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GRAPHICAL ABSTRACT

ABSTRACT

Inrecent years very large marine protected areas (VLMPAs) have become the dominant form of spatial protection
in the marine environment. Whilst seen as a holistic and geopolitically achievable approach to conservation,
there is currently a mismatch between the size of VLMPAs, and the data available to underpin their establishment
and inform on their management. Habitat mapping has increasingly been adopted as a means of addressing pau-
city in biological data, through use of environmental proxies to estimate species and community distribution.
Small-scale studies have demonstrated environmental-biological links in marine systems. Such links, however,
are rarely demonstrated across larger spatial scales in the benthic environment. As such, the utility of habitat
mapping as an effective approach to the ecosystem-based management of VLMPAs remains, thus far, largely
undetermined.

The aim of this study was to assess the ecological relevance of broadscale landscape mapping. Specifically we test
the relationship between broad-scale marine landscapes and the structure of their benthic faunal communities.
We focussed our work at the sub-Antarctic island of South Georgia, site of one of the largest MPAs in the world.
We demonstrate a statistically significant relationship between environmentally derived landscape mapping
clusters, and the composition of presence-only species data from the region. To demonstrate this relationship re-
quired specific re-sampling of historical species occurrence data to balance biological rarity, biological cosmopo-
litism, range-restricted sampling and fine-scale heterogeneity between sampling stations. The relationship
reveals a distinct biological signature in the faunal composition of individual landscapes, attributing ecological
relevance to South Georgia's environmentally derived marine landscape map. We argue therefore, that landscape
mapping represents an effective framework for ensuring representative protection of habitats in management
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plans. Such scientific underpinning of marine spatial planning is critical in balancing the needs of multiple stake-
holders whilst maximising conservation payoff.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

Currently, there is a disconnect between a global trend towards the
establishment of very large-scale marine protected areas (VLMPAs),
and the data available to underpin their establishment and inform on
their zonation. Biological sampling, especially in isolated locations, is lo-
gistically difficult, time consuming and prohibitively expensive to con-
duct over large spatial scales. As such, large-scale spatial protection
inevitably equates to paucity in biological sampling at a scale relevant
to management (Lecours et al., 2015; McHenry et al., 2017). Nonethe-
less, within international frameworks such as the Convention of Biolog-
ical Diversity (CBD) (Secretariat of the CBD, 2010), over the past decade
VLMPAs (here defined as reserves >100,000 km? in area) have increas-
ingly been adopted as a holistic and geopolitically achievable approach
to conservation of the marine environment. Through initiatives such as
the Big Ocean Network (Wilhelm et al., 2011), the proportion of the
World's oceans afforded protection has increased to 3.27% (Boonzaier
and Pauly, 2016). This increase has overwhelmingly been met by
VLMPAs (Fig. 1). Taking the UK as an example, 22% of its territorial wa-
ters are afforded some form of marine protection. Excluding VLMPAs
from this analysis, however, reduces that figure to <1% (Shugart-
Schmidt et al., 2015). Recent estimates suggest that the wide-scale
adoption of VLMPASs globally has expedited international compliance
with the CBD's Aichi target of 10% protection, by thirty years, bringing
it forward from 2055 to 2025 (Toonen et al., 2013).

Advocates of VLMPAs highlight the holistic, entire-ecosystem level
protection they offer (Sheppard et al., 2012), maintaining connectivity
to adjacent ecosystems (Toonen et al., 2011), ensuring protection of
ecosystem services (Toonen et al., 2013) and greater resilience to envi-
ronmental change in the marine environment (Micheli et al., 2012;
Roberts et al., 2017; Toonen et al., 2013). They are seen as better able
to protect mobile habitats such as upwelling zones (Toonen et al.,
2013), and as particularly beneficial to highly mobile species, mega
fauna and species which are migratory or transitory through regions
(Fox et al., 2012; Lester et al., 2009; Maxwell and Morgan, 2013). Fur-
thermore, VLMPAs are demonstrably more cost-effective than multiple
smaller reserves (McCrea-Strub et al., 2011), offering policy makers and
advocates such as NGOs, the high-profile benefits of safeguarding large
areas of pristine environment in a politically expedient manner. The
protection of 10% of the world's oceans, and notably the majority use
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of VLMPAs, as an effective target by which to measure the success of
global marine conservation is however open for debate (see Agardy et
al., 2016; Leenhardt et al., 2013; Jones and De Santo, 2016; Wilhelm et
al., 2014). A key criticism is that the target-driven nature of VLMPA pro-
tection prioritises quantity over the representativeness of the habitats it
protects or the effectiveness of that protection (Leenhardt et al., 2013;
Jones and De Santo, 2016).

Representative protection of marine realms is a key requirement of
CBD Aichi goals (Secretariat of the CBD, 2010). Consequently, protection
of a representative range of habitats is often central to MPA design, no-
tably when an MPA is designed in a multi-use or zoned way, such as
with the inclusion of demersal fisheries in certain areas at South Georgia
and South Sandwich Islands MPA (Rogers et al., 2015). Many MPAs,
however don't assess the physical habitat types within their protective
sphere. Those that do, often don't take the next step of establishing a
link between these environmental classifications and the biological
communities which inhabit them (often the key attribute of the envi-
ronment the MPA serves to protect). A key reason for this is often pau-
city in regional biological datasets at a scale relevant to management
(Lecours et al., 2015; McHenry et al., 2017).

Increasingly VLMPA placement has demonstrated strong bias to-
wards very remote overseas territories (Devillers et al., 2015), most no-
tably waters within national jurisdictions of the USA, UK and France.
Such regions typically exhibit minimal stakeholder activity and/or
local populations with limited powers of recourse, resulting in fast im-
plementation of marine protection. As these more easily implemented
MPAs are fulfilled however, future designations will have to target less
remote - more populated regions of the world. Such regions are more
likely to be in more contentious national waters, and thus subject to on-
going commercial exploitation. As such, future designations will be-
come progressively more challenging, and so too our ability to fulfil
the Aichi targets. Already this has led to the development of more polit-
ically complex VLMPASs that transcend national jurisdictions (BALANCE,
2008; Notarbartolo di Sciara et al., 2008; PAME, 2015), transnational co-
operative frameworks (Jeftic et al., 2011), and high-seas MPAs in areas
beyond national jurisdictions (ABN]Js), such as South Orkney Islands
(2009), Charlie-Gibbs (2010) and Ross Sea (2016). It may also lead to
proposals for future MPAs undergoing increased negotiation and com-
promise in order to finalise such potentially politically-complex protec-
tion. In such cases there would be an increased likelihood of spatial and
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Fig. 1. Change in global MPA coverage between 1970 and 2016. Total MPA coverage is symbolised in light grey, with the proportion of that coverage attributed to large-scale MPAs (>
100,000 km?) symbolised in dark grey. Data adapted from MPAtlas online portal (http://www.mpatlas.org/; date of access: 25/05/2017) and includes all IUCN levels of protection
(Categories Ia to VI), but excludes taxa-specific exclusion zones (e.g. shark sanctuaries). Analysis includes formal commitments for recent MPAs. Circled numbers indicate the
establishment of key large-scale MPAs: 1. Great Barrier Reef marine park (Australia); 2. Galapagos Marine Reserve (Ecuador); 3. Papahanaumokuakea Marine National Monuments
Park (USA); 4. Chagos (UK) and Charlie Gibbs North High Seas MPA (International); 5. South Georgia & South Sandwich Islands (UK) and Coral Sea (Australia); 6. Pitcairn Islands (UK),
Ascension Island (UK), Palau National Marine Sanctuary (Palau), Naza-Desventuradas (Chile), Ross Sea (International) and the extension on Papahanaumokudkea Marine National
Monuments Park (USA). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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temporal complexity within the MPA design (e.g. multi-use or zoned
MPASs). Such zoning aims to protect the marine environment, whilst of-
fering ecosystem services and sustainable use of living marine re-
sources. Under such scenarios there is a growing need for spatial and
temporal prioritisation to balance the need of multiple stakeholders
whilst maximising conservation payoff.

In the absence of sufficient biological sampling, to effectively inform
on spatial and temporal management priorities, the use of habitat map-
ping and modelling approaches have increasingly been adopted to aid
decision making (Brown et al., 2011; Harris and Baker, 2012; Pressey
and Bottrill, 2009). These approaches map and analyses physical attri-
butes of the marine environments (often derived from remote sensing)
and employ these alongside known biological information as proxies or
surrogates for marine habitats. This analysis can be used to help predict
biological and community distributions. Habitat mapping depends on
an understanding in the links between environmental variables as sur-
rogates, and the marine fauna for which their surrogacy is intended.
Variation in environmental factors drive changes in faunal communities
and community structure. This ranges from broad-scale spatial mea-
sures such as latitude, longitude and depth (Cox and Moore, 2005;
Hawkins, 2001; Passlow et al., 2006; Sanders et al., 2007), which in
turn drive changes in temperature, day length and light penetration
(Chaudhary et al., 2016; Hawkins and Diniz-Filho, 2004; Rex et al.,
1993; Tittensor et al., 2010), to finer scale features such as rugosity
(Allee et al.,, 2011), slope (Beaman et al., 2005; Beaman and Harris,
2007), wave and current exposure (Pearce et al., 2011), substrate
(Solan et al., 2012), geomorphology (Beaman and Harris, 2007;
Kostylev et al., 2003), and disturbance processes such as slope instability
and turbidity currents (Paull et al., 2010) and, at higher latitudes, ice-
berg scouring (Jutt and Starmans, 2001; Potthoff et al., 2006). Combina-
tions of these factors result in habitat heterogeneity and complexity,
which is often associated with higher species richness (Gladstone,
2007), providing habitats for both juvenile and adult organisms (Beck
etal., 2001; Kostylev et al., 2003) and decreasing dominance by individ-
ual taxa by interrupting predator-prey relationships (McClain and
Barry, 2010).

Marine habitat mapping has been used as a means of synthesising
marine spatial distribution data for ecosystem-based management
globally (Cogan et al., 2009; Ehler and Douvere, 2009; Wright and
Heyman, 2008). Its use as a framework for the representative protection
of habitats can been seen through international management objectives
such as the CBD, and regional policy frameworks such as CCAMLR (Con-
vention for the Conservation of Antarctic Marine Living Resources) in
the Southern Ocean and OSPAR in the North-East Atlantic. Examples
of landscape-scale habitat mapping as a tool for informing on marine
spatial planning can be seen across spatial scales. At a global level,
there have been suggestions for representative networks of high seas
MPAs (Gjerde, 2003; Harris and Whiteway, 2009) and seamount classi-
fication aiding in the design of MPA networks (Clark et al., 2011). In the
Southern Ocean, large-scale studies using geomorphology have been
used to map vulnerable marine ecosystems (O'Brien et al., 2009), as
well as large-scale bioregionalisation studies to feed into CCAMLR
(Grant et al., 2006; Ainley et al., 2010), hierarchical classification sys-
tems (Douglass et al., 2014) and taxa-specific eco-regionalisation
(Koubbi et al., 2011). Hierarchical habitat classification systems have
been used for managing Australia's marine biological resources (Last
et al., 2010) and MPA network (GBRMPA Zoning Plan, 2003; Harris et
al., 2008), whilst universal classification systems such as EUNIS
(Davies et al., 2004) have been used to underpin regional MPAs (e.g.
Galparsoro et al., 2015; Henriques et al., 2015) and large-scale OSPAR
MPAs (O'Leary et al., 2012).

Small-scale studies have demonstrated clear environmental-biolog-
ical links in both benthic and pelagic systems (Howell et al., 2010;
Copeland et al., 2013; lerodiaconou et al., 2011; Rees et al., 2014).
Such links, though essential for effective ecosystem-based management
(Cogan et al, 2009), are however often not sought, tested or

demonstrated across larger spatial scales relevant to the marine spatial
planning of VLMPAs (Day and Roff, 2000; Harris and Whiteway, 2009;
Roff and Taylor, 2000). As such, whilst habitat mapping is demonstrably
an effective tool at smaller spatial scales (often at finer spatial resolu-
tion), with conservation initiatives prioritising VLMPAs, its utility at
very large spatial scales is less clear. In this paper, we assess the applica-
tion of marine landscape mapping over a large spatial scale, and specif-
ically whether classification of the benthic environment into broad-
scale marine landscapes demonstrates associated broad-scale changes
in benthic faunal communities.

South Georgia and the South Sandwich Islands (SGSSI) form an ar-
chipelago in the Atlantic sector of the sub-Antarctic (Fig. 2). The islands
host one of the largest MPAs in the world (1.07 million km?). An exten-
sive marine biological (Hogg et al., 2011), geomorphological (Hogg et
al., 2016) and oceanographic dataset (Young et al., 2011), coupled
with the pre-existing landscape map of the region (Hogg et al., 2016),
make it a particularly good model system in which to test the interac-
tions between broad-scale physical environmental conditions and the
biological community structure. Using the data available for the SGSSI
MPA, this paper will assess, 1. Whether broad-scale landscape mapping
produce ecologically relevant results, and as such, 2. Whether they rep-
resent an effective tool in addressing the mismatch between large-scale
marine spatial planning and paucity in biological data?

2. Methodology
2.1. Study area

Positioned 1800 km east of the South American continental shelf, the
island of South Georgia represents one of the most isolated continental
shelf areas in the World (Fig. 2). The region supports high levels of bio-
logical richness across taxonomic levels (most notably at species level);
a high proportion of endemic species and species at the edge of their
geographical ranges (Barnes et al., 2011; Hogg et al., 2011). This highly
diverse and distinct fauna, coupled with the region hosting some of the
largest aggregations of higher predators anywhere in the world
(Trathan et al., 2015) make South Georgia a site of global importance.
In 2012 the region (including the South Sandwich Islands archipelago
to the south-east) was designated a IUCN category IV marine protected
area, adding to the growing number of VLMPAs covering areas of over
1 million km? (Rogers et al., 2015; Trathan et al., 2014). This protection
is currently in a period of review in which the spatial and temporal na-
ture of the protection in the region will be assessed.

The SGSSI MPA is, by Southern Ocean standards, well studied in
terms of environmental and biological characterisation due to a long
history of exploitation (whaling and fishing), and scientific study dating
back to the 19th Century.

2.2. Physical landscape data

Environmental data for the region includes an extensive bathymetry
dataset (Hogg et al., 2016) and oceanographic data modelled at meso-
scale (Young et al., 2011). Nineteen environmental data layers were in-
cluded in the analysis, to characterise physical geomorphology (depth,
slope, rugosity, topographic position, aspect and curvature), surface
productivity (net surface chlorophyll) and physical oceanography (tem-
perature, salinity and current velocity). All input variables are
summarised in Appendix Table A1, and discussed in detail in Hogg et
al. (2016). The statistical approach to mapping marine landscapes was
based on an unsupervised mapping protocol which can be summarised
in five steps. (1) principal component analysis (PCA) of the gridded en-
vironmental variables; (2) determination of the optimal cluster solu-
tion; (3) K-means clustering of the principal components; (4) plotting
the optimal cluster solution as a landscape map, and assigning environ-
mental meaning to each cluster based on the relationship between the
original environmental variables and each cluster; (5) assessment of
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Fig. 2. Geographical setting of South Georgia & the South Sandwich Islands MPA. Background bathymetry data demarks the extent of the MPA. The geographic extent of the analysis
presented in this paper is represented by the study region box. Symbols N, S, E, W & SR (and associated hashed) lines denote the geographical analysis described in Section 2.4. Blue
polygons represent the regions of the MPA between depths of 700 m and 2250 m still open to a licenced long-line fishery. Bathymetry data represents a compilation of South Georgia
(Hogg et al., 2016) and South Sandwich Islands (Leat et al., 2016) bathymetric datasets. Inset: South Georgia in the geographical context of other Southern Ocean Marine Protected
Areas. The pale blue background polygons denote the nine CCAMLR marine spatial planning domains. CCAMLR data were obtained from the CCAMLR online GIS resource. Other data
were accessed through the MPAtlas online portal. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the stability of the clustering solution based on calculation of member-
ship values and corresponding confusion indices. The resulting land-
scape map covers an area of 530,000 km?, encompassing the South
Georgia shelf and surrounding deep sea of the MPA. It provides a
three-tiered nested clustering of the MPA, with regions delineated on
the basis of similar environmental conditions. Conceptually this ap-
proach is similar to other top-down habitat classification systems (e.g.
EUNIS) (Davies et al., 2004).

In this study, we used the landscape clustering results of Hogg et al.
(2016) to assess the link between the physical environment, and the
faunal composition of the benthic communities. The landscape mapping
clusters form a nested hierarchy with a top-level classification (Fig. 3a),
hereafter referred to as level-1 cluster (or clusters 1-7), covering an
area of 530,000 km? from coastal to abyssal environments; level-2 clus-
ter (clusters 5.1-5.6) which provides a sub-clustering of shelf environ-
ments (cluster 5) from level-1 (Fig. 3b); and finally level-3 cluster
(clusters 5.5.1-5.5.7) which provides a 3rd tier re-clustering of cluster
5 from level-2 (i.e. a detailed clustering of the shelf region of South
Georgia). Descriptions of physical environmental characteristics under-
pinning each cluster can be found in Hogg et al. (2016), and are
summarised here in Table 2.

2.3. Biological data

The biological dataset comprises 30,299 presence-only data records
compiled from 6593 sampling stations across the MPA as part of a 2011
baseline assessment of the region's benthic environments (Hogg et al.,
2011). These data were collated from a comprehensive review of re-
ports and papers representing over 130 years of polar exploration and

assimilated with data from recent BAS research cruises to the region
(JR262 and JR287). Knowledge of benthic communities rapidly declines
with increased distance from the South Georgia continental shelf, with
significant paucity in sampling and subsequently knowledge of the
region's deep-sea environments.

The scientific cruises, from which the data were drawn, differed in
collection techniques and sampling effort. Most commonly Agassiz
trawl and to a lesser extent epi-benthic sledges were used, but benthos
was also collected using inshore SCUBA surveys, analysis of camera foot-
age, longline fisheries collection and dredges. As a result of the data col-
lection methods, there are no abundance nor true presence/absence
data. Here we report these findings in a standardised format, recording
all scientific classification to species level and the location at which the
specimens were found with the geo-reference linked to a Geographical
Information System (ArcGIS 10.4). Discrepancies in species classifica-
tion were reconciled using the World Register of Marine Species
(http://www.marinespecies.org) thus avoiding synonymies, which
were especially prevalent in some of the older collections. Data manage-
ment was undertaken using Microsoft Access 2013 and R (Version
3.4.1).

To assign functional trait information to South Georgia's benthic
species, species lists were created for each higher level taxonomic
group (typically phyla or class) and sent out to ten taxonomic ex-
perts at universities and research institutes around the world (see
acknowledgments). As many of South Georgia's species are rare
and poorly studied, functional information was not always available
or known. Where it was, data were collected on 10 functional traits.
A breakdown of these traits and their definitions are summarised in
Table 1.
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Fig. 3. Hierarchically nested marine landscape maps (Hogg et al., 2016) Showing (a) distribution of level-1 cluster classes across the whole study region as defined by k-means cluster
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2.4. Data analysis

To assess changes in faunal composition between landscape map-
ping clusters, we used non-metric multidimensional scaling (NMDS) or-
dination, using Primer (version 6). ArcGIS (Version 10.4) was used to
overlay physical landscape mapping clusters with the biological data
points. Spatial joins were then used to assign cluster and sub-cluster
classifications to each biological sampling station. To enable ordination
analysis of the data, a species-sample station matrix was populated
with pseudo-absences whereby if a species was not recorded at a sta-
tion, it was recorded as absent from that station. A similarity matrix
for the faunal composition of the 6593 sampling stations was then
constructed in Primer (version 6) using the Jaccard similarity coeffi-
cient. NMDS was run on the results of the similarity matrix with the
cluster designation for each sampling station added as a factor in the
analysis.

The statistical significance of each ordination run was assessed using
Analysis of similarities (ANOSIM). Where statistically significant trends

in faunal structure were observed between factors, the taxonomic
drivers of these trends (i.e. which species made each cluster distinct
or cosmopolitan) were assessed using similarity percentage (SIMPER)
analysis. Simper species lists were constructed to represent the first
50% of cumulative species-level dissimilarity for a given cluster. This
list was limited to include only species with a weighting >1%.

NMDS was undertaken in iterative cycles, each time refining the bi-
ological input in an attempt to extract the strongest possible signal from
the biological data. In the first instance this included all biological data,
at all three hierarchical cluster levels (Fig. 3), and at six taxonomic levels
(Phyla, Class, Order, Family, Genus and Species). Ordination was then
re-run, with the exclusion of data for minor, uncommon phyla (typically
with restricted geographical distributions), as these records were
thought to be creating a geo-spatial skew in the results. To remove the
confounding influence of rare species and stations with very few data
records, the biological data were filtered to exclude singleton and dou-
bleton species and stations with two or fewer records. Over iterative cy-
cles, this was extended to exclude any stations with 20 of fewer records.
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Functional traits and their associated definitions used to characterise South Georgian species in this study.

The incubation of eggs either inside or outside the body. Eggs may be brooded to a variety of developmental stages. Males or females

The process of sexual reproduction involves two parents. Both parents normally contribute one gamete or sex cell to the process
Organism capable of producing both ova and spermatozoa either at the same time or sequentially, where one mature and is shed

Any animal which feeds on particulate organic matter, catching food on a filter held into flowing water or collecting detritus on sticky

Any animal which feeds on particulate organic matter, catching food on a filter from water by actively sweeping or pumping

A partner in a symbiosis in where one species derives benefit from a common food supply, whilst the other species is not adversely

An animal that lives in or on another living organism (the host), from which it obtains food and other requirements. The host does

An organism that moves through the water column via movements of its fins, legs or appendages, via undulatory movements of the

An organism that creates a massive biogenic physical structure raised above the surrounding seabed creating a consolidated habitat

An organism that creates or modifies a habitat facilitating the existence of other species; ecosystem engineers; play a major role in

Development Brooder
type may be responsible for brooding
Direct developer Development without a larval stage
Planktotrophic Feeding at least in part on materials captured from the plankton
Lecithotrophic Development at the expense of internal resources (i.e. yolk) provided by the female
Reproductive Asexual Offspring arise from a single organism. This can include reproduction by budding, parthenogenesis or fission
mode Sexual
Hermaphrodite
before the other
Feeding Suspension (passive)
strategy apparatus other than a filter
Suspension (active)
Detritivore Any animal which feeds on fragmented particulate organic matter from the substratum
Herbivore Any animal that feeds on plants (including phytoplankton)
Generalist predator Any animal that feeds by preying on a wide variety of other organisms, killing them for food;
Specialist predator Any animal that feeds by preying on a specific organism, killing them for food
Scavenger Any animal that actively feeds on dead organic material
Commensal/symbiotic
affected or mutually benefits
Parasite
not benefit from the association and is usually harmed by it
Mobility Sessile (encrusting) Non-motile; permanently attached at the base; forming or resembling a crust or thin coating
Sessile (erect) Non-motile; permanently attached at the base
Burrower An organism that lives or moves in a burrow
Crawler An organism that moves along on the substratum via movements of its legs, appendages or muscles
Swimmer
body or via jet propulsion
Drifter An organism whose movement is dependent on wind or water currents
Life style Infauna Benthic animals which live within the seabed
Epifauna An animal living on the surface of the substratum
Epibiotic An animal living on the surface of another animal or plant
Demersal Living at or near the bottom of a sea but having the capacity for active swimming
Pelagic Inhabiting the open waters of the sea or ocean, excluding the bottom layers
Substratum Mud Predominantly mud
affinity Muddy-sand Mixture of Sand and mud with either component representing no >80% of the described sediment
Sand Predominantly sand
Small Small, unstable hard substrate
Boulders/cobbles
Hard Substratum Any stable hard substratum, not separated into small boulders or smaller sediment units.
Reef building Yes
for epibenthic species
No Does not do the above
Habitat Yes
forming organizing community structure, and have an important function in determining community productivity
No Does not do the above
Ecological Early Rapidly colonising & rapid growing; early successional pioneers; Tend to be R-strategists
succession Mid Members of a community at an Intermediate stage of succession
Late Late successional members of climax community; members of a very stable ecological community; K-strategists
Fragility Fragile Likely to break, or crack as a result of physical impact; brittle or friable
Intermediate Liable to suffer minor damage, chips or cracks as result of physical impacts
Robust

Unlikely to be damaged as a result of physical impacts, e.g. hard or tough enough to withstand impact, or leathery or wiry enough to
resist impact

Data records were also filtered on the basis of collection methodology to
assess the effect of sampling gear bias in the dataset. Whilst collection
method was not an explicitly searchable factor in the biodiversity data-
base, restricting records to species level, removing selected taxonomic
groups and removing species in the top 5% of record counts (mainly
encompassing species of demersal fish, crab, and copepods) repre-
sented a de facto means of identifying and excluding fisheries derived
data.

NMDS analysis assessing the biogeographical structure to the data
was undertaken by dividing the region into six zones (Fig. 2): ‘South
Georgia North’, ‘East’, ‘South’, ‘West', ‘Shag Rocks’ and ‘other’ (typically de-
fined as offshore regions). These categories were used as factors in the
ordination analysis. Analysis was also undertaken in isolation for shelf
environment and then separately for non-shelf environment. Geo-re-
gions were delineated on the basis of depth contours in the case of
shelf (<400 m) vs. non-shelf, and South Georgia's shelf area was arbi-
trarily divided into four zones: North, East, South, and West (Fig. 2).

In order to smooth out fine-scale variability in species composition
between sample stations, biological data records were assimilated for

each of the seven level-1 clusters. 50 records were then randomly
resampled (with replacement) from each of the clusters 50 times, creat-
ing 50 series of 350 cluster-specific samples. This same protocol was un-
dertaken for each of the three cluster levels. In an alternative approach,
but with the same aim, the region was also sub-divided into hexagon
cells of 5, 10, 20 and 50 km cell size with the aim of reducing fine-
scale differences between spatially neighbouring stations, whilst
retaining any broader biogeographical trends. This analysis included
all stations irrespective of sample size, but excluded singleton and dou-
bleton records. Subdivision of the South Georgia region into equal hex-
agonal grids was undertaken using the hexagon tessellation
geoprocessing tool in ArcGIS (version 10.4).

3. Results
3.1. Biogeographic analysis

Biological sampling at South Georgia has been spatially patchy, with
a strong bias towards shallow water sampling on the South Georgia
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continental shelf (cluster 5). 58.5% of all recorded sampling has oc-
curred in cluster 5, in comparison to <8% from the exclusively deep-
water clusters 1-3 (Table 3a). Disparity in reported species richness be-
tween clusters is even greater with 83.1% of all reported species present
in cluster 5, compared to a mean of 14.45% (0 = 7.2%) across the re-
maining clusters. Of the 1670 distinct species recorded in this study,
69% (1152) were distinct to a specific cluster. The majority of these spe-
cies (1118) were rare, recorded as singleton or doubleton records (Table
3b, Fig. 4). The number of species recorded <2 times were far higher in
cluster 5 (59%) and cluster 2 (44.5%) than any of the other clusters (X =
16.5%, 0 = 3.0%). Nonetheless species rarefaction curves (Fig. 5) dem-
onstrated that the rate of novel species accumulation through increased
sampling remained high in all clusters, with the exception of cluster 7,
which appeared to be nearing asymptote. Some caution should be
taken in this interpretation of cluster 7 however, as unaccounted-for
sampling bias from fisheries derived data may have a disproportionate
effect on cluster 7 (i.e. multiple captures and recordings of the same
commercially valuable species diluting other scientific sampling).
Higher richness and distinctiveness (i.e. cluster specific taxa) was ob-
served in cluster 5 than in all other clusters, across taxonomic levels
(Tables 3a).

Table 3d summarises the breakdown of biological records by cluster.
Cluster 5 was dominated by targeted sampling of fish and crustaceans.
In addition however, cluster 5 notably accounted for 87.6% (432) of
mollusc records and 66.1% (738) of annelid worm records. Conversely
despite significantly more sampling occurring on the cluster 5 shelf en-
vironment, abundances of cnidarians were relatively low, with only 5%
of stations recording the presence of corals. By comparison clusters 4
and 7 both reported occurrence of corals at 67% and 53% of stations
respectively.

Analysis of level-2 clustering of the South Georgia shelf showed that
over half the distinct records for the shelf (53.7%) had been sampled in
the large cluster 5.5 (Appendix Table A2). This resulted in high taxo-
nomic richness across taxonomic levels reported for this sub-cluster.
Other clusters (notably the coastally adjacent cluster 5.2) which, despite
having received almost 6 times less sampling in terms of unique sample
sites, also demonstrated high species richness and much higher species
richness per sampling event. To a degree this may be explained by the
presence of a number of dive surveys along the northern coast of the is-
land producing very high-resolution analysis and species identification
for this inshore region. This region (cluster 5.2) also reported a greater

FREQUENCY

number of distinct species than all other sub-clusters combined (Table
3b). With the exception of cluster 5.5, sampling was far more uniform
in terms of numbers of records across the shelf than between the shelf
and the broader South Georgia region.

3.2. Functional traits

Classifying species based on their functional traits demonstrated fur-
ther distinction between clusters (Table 3c). Cluster 4 was characterised
by steep slopes (>10°), high terrain rugosity and a large range in curva-
ture and topographic position values, suggesting a region of complex to-
pographic peaks and depressions. 77.1% of species (128) attributed
functional traits for this cluster were considered to have exclusive affin-
ity with hard substrate (bedrock, large rocks, boulders or cobbles). By
comparison only 6.6% (11) of species were shown to inhabit exclusively
soft sediment environments. 18% of species (26) in cluster 4 were con-
sidered reef-building species (i.e. they create biogenic physical struc-
tures raised above the surrounding seabed creating a consolidated
habitat for epi-benthic species). By comparison, 10.8% (18) of cluster 6
species were reef-building species, and amongst the remaining five
clusters reef-building species averaged only 2.9% (0 = 2.9%) of total
species. Cluster 4 also had a higher proportion of sessile species (57.7%
(124)) compared to other clusters (X = 21.1%, 0 = 13.5%) and repre-
sented the only cluster for which sessile species outnumbered mobile
species.

With the exception of cluster 3, which was the most poorly sampled
cluster, and for which functional trait information was lacking, and clus-
ter 2 which had a mix of hard and soft substrate species, species
inhabiting hard substratum were dominant in all other clusters. This
however could be an artefact of sampling technique with hard, larger
epibenthic specimens more likely to be collected in trawl samples
than soft, smaller and infaunal specimens. The proportion of species
exhibiting pelagic larval dispersal versus brooding or direct develop-
ment was shown to be roughly equal for clusters 1, 2,4 and 6. In clusters
3 and 7 this balance shifted towards a greater proportion of brooders
and direct developers (X = 58.4%, 0 = 0.5%), with the highest propor-
tion of brooders (61.2%) occurring on the South Georgia shelf (cluster
1.5).

Analysis of functional traits demonstrated no clear broader biogeo-
graphical trends. For example no distinct correlation in functional traits
was found between deep-sea and shelf environments, or regions with

Fig. 4. Species frequency at South Georgia. Species are ranked according to the number of distinct locations at which samples were recorded. Species records at South Georgia were
dominated by a large number of species recording very low record counts or by a small number of species recording very high record counts.
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Fig. 5. Rarefaction curves showing the rate of species accumulation with increasing sample effort across level-1 landscape mapping clusters. Sample effort is defined by number of distinct

sampling sites. Inset: Highly sampled clusters 5 and 7 are excluded.

strong current regimes, and those without. The strongest differentiation
in functional traits was seen between cluster 4 and the other level-1
clusters.

3.3. Ordination analysis

NMDS was conducted on 30,299 presence-only biodiversity records,
representing 1670 species from 18 phyla collected at 6593 sample sta-
tions from the study area. Initial NMDS runs including all records run
at species, genus and family level, demonstrated no statistically signifi-
cant delineation in the composition of biological records on the basis of
the landscape mapping clusters to which the records belonged (Fig.
6.1). Significant sampling bias corresponding to far higher sampling
levels in cluster 5 on the South Georgia shelf (which was dominated
by rare, infrequently sampled species), was deemed to be creating sig-
nificant noise in the data, as to obscure any possible underlying, more
subtle signals, in the data differentiating clusters. As such the NMDS
was run again, at different taxonomic levels, but this time done in isola-
tion for shelf based records (only cluster 5) and non-shelf based records
(all clusters except cluster 5). NMDS results again demonstrated such a
high degree of heterogeneity between sample stations that no signifi-
cant relationship could be shown between the species composition of
sample stations and the cluster in which they were assigned. Intra-clus-
ter variability was therefore shown to be as high, or higher, than inter-
cluster variability. In order to remove the confounding influence of
rare species, notably the high proportion of singleton and doubleton
species (Fig. 4), and taxa with highly localised or spatially skewed distri-
butions (for example very high resolution biological data collected in
the sublittoral zone through dive surveys), NMDS was re-run with the
removal of all spatially restricted taxa, and all minor phyla (which
tended to have very few and spatially constrained records). It was
then re-run again with the additional removal of all stations containing
two records or less (3323 records) and the removal of all species with
two records or less (1118 species; 1662 records), reducing the station
count to 3291 and the record count to 25,314. The resulting ordination
demonstrated no division between clusters. To remove the possibility
that stations with greater than two records, but still low numbers of

records, could be having a disproportionate effect on increasing intra-
cluster variability based on a relatively small number of samples, two
more NMDS iterations were run, again excluding singleton and double-
ton species, but in addition excluding all stations with fewer than 10 re-
cords and 20 records respectively.

This reduced the total record count of the analysis considerably to
8625 and 5857 respectively. The NMDS was run at species, genus and
family level; at no taxonomic level was landscape cluster shown to be
a good determinant of species composition. In an attempt to reduce
the noise created by fine-scale heterogeneity in the dataset (i.e. high
levels of distinctiveness between individual sampling stations) at the
expense of visualising larger-scale trends in the data (i.e. at the level
of our landscape clusters), retaining only stations with >20 samples
seemed effective. It did however remove the majority of records col-
lected from the region from the analysis. To circumvent this, the study
region was divided into an equal hexagonal grid. All stations occurring
inside the same grid cell (and belonging to the same cluster) were
then merged to form one species list per grid cell (excluding singleton
and doubleton species). This was run at a grid cell resolution of 5 km,
10 km, 20 km and 50 km. Separation across clusters was low in the 5,
10 and 20 km cell sizes. For the 50 km subdivision of the region separa-
tion across all clusters was also low (Global R = 0.129, P = 0.001).
Pairwise tests between individual clusters however, demonstrated sep-
aration between the shelf environment (cluster 5), and both deep-
water environments (clusters 1-3) (Global R ¥ = 0.549, o = 0.135, P
= 0.001), and regions of complex topography (cluster 4; Global R =
0.446, P = 0.001). Clusters with greater geographic connectivity with
the shelf (i.e. areas of continental slope - clusters 6 and 7) demonstrated
lower degrees of separation (Global R = 0.323 and 0.195 respectively).

In running the same protocol for the shelf environment (level-2
cluster classification), a 50 km hexagonal grid did not provide sufficient
sample points for effective ordination analysis. As such a 20 km grid was
used for the level-2 analysis. No significant relationship was shown.

Removing the landscape mapping clusters as a factor in the analysis,
we ran an ordination on the data with geographical region as a factor, to
look for simple biogeographical trends in the data. The South Georgia
shelf (>400 m) was subdivided into four broad geo-regions, with the
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Fig. 6. Non-metric multidimensional scaling analysis of the taxonomic composition of South Georgia's benthic environment. Sample stations are colour-coded on the basis of the landscape
mapping cluster in which they occur (Fig. 3). Analysis shows: 1. All species-level biological data available for the level-1 cluster region, for which no statistically significant relationship was
shown (Global R = 0.154, P = 0.001); 2. Species-level biological data filtered to exclude all singleton and doubleton species for the level-1 cluster region. Species lists for each station
occurring within the same cluster were merged and randomly re-sampled for 50 records with replacement 50 times. Two-dimensional stress was good (0.18). Separation was strong
(Global R = 0.861, P = 0.001); 3. Species-level biological data filtered to exclude all singleton and doubleton species for the level-2 cluster region (South Georgia shelf). Species lists
for each station occurring within the same cluster were merged and randomly re-sampled for 50 records with replacement 50 times. Separation was strong (Global R = 0.772; P =
0.001). 2D stress was high (0.24); 4. Species-level biological data filtered to exclude all singleton and doubleton species for the level-3 cluster region (South Georgia inner shelf).
Separation was strong (Global R = 0.87; P = 0.001). 2D stress was very high (0.3), only reducing to 0.22 in 3-dimensional space.

geographically and bathymetrically isolated Shag Rocks forming a fifth
region. As before species with fewer than two records, and stations
with fewer than two records were excluded from the analysis. The ordi-
nation was run at three taxonomic levels; family, genus and species.
Across all taxonomic levels no statistically significant bio-regional
trends were shown.

All ordination analyses thus far demonstrated high variability be-
tween the faunal compositions of individual sample stations. This
could be accounted for by natural variability in the environment and
the animals that live there, sampling bias or the rarity of many of the
species recorded. To address the question of whether landscape map-
ping clusters can act as predictors for the species composition of the
benthic communities which live there, and as such can be considered
ecologically relevant, we attempted to assess species composition at
the landscape-level (as defined in Fig. 3) rather than between individual
sampling stations. To do this, species lists for stations occurring in the
same cluster were merged. They were then randomly re-sampled
(with replacement) for 50 records a total of 50 times. These ‘pseudo sta-
tions’ were then input into the NMDS analysis to determine whether
after removing station-level variability, each cluster had its own distinct
biological signature. NMDS of this dataset demonstrated a strong degree
of separation between clusters (Global R = 0.861, P = 0.001). Cluster 5
appeared most distinct from other clusters whilst deep-water clusters 2
and 3 were shown to be most similar (Fig. 6.2). The same protocol was
applied to level-2 and level-3 clusters. Both showed strong separation
between clusters (Global R = 0.772, P = 0.001; Global R = 0.87,P =
0.001 respectively). In the level-2 analysis (Fig. 6.3) clusters 5.3 and
5.4 showed significant overlap. These clusters were both similarly
characterised by strong current regimes. Clusters 5.1 and 5.5 also
showed a degree of overlap and both included regions of deeper more

stable water temperatures. The complex topography of cluster 5.6 and
the near-shore environment of cluster 5.2 both appeared most distinct
in terms of faunal composition. A significant weakness in visualising
this analysis however is the high two-dimensional stress value (0.24)
of the graph indicating that it was problematic for an accurate reflection
of the data to be rendered in two-dimensional space. An acceptable
three-dimensional value (0.19) however gives greater confidence in
the three-dimensional representation. Fig. 6.4 shows the NMDS results
from the level-3 resampling analysis. Though separation was shown to
be strong (Global R = 0.87; P = 0.001), high stress values in both 2D
and 3D space suggest the visual representation on the data in Fig. 6.4
is not a good reflection of the true nature of the data.

3.4. SIMPER analysis

SIMPER analysis of level-1 clusters demonstrated that cluster sepa-
ration was driven, to a large degree, by the species composition of a rel-
atively small number of classes or phyla. In all but cluster 4 (rocky
escarpments) the composition of amphipods and echinoderms
accounted for 55.8% (0 = 5.3%) of species-level dissimilarity between
clusters. Cluster 4 was driven by a more extensive groups of taxa includ-
ing echinoderms but also hydrozoans, hexacorals, octocorals and cri-
noids. Corals accounted for 26.7% of species-level dissimilarity in
cluster 4. Simper analysis of the shelf environment (cluster levels-2
and 3) again showed the dominance of species of amphipods in defining
a number of cluster designations (e.g. the predominantly shelf-edge
clusters 5.3 and 5.4). The simper analysis species lists for both levels-2
and 3 clusters were comparatively taxonomically diverse. Species of as-
cidians, pycnogonids, gastropods, echinoderms, bryozoans and sponges
were all shown to drive the faunal differentiation of different clusters.
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4. Discussion

This study aimed to assess whether broad-scale habitat mapping ap-
proaches employed at South Georgia (Hogg et al., 2016), and adopted
more generally in management plans globally (Ainley et al., 2010;
Davies et al.,, 2004; Last et al.,, 2010), produce ecologically relevant re-
sults. Secondly, if they do, whether they represent an effective tool in
addressing the mismatch between large-scale marine spatial planning,
and paucity in biological data that is ubiquitous for large-scale marine
protected areas?

4.1. Linking landscape and biology

Ordination was used to assess the relationship between an extensive
biodiversity dataset for the region (Hogg et al., 2011), and a physical
habitat classification derived from abiotic attributes of the environment
(Hogg et al., 2016). The biological data demonstrated a high level of tax-
onomic variability between sample stations, both between and within
habitat classifications. This concurred with a previous attempt (Barnes
and Sands, 2017) to link biological data with habitat designations at
South Georgia (Barnes et al., 2016; Hogg et al., 2016). We report that
even geographically neighbouring sampling stations often shared few,
or no common species. The data did not demonstrate clear biogeo-
graphical trends, or obvious broad-scale zonation over depth, latitude
or longitude. Nor did it support species-level discontinuity between
the shelf waters of South Georgia and neighbouring Shag Rocks, as pre-
viously recorded in a range of mobile taxa (Allcock et al., 1997; Shaw et
al., 2004; Kuhn and Gaffney, 2006; Strugnell et al., 2012). Instead biolog-
ical records were dominated by the presence of rare, singleton or dou-
bleton species (Fig. 4).

Only when records were randomly re-sampled within each cluster
designation, thus removing the integrity of individual sampling stations,
was a statistically significant relationship between landscape mapping
clusters and species composition demonstrated (Fig. 6). This approach
highlighted that though benthic taxonomic composition at South Geor-
gia is highly heterogeneous, a clear biological signature is nonetheless
associated with physical habitat mapping classifications. At the broadest
spatial scale (level-1 clustering), clear biogeographical trends were evi-
dent in the resampled data. Deep-sea clusters 2 and 3, clustered closely
together, as did clusters 4, 6 and 7 (representing predominantly
neighbouring terrains along the South Georgia continental slope),
whilst the shelf environment of cluster 5 was shown as a clearly sepa-
rate grouping. This geospatial correlation in the data was also apparent
when the region was gridded and analysed on a 50 km? hexagonal grid.
Here the shelf environment (cluster 5) exhibited a distinct faunal com-
position from all other clusters. The degree to which other landscape
clusters differed biologically from the shelf environment was shown
to be dependent on their geographic connectivity. Adjacent continental
slope regions were shown to be biologically most similar to the shelf
and the more remote deep-sea environment, most dissimilar.

Level-2 and level-3 landscape mapping classifications, which fo-
cused on the South Georgia continental shelf, demonstrated similar
trends to the level-1 clusters. Most species were recorded very infre-
quently and there was a high degree of heterogeneity in faunal makeup
within and between clusters. Ordination of the raw biological data dem-
onstrated no statistically significant separation of faunal composition on
the basis of landscape clusters. When randomly resampled however,
clear divisions were seen between certain clusters. As with level-1 clus-
tering, greatest dissimilarity appeared to be related to the geospatial
distribution of different clusters, with neighbouring clusters often
forming stronger biological association. As spatial scale reduced further
in level-3 clustering, though the relationship between biological assem-
blages and landscape cluster remained strong, the NMDS analysis dem-
onstrated a far greater degree of cross-over between clusters than in
level-1 and level-2 clustering.

There are certain features in the marine environment such as coral
reefs (Andrefouet et al., 2006), canyons (Huvenne et al.,, 2011), gullies
(Gales et al, 2016) and continental shelf breaks (Harris and
Macmillan-Lawler, 2016), for which sharp discontinuities in environ-
mental conditions, notably depth and substrate, delineate a boundary
between consolidated habitats. Most marine habitats however, depend-
ing on the spatial scale at which they are observed, are not clearly delin-
eated by abrupt boundaries. Instead conditions that define habitats
change over gradients and biological communities transition, with a de-
gree of turnover between regions. As such there is a fundamental incon-
sistency between this continuum of environmental variables and
categorical classification systems (Wallace, 1876), which will always
make this sort of analysis problematic.

Whilst some elements of the environment demonstrate gradual
change, the benthic environment also represents a complex mosaic of
different conditions and structures. Some are continuous, driving grad-
ual change, others are seasonal, driving temporal change, whilst others
are stochastic and isolated in nature. By randomising the biological
dataset we attempt to smooth out this boundary effect at the edge of
clusters where there is likely a lot of spill-over between cluster designa-
tions. Furthermore, it also acts as a means of smoothing out fine to me-
dium scale features driving biological heterogeneity in the landscape. In
doing so we demonstrate a simplified, broad-scale view of benthic life
around South Georgia, but one which identifies landscape mapping
clusters, across spatial scales as ecologically relevant.

4.2. Biological drivers of landscape clusters

SIMPER analysis identified a relatively narrow suite of animals as re-
sponsible for driving distinct faunal compositions in each landscape
cluster. At level-1 clustering, these lists were dominated by amphipod
crustaceans and echinoderms belonging to the classes Ophiuroidea
(brittlestars and basketstars), Asteroidea (seastars) and Echinoidea (ur-
chins). The ubiquity across clusters of these higher taxonomic groups as
indicator species is noteworthy, given they weren't shown to be partic-
ularly dominant in terms of general record or species counts at South
Georgia. As such this could be an indication that these particular faunas
have benefited from a degree of taxonomic differentiation not afforded
to all other taxonomic groups. Morpho-species of these taxa may have
been subdivided to a far greater degree, due to increased attention, or
ease of identification. One cluster that differentiated from others in
terms of SIMPER analysis was cluster 4. This cluster was defined by a
much broader group of animals including various sub-classes of coral.
Cluster 4 also demonstrated the greatest differentiation from other clus-
ters in terms of the functional composition of its biological communities.
Unlike other cluster designations, cluster 4 was not defined by broad-
scale classification variables (e.g. depth or temperature), which tended
to form spatially discrete, continuous and large landscape groupings.
In contrast, cluster 4 was geographically widespread, but spatially very
constrained to regions of specific geomorphology. The region had high
rugosity, high slope angles, a large range in topographic positions
(peaks and troughs), and a large range in curvature (the rate at which
slope gradient changes). Such attributes of the benthic environment
are often used as geomorphological surrogates for hard rock environ-
ments (Harris, 2012), an inference supported here by the higher num-
ber of species recorded in cluster 4, that demonstrate an exclusive
affinity to hard substrate, as well as animals known to be reef-building
organisms. Substrate type was not in itself explicitly tested in this anal-
ysis, due to a lack of available data. However, using cluster 4 as a surro-
gate for rocky environments, the categorical, and in this case binary,
hard/soft nature of substrate type as an environmental driver offers a
possible explanation as to why this cluster is so distinct in terms of its
functional and taxonomic composition. If many species demonstrate a
preference or exclusivity for hard or soft habitat types, then with the ef-
fect of other environmental drivers limited by the narrow spatial win-
dow of cluster 4, the more categorical nature of the topography or
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substrate seems likely to have the most directing, and quantifiable influ-
ence on the faunal composition of the habitat. Indeed the original anal-
ysis of the cluster designations (Hogg et al., 2016 [Fig. 6; Supplementary
materials Figs. 2 & 3]) demonstrates how marked the environmental di-
vide is between cluster 4 and all other clusters.

In contrast, other clusters covered very large spatial areas, and as
such, though they were characterised by distinct combinations of
broad scale trends in environmental conditions (Table 2), it seems likely
that within each of these clusters, there was a large range of different
habitat types driven by smaller scale drivers. For example a series of iso-
lated rocky outcrops such as a glacial dropstones within an otherwise
homogenously muddy, flat environment would create significant vari-
ability in the biological dataset (Meyer et al., 2016; Meyer, 2017). The
stochastic nature of this variability would make it very difficult to char-
acterise fauna representative of a particular landscape mapping cluster.

SIMPER analysis for level-2 and level-3 landscape mapping classifi-
cations, provided significantly different results from that of level-1 clus-
tering. On the South Georgia shelf, landscape clusters were driven by a
much broader group of taxa with the inclusion of species from 13 differ-
ent phyla including species of ascidian, bryozoans and shelled molluscs.
This greater diversity in species is likely on account of more comprehen-
sively analysed samples and research campaigns on the South Georgia
shelf compared to the adjacent regions.

With reference to Hogg et al. (2016), when interpreting the strength
of any faunal association with landscape mapping clusters, it is impor-
tant to note that not all landscape mapping clusters were equal in
terms of physical environmental dissimilarity between one another.
Some, notably the shelf environment (cluster 5) and rocky escarpment
environments (cluster 4), were much more clearly delineated than for
example, some of the deep-sea clusters. Other clusters were designated

Table 2
Descriptions and interpretation of physical environmental variables underpinning each
landscape mapping cluster (adapted from Hogg et al., 2016).

Cluster Description

1 Strong oceanographic currents at seabed (X = 0.05 m/s) on a northerly
trajectory

2 Exclusively deep-sea (2500-4500 m), low sea-bed temperature (X = 0.75
°C), predominantly southerly distribution

3 Exclusively deep-sea (>2500 m), low seabed temperature (X = 0.5 °C),
northerly distribution, high sea-surface primary productivity (X = 420
Mg C/m?/day)

4 Locally complex topography, steep slopes (>10°), high rugosity, large
range in topographic position values and curvature

5 Shallow, spatially discrete, flat, large annual temperature range, low
salinity, high primary productivity

6 Strong oceanographic currents at seabed (X = 0.10 m/s) on a

south-easterly trajectory, associated with large-scale, deep-sea
topographic features

7 Wide bathymetric range (all <250 m and predominantly 2000-3000 m),
Annually-stable warmer sea-bed temperatures (X = 1.4 °C)

5.1 Deeper outer shelf, flat homogenous topography, higher sea-surface
primary productivity

5.2 Shallow coastal environment, higher seabed temperature and larger

annual temperature range, low salinity, large range in slope gradient (up
to a maximum of 8°), high rugosity, lower or negative TPI

53 Stronger oceanographic currents at seabed on an easterly trajectory

5.4 Stronger oceanographic currents at seabed on a northerly trajectory

5.5 Colder annually stable water, topographically homogenous with flat
terrain and weak currents

5.6 Complex topography, steep slopes (max = 8°), high terrain ruggedness

(rugosity), large range in TPI and curvature

55.1 Shallow coastal water, large annual temperature range (cold in winter
warm in summer), low salinity, Slight negative slope gradient

5.5.2 Deeper water, flat topography, higher salinity, high winter temperatures
(though not summer)

553 Shallow-medium depth water, flat topography, low salinity

5.5.4  Complex topography with slopes up to 5°, negative TPI

5.5.5 Mid-depth, stable cold water, higher primary productivity

5.5.6 Stronger oceanographic currents at seabed on a northerly trajectory

5.5.7 Stronger oceanographic currents at seabed on a easterly trajectory

on the basis of very strong environmental signals, yet in the context of
the ecology of the region might be called into question. For example is
it ecologically meaningful to create a landscape division on the basis of
the directional flow of a seabed current (as in the case of clusters 1
and 6) or is it only important how strong the current is? Over very
large spatial scales directional flows in currents may prove informative
of the nutrient or food carrying potential of the water mass, for example
transportation of krill to South Georgia from the Antarctic Peninsula to
the south (Hofmann et al., 1998). This, however, may not be informative
at finer spatial resolution. For all clusters therefore, it is entirely reason-
able to assume that the factors that drive the cluster designations will in
turn impact the strength of the biological response that we observe be-
tween clusters.

4.3. Application of landscape mapping in marine spatial planning

This paper assesses how landscape mapping can inform, if at all, on
the underpinning and implementation of marine management at
South Georgia. Representative protection is a key requirement of CBD
Aichi goals (Secretariat of the CBD, 2010). Indeed one criticism of
VLMPASs generally, has been that they do not provide representative
protection of realms across the marine environment (Leenhardt et al.,
2013; Jones and De Santo, 2016).

Biological data collections at South Georgia date back over 130 years.
As such the dataset, though extensive, often lacks accurate metadata
(collection method; whether sampling was targeted; geo-referencing;
taxonomy), and a standardised experimental design or sampling proto-
col. This makes biogeographical analysis at South Georgia problematic,
with underlying and often unaccountable sampling and taxonomic
biases. The type of sampling gear used in different studies, will by itself
have a profound influence on the ability to characterise the biology of an
area in a way that can be linked to the remotely sensed data sets (Solan
et al,, 2003). Conversely however, these limitations also make analysis
of the South Georgia dataset a real-world example of addressing
VLMPA data management. Over very large spatial scales, biological
data collection is not likely to be standardised, as such, South Georgia
represents a good analogue for large-scale analyses of VLMPAs more
broadly.

Despite clear limitations, notably in the underlying high variability
in the biological data, landscape mapping is demonstrated at species-
level to be ecologically meaningful. This provides the opportunity of a
quantitative assessment of how representative current protection is of
benthic habitats at South Georgia. Currently the MPA covers the major-
ity of the exclusive economic zone (Trathan et al., 2014). Long-line fish-
ery activity is restricted (under licence) to a depth band of 700-2250 m
around the South Georgia slope. Landscape mapping can help us access
whether certain habitat types are disproportionately exposed to such
activity. Preliminary analysis would suggest that fishing activity is cur-
rently predominantly occurring over clusters 4 and 7. Our analysis sug-
gests these clusters have high affinity with hard rock environments
with higher levels of reef-building organisms, notably corals. Further-
more previous analysis has identified this to be a region of higher spe-
cies richness, notably in brooding species and low-dispersal model
taxa (Barnes et al,, 2016). This therefore is an example of how landscape
mapping, integrated with other analyses, can be used to identify regions
that may be important to protect, but under the current framework may
be disproportionally impacted by current human activity.

Another application of landscape mapping in marine spatial plan-
ning at South Georgia is the ability to identify and thus maintain habitat
heterogeneity in the region. Habitat heterogeneity is well established as
a useful proxy for species diversity at multiple spatial scales (Williams,
1943; Hewitt et al., 2008; Foley et al., 2010). As such it is often adopted
in marine conservation as a mean of identifying and maintaining spe-
cies-level diversity (Roberts et al., 2003; Mumby et al., 2008). Landscape
mapping provides a framework by which to map and protect regions of
high habitat heterogeneity. Habitat heterogeneity can also help us
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Table 3a
Summary of biological records by level-1 cluster.
Cluster Stations Records Phylum Class Order Family Genus Species
Cluster 1 293 1328 12 24 42 131 183 258
Cluster 2 62 655 9 17 31 85 124 173
Cluster 3 35 311 8 12 18 47 61 88
Cluster 4 778 2761 12 27 44 145 212 312
Cluster 5 3316 17,713 18 49 78 424 798 1388
Cluster 6 377 1515 11 22 46 118 172 223
Cluster 7 1753 6016 13 31 61 187 284 394
Table 3b
Summary of distinct (cluster specific) taxa by level-1 cluster.
Cluster Phylum Class Order Family Genus Species Singletons Doubletons
Cluster 1 0 0 0 4 12 23 21 48
Cluster 2 0 0 1 9 31 54 42 77
Cluster 3 0 1 1 2 2 7 7 11
Cluster 4 0 1 1 5 16 30 30 60
Cluster 5 5 16 17 204 478 978 422 820
Cluster 6 0 0 2 3 12 19 17 31
Cluster 7 0 0 2 5 22 41 35 71
Table 3¢
Summary of the functional traits of biological records by level-1 cluster.
Cluster Reef-building Substrate Mobility Dispersal
Yes No Hard Soft Cosmo Sessile Mobile Pelagic Non-pelagic
Cluster 1 7 138 96 3 59 91 140 174 196
Cluster 2 0 118 21 25 1 20 115 72 67
Cluster 3 0 53 0 7 0 0 67 33 47
Cluster 4 26 118 128 11 27 124 91 146 136
Cluster 5 241 4010 1440 366 412 1305 3268 1922 3030
Cluster 6 18 149 48 17 56 47 131 103 111
Cluster 7 21 469 98 37 134 92 431 255 353
Table 3d
Summary of biological records by level-1 cluster.
Taxa Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 6 Cluster 7
Porifera 29 1 1 133 234 35 196
Crustacea 322 416 229 774 5374 382 2019
Annelida 49 50 38 69 738 41 131
Cnidaria 283 48 23 1006 345 364 1628
Mollusca 2 0 1 13 432 1 44
Fish 349 1 0 96 7580 418 812
Ascidian 11 11 0 35 528 13 57
Echinodermata 173 78 8 530 1250 219 982
Cephalopoda 8 0 0 13 107 15 52

identify regions of high functional diversity (diversity in functional
traits), which in turn has been linked to ecosystem functioning
(Zeppilli et al., 2016), and to greater provision in ecosystem services
(Tilman et al., 1997; Barnes and Sands, 2017).

VLMPAs by nature adopt a ‘cover as much as possible-protect as
much as possible’ model to conservation and management of marine re-
sources. Landscape mapping can be used in synthesis with predictive
modelling approaches, across spatial scales, to identify important, vul-
nerable or unique habitats that may warrant enhanced protection and
also provide a better understanding of the habitats and their functions
that are currently being protected.

5. Conclusions

We demonstrated a statistically significant relationship between envi-
ronmentally derived landscape mapping clusters at South Georgia (Hogg
et al,, 2016), and the composition of presence-only species data from the
region (Hogg et al,, 2011). This relationship reveals a distinct biological

signature in the faunal composition of individual clusters, and as such, at-
tributes ecological relevance to South Georgia's environmentally derived
landscape mapping clusters. This correlation was evident across three hi-
erarchically nested spatial scales, from very large regional clusters
(10* km?) to much smaller spatially constrained features (10! km?).

In order to demonstrate this relationship however, required specific
treatment of the data to remove biological rarity, biological cosmopoli-
tism, range restricted sampling of specific taxa, and fine-scale heteroge-
neity between sampling stations. The need for such iterative cleaning
and re-sampling of the biological data highlighted the problematic na-
ture of analysing historical data (in this case representing over
130 years of polar exploration), specifically in accounting for spatial
and taxonomic biases not always explicit in the data without knowledge
of the provenance and collection protocol applied during data collec-
tion. Furthermore, it was indicative of the high degree of heterogeneity
in the biological data, presumably reflecting fine-scale heterogeneity in
the environment not accounted for in relatively broad-scale, top-down
approaches to habitat classifications.
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Analysis identified some clusters as more biologically distinct than
others. Where environmental conditions were distinct from geographi-
cally neighbouring regions, a corresponding distinctiveness in faunal
composition was often recorded. Functional traits of South Georgia's
benthic fauna correlated well with certain landscape mapping clusters,
for example, representing a good surrogate for distribution patterns of
reef-building corals.

Marine habitat mapping has been suggested as representing an ef-
fective tool in addressing the mismatch between large-scale marine
spatial planning and paucity in biological data. One of the challenges
facing marine spatial planners at the broad spatial scales of VLMPASs, is
paucity in biological data at a scale relevant to planning decisions.
There is however, also a disparity between rigid habitat classification
systems, and the reality in which habitats are not delineated by abrupt
boundaries, but rather a continuum of gradual biotic and abiotic change.
In this study, by smoothing out this boundary effect, mapping clusters
are shown to be biologically distinct. By extension therefore, the use of
environmental clustering as a management tool can, we argue, repre-
sent an effective means of ensuring a degree of representative protec-
tion of benthic habitats.
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