1.91 0.39 
Predator 0.52  1.01 1.53 2.95 0.45 1.34 

 

 

Appendix D Table 5: Mean values for the pearson correlation between predicted species archetype distributions of 
demersal fish and benthic macro-invertebrates. Higher values indicate stronger correlations between the distributions of 
the assemblages. 

 

 

Press-perturbation Change in ecosystem 
characteristics Main occurrence of the habitat Depth Slope 

+ + Deeper & steeper Shelf-break and slope 
+ - Deeper & more level Shelf-depressions and Sills 
- + Shallower & steeper Edges of the banks and along the coastline 
- - Shallower & more level Top of the banks 

 SA-F SA-G SA-H SA-I SA-J SA-K 
SA-A 0.055 -0.024 -0.217 -0.432 -0.373 -0.076 

SA-B 0.245 0.491 -0.015 -0.132 0.043 0.309 

SA-C 0.158 0.491 0.035 0.039 0.171 0.269 

SA-D -0.355 -0.285 0.353 0.436 0.212 -0.166 

SA-E -0.211 -0.076 -0.164 -0.108 -0.22 -0.244 
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