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Abstract 
Context  The ecological implications of multi-
scale spatial heterogeneity remain poorly resolved in 
many parts of the ocean, especially at abyssal (3000–
6000  m) and hadal (> 6000  m) depths. Seascape 
ecology offers a framework to link spatial patterns 
with ecological processes but remains an emerging 
approach for biodiversity research in the deep sea.
Objectives  We aim to promote wider recognition of 
seascape ecology as a unifying framework for under-
standing biodiversity, spatial patterns, and processes 
across scales in the deep ocean. Specifically, we aim 
to identify strategic priorities to advance seascape 
ecology in abyssal and hadal environments and to 
transform the framework from concept to practice.
Methods  We adapt foundational concepts of sea-
scape ecology—Composition, Configuration, 

Connectivity, and Context —to deep-sea ecosystems 
across multiple scales. For each, we assess current 
knowledge, highlight key research gaps, and propose 
practical avenues for future application.
Results & Conclusions  Research gaps and priorities 
are outlined for each concept, as well as an opera-
tional workflow. Cross-cutting needs include multi-
scale sampling and analysis, integration of abiotic 
and biotic data, incorporation of traits and phylogeny, 
improved temporal coverage, and greater technologi-
cal and methodological standardisation.

Keywords  Deep sea · Abyssal zone · Hadal 
zone · Environmental heterogeneity · Biodiversity 
patterns · Marine biogeography · Connectivity · Scale 
dependence
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Introduction

Seascape ecology emerged from landscape ecol-
ogy as a multidisciplinary framework to understand 
how spatial heterogeneity influences ecological pat-
terns, processes, and connectivity in marine systems 
(Boström et  al. 2011; Wedding et  al. 2011; Pittman 
et al. 2021; Swanborn et al. 2022b). The field exam-
ines the dynamic interplay between structure and 
function across multiple spatial and temporal scales, 
linking biodiversity, ecosystem functioning, and bio-
logical change (Steele 1989; Levin 1992; Pittman 
2017). Extending landscape-based concepts to marine 
systems, seascape ecology helps understand the eco-
logical implications of environmental heterogene-
ity and supports ecosystem-based ocean stewardship 
(Wedding et al. 2011; Pittman et al. 2021; Swanborn 
et  al. 2022b). Despite advances in geospatial tech-
nologies, sensors and analytical techniques (Dano-
varo et al. 2020; Aguzzi et al. 2024), these principles 
have not been widely applied to marine biodiversity 
research, especially in the deep sea.

The deep sea comprises the largest biome on 
Earth, extending from continental margins across 
abyssal plains into deep trenches (Ramirez-Llodra 
2020). Challenging long-held paradigms in ecology 
(Smith and Snelgrove 2002), deep seascapes are vast, 
highly diverse, and nutrient-poor (Smith et al. 2008; 
Ramirez-Llodra et  al. 2010), and provide vital ser-
vices, such as nutrient cycling (Arrigo 2005; Middel-
burg 2018) and supporting benthopelagic food webs 
(Iken et  al. 2001; Drazen and Sutton 2017). These 
environments can be conceptualised as spatially com-
plex, three-dimensional “seascapes” in which multi-
scale environmental gradients structure mosaics of 
habitats and communities. At basin scales, abyssal 
plains are punctuated by ridges, seamounts, and frac-
ture zones, and characterized by variations in surface 
sediment composition (Harrison et  al. 2025), while 
trenches introduce large vertical gradients in pres-
sure, topographic complexity, bottom water proper-
ties, and oceanographic conditions (Fig.  1) (Clark 
et al. 2010; Ramirez-Llodra et al. 2010; Stewart and 
Jamieson 2018; Kolbusz et  al. 2024). Substratum 
type, sediment characteristics, and microtopography 

Fig. 1   Spillhaus square projection map of the world ocean 
for the seafloor showing the abyssal and hadal depth zones 
(A). Bathymetry data from the Global Bathymetric Chart of 
the Oceans (GEBCO Compilation Group 2024). Insets show 

seascape structure across mega- (B), meso- (C), macro- (D) 
and micro- (E) scales using data collected in the Nova Canton 
Trough during the Inkfish Open Ocean Program Nova Canton 
Trough expedition (Jamieson et al. 2024)



Landsc Ecol           (2026) 41:32 	 Page 3 of 25     32 

Vol.: (0123456789)

shape seafloor heterogeneity within these features at 
finer spatial scales (Grassle 1989; Etter and Grassle 
1992; Levin et al. 2001; Ramirez-Llodra et al. 2010; 
Durden et  al. 2015), while overlying oceanographic 
processes, including current regimes, water mass 
and chemical boundaries, circulation patterns, the 
location of the oxygen minimum zone (OMZ), and 
critically, the supply of particulate organic matter 
(POM) from the surface, govern energy flow and ben-
thic conditions (Lutz et  al. 2007; Smith et  al. 2008; 
Yasuhara and Danovaro 2016; McClain et  al. 2020; 
Simon-Lledó et  al. 2023a). Episodic events such as 
food pulses, seismic activity or benthic storms intro-
duce temporal variability (Gooday 2002; Gardner 
et al. 2017).

Understanding environmental heterogeneity across 
horizontal and vertical gradients, and how biodiver-
sity responds to environmental mosaics, is central to 
marine ecology, particularly in the deep sea. Spatial 
variation underpins species occurrence and distribu-
tion, connectivity, ecological function, and resilience 
in the face of both natural and anthropogenic distur-
bances (Levin et al. 2001). Despite the high diversity 
of ecosystems in the deep sea and their ecological sig-
nificance, our ability to study the ecological implica-
tions of environmental heterogeneity remains limited, 
partly due to the persistent data scarcity (though this 
challenge is not unique to deep-sea environments, see 
Hortal et al. 2015) but also a lack of unified analytical 
frameworks that explicitly integrate environmental 
heterogeneity across scales.

Seascape ecology provides a spatially explicit 
framework for understanding how environmen-
tal heterogeneity, combining continuous gradients 
and patchiness, influences biodiversity, ecological 

patterns, and associated processes (Turner and Gard-
ner 2015; Pittman 2017). The conceptual framework 
is organised around several key Cs (Pittman et  al. 
2021; Swanborn et  al. 2022b). Here, we explicitly 
add Composition to the original four Cs defined by 
Pittman et  al. (2021), reflecting challenges around 
resolving the elements that form seascape structure 
in deep-sea environments. The research themes are: 
Composition (the environmental and biological sea-
scape elements – species and habitats – that are pre-
sent), Configuration (the arrangement of seascape 
elements), Connectivity (how these elements are 
linked across space) and Context (broader environ-
mental drivers that shape the system under considera-
tion) (Fig. 2). Importantly, the application of these Cs 
requires explicit Consideration of scale (Fig. 1), with 
spatial and temporal scale shaping both the detec-
tion of patterns and the derived interpretation (Wiens 
1989; Levin 1992). Seascape units can be delineated 
at different scales, depending on the phenomenon 
under consideration (Table 1).

Although many deep-sea studies implicitly apply 
these concepts (Levin et al. 2001; Smith et al. 2008; 
Cordes et  al. 2010; McClain et  al. 2020; Jamie-
son et  al. 2021; Simon-Lledó et  al. 2023a), they 
are rarely integrated or operationalised under a 
cohesive framework. We aim to present the Cs of 
seascape ecology as a conceptual framework to 
improve the study of biodiversity-environment rela-
tionships in benthic deep-sea environments, with 
emphasis on abyssal (3000–6000 m) and hadal sys-
tems (> 6000 m) (Fig.  1). While pelagic environ-
ments are a critical component of the seascape (Sut-
ton et al. 2017; Haddock and Choy 2024), and could 
be conceptually studied using the Cs framework, we 

Fig. 2   Schematic repre-
sentation of the four Cs of 
seascape ecology and their 
application to deep-sea 
environments across micro- 
to meso-scales. Colours 
used are representative of 
each concept
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deliberately focus on the benthos, where the oppor-
tunity to apply fundamental seascape theory princi-
ples is currently greatest. We translate the concep-
tual underpinnings of seascape ecology to deep-sea 
ecosystems, and for each of the Cs, identify key 
research gaps and outline practical avenues for their 

application in future deep-sea research (Figs. 2 and 
3). By doing so, we seek to promote wider recogni-
tion of seascape ecology as a common framework 
for understanding biodiversity, spatial patterns and 
processes across scales in the deep ocean.

Table 1   Conceptual position of seascape ecology relative to other disciplines

Concept / Approach Core focus Distinguishing characteristics and relevance

Landscape/Seascape ecology Relationship between spatial patterns and eco-
logical processes across space and time

Integrates pattern, process, and scale; emphasises 
how landscape structure (composition and con-
figuration) influences ecological flows, species 
interactions, and ecosystem function

Macroecology Broad-scale patterns of abundance, distribution 
and diversity

The study of broad-scale patterns and processes 
in biodiversity, abundance, and distribution of 
organisms across large spatial and temporal 
scales

Biogeography Distribution of life and biological patterns across 
space and time

Describes and explains how species, communities 
and ecosystems are arranged geographically 
and temporally. Focuses on where biodiversity 
occurs and the historical and evolutionary 
processes shaping these patterns, rather than the 
mechanistic role of spatial structure per se

Conservation biogeography Application of biogeographic principles to 
biodiversity conservation

Applies biogeographic theory to conservation 
planning by linking species distribution patterns 
with management and policy. Guides the deline-
ation of biogeographic units and prioritisation 
frameworks such as EBSAs and MPA networks

Ecosystem ecology Flow of energy and materials through interacting 
biotic and abiotic components of ecosystems

Examines the flow of energy, materials and nutri-
ents between organisms and their environment, 
emphasising the processes and feedbacks that 
maintain ecosystem function rather than the 
dynamics of individual species

Community ecology Structure and dynamics of assemblages of inter-
acting species

Focuses on how multiple species living in the 
same environment interact through processes 
such as competition, predation, and facilitation, 
and how these interactions influence biodiver-
sity patterns and ecosystem structure

Population ecology Demography and dispersal of species Studies the dynamics of a single taxon through 
time and across environments, focusing on the 
demographic and environmental processes that 
regulate abundance, distribution, and persis-
tence

Landscape/seascape genomics Spatial genetic structure in relation to environ-
mental heterogeneity

Examines how environmental heterogeneity influ-
ences gene flow, connectivity, adaptation, and 
population structure, integrating genome-wide 
molecular data with environmental and spatial 
analyses to identify adaptive loci and evolution-
ary drivers
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Composition: what is there? Recommendations 
for mapping environments, habitats 
and biodiversity

Understanding the composition of a deep seascape 
(the occurrence and distribution of its environmen-
tal features, habitats and biological communities) is 
foundational for interpreting biodiversity patterns and 
ecosystem processes. Composition encompasses both 
abiotic (bathymetry, substrate type, water mass prop-
erties, food supply) and biotic (species, traits, abun-
dance, biomass, genetic variation) elements that make 
up seascapes (Fig. 2, Table 2). Composition forms the 
basis from which configuration, connectivity and con-
text can be understood.

Abiotic characterisation

Seafloor geomorphology, substratum type and over-
lying oceanography are key abiotic factors shaping 
composition. Bathymetry and terrain types delineate 
megahabitats (e.g., abyssal plains, trenches, fracture 
zones) that structure deep-sea biodiversity (Fig.  1). 
Multibeam echo sounders (MBES) provide the pri-
mary source (> 95%) of bathymetric data at abys-
sal and hadal depths, typically resolving features at 
∼10–100 m resolution (Niyazi et  al. 2025), while 
global compilations of seafloor topography, such as 
GEBCO (Mayer et al. 2018) and GMRT (Ryan et al. 
2009) capture broad-scale features, but remain coarse. 
High-resolution mapping, particularly using remotely 
operated vehicles (ROVs) and autonomous underwa-
ter vehicles (AUVs) equipped with MBES and side-
scan sonars (SSSs), captures environmental charac-
teristics in finer-scale (10’s cm-m) resolution (e.g., 
Wynn et al. 2014; Huvenne et al. 2018).

Oceanographic variables (temperature, salinity, 
oxygen, currents, nutrients, plankton, chlorophyll, 
etc.) are collected through a combination of ship-
based measurements, autonomous platforms (e.g., 
AUVs, Argo floats, gliders), long-term moorings and 
buoys, and satellite observations (e.g., Lin and Yang 
2020) and integrated through programs and reposito-
ries like the Global Ocean Ship-Based Hydrographic 
Investigations Program (GO-SHIP), World Ocean 
Atlas (https://​www.​ncei.​noaa.​gov/​produ​cts/​world-​
ocean-​datab​ase), Copernicus Marine Environment 
Monitoring Service (CMEMS, https://​marine.​coper​
nicus.​eu/) and Bio-ORACLE (https://​bio-​oracle.​org). Ta

bl
e 

2  
M

ul
ti-

sc
al

e 
co

m
po

si
tio

na
l h

et
er

og
en

ei
ty

 in
 d

ee
p-

se
a 

se
as

ca
pe

s (
sc

al
e 

fo
llo

w
in

g 
G

re
en

e 
et

 a
l. 

20
07

) 

Sc
al

e
Ex

am
pl

e 
fe

at
ur

e
A

bi
ot

ic
 d

riv
er

s
B

io
tic

 e
xp

re
ss

io
n

Su
rv

ey
 m

et
ho

ds
/d

at
a 

so
ur

ce
s

M
eg

a 
(>

 1 
km

) (
Fi

g.
 1

b)
A

by
ss

al
 p

la
in

, b
as

in
, s

ub
du

ct
io

n 
tre

nc
h,

 fr
ac

tu
re

 z
on

e,
 S

ub
m

ar
in

e 
ca

ny
on

, s
ea

m
ou

nt

B
io

ge
og

ra
ph

ic
 d

iv
er

si
ty

: b
as

in
-s

ca
le

 
ge

om
or

ph
ol

og
y,

 w
at

er
 m

as
s s

tru
c-

tu
re

, p
ro

du
ct

iv
ity

 re
gi

m
e

B
io

ge
og

ra
ph

ic
 p

ro
vi

nc
es

, r
eg

io
na

l 
sp

ec
ie

s p
oo

ls
, c

om
po

si
tio

na
l 

tu
rn

ov
er

, b
ro

ad
 d

ep
th

 z
on

at
io

n,
 

ec
ol

og
ic

al
 c

on
ne

ct
iv

ity

G
EB

CO
 (2

02
5)

, G
M

RT
 (R

ya
n 

et
 a

l. 
20

09
), 

W
or

ld
 O

ce
an

 A
tla

s (
M

is
-

ho
no

v 
et

 a
l. 

20
24

), 
O

B
IS

 re
co

rd
s

M
es

o 
(1

0 
s m

 
–1

 k
m

) (
Fi

g.
 1

c,
 

Fi
g.

 2
)

To
p/

fla
nk

 o
f s

ea
m

ou
nt

, s
ub

m
ar

in
e 

ca
ny

on
 h

ea
d,

 re
ef

s, 
ex

te
ns

iv
e 

be
dr

oc
k 

ou
tc

ro
ps

, n
od

ul
e 

fie
ld

s, 
hy

dr
ot

he
rm

al
 v

en
t fi

el
ds

G
eo

m
or

ph
ol

og
ic

al
 c

om
pl

ex
ity

: 
re

gi
on

al
 to

po
gr

ap
hy

, s
lo

pe
, o

rie
n-

ta
tio

n,
 in

te
rn

al
 ti

de
s

Ec
ol

og
ic

al
 a

ss
em

bl
ag

es
, d

ep
th

 
zo

na
tio

n,
 e

co
lo

gi
ca

l c
or

rid
or

s f
or

 
di

sp
er

sa
l

Sh
ip

bo
rn

e 
M

B
ES

/b
ac

ks
ca

tte
r, 

re
gi

on
al

 b
io

ge
oc

he
m

ic
al

 su
rv

ey
s

M
ac

ro
 

(1
 m

-1
0 

m
) (

Fi
g.

 1
d,

 
Fi

g.
 2

)

Se
afl

oo
r b

ed
fo

rm
s, 

ra
fte

d 
bl

oc
ks

, 
po

ck
m

ar
ks

, b
ed

ro
ck

 o
ut

cr
op

s
St

ru
ct

ur
al

 c
om

pl
ex

ity
: l

oc
al

 to
po

g-
ra

ph
y,

 su
bs

tra
te

 ty
pe

 a
ss

em
bl

ag
es

, 
cu

rr
en

t r
eg

im
es

, s
ed

im
en

ta
tio

n,
 

or
ga

ni
c 

m
at

te
r i

np
ut

 a
nd

 d
ist

rib
u-

tio
n

D
ist

in
ct

 a
ss

em
bl

ag
es

 a
cr

os
s f

ea
tu

re
s, 

as
se

m
bl

ag
e 

an
d 

be
ta

-d
iv

er
si

ty
 

tu
rn

ov
er

, t
ra

it-
sp

ec
ifi

c 
fil

te
rin

g,
 

ed
ge

 e
ffe

ct
s

U
ltr

a-
hi

gh
-r

es
ol

ut
io

n 
M

B
ES

, A
U

V
/

RO
V

 m
ap

pi
ng

, s
te

re
oi

m
ag

in
g,

 w
at

er
 

sa
m

pl
in

g 
tra

w
ls

, i
m

ag
er

y 
su

rv
ey

s

M
ic

ro
 

(c
m

-1
 m

) (
Fi

g.
 1

e,
 

Fi
g.

 2
)

B
ou

ld
er

s, 
gr

av
el

s, 
dr

op
sto

ne
s, 

bi
o-

ge
ni

c 
ha

bi
ta

ts
, i

nd
iv

id
ua

l n
od

ul
es

Su
bs

tra
te

 d
iv

er
si

ty
, s

ub
str

at
e 

pa
tc

hi
-

ne
ss

, m
ic

ro
to

po
gr

ap
hy

, b
io

tu
rb

a-
tio

n,
 le

be
ns

sp
ur

en

C
ol

on
is

at
io

n,
 lo

ca
lis

ed
 ri

ch
ne

ss
, 

lo
ca

l c
oe

xi
ste

nc
e

In
-s

itu
 im

ag
er

y,
 se

di
m

en
t c

or
es

, S
fM

 
ph

ot
og

ra
m

m
et

ry

https://www.ncei.noaa.gov/products/world-ocean-database
https://www.ncei.noaa.gov/products/world-ocean-database
https://marine.copernicus.eu/
https://marine.copernicus.eu/
https://bio-oracle.org


	 Landsc Ecol           (2026) 41:32    32   Page 6 of 25

Vol:. (1234567890)

While these have greatly advanced our ability to char-
acterise oceanographic conditions, they often lack 
the resolution and precision below 3000 m required 
to resolve abyssal and hadal benthic boundary layers 
and conditions that drive biodiversity. Likewise, ana-
lytical challenges remain in separating the pervasive 
influence of depth from correlated water-mass prop-
erties: temperature, oxygen, and salinity covary with 
depth, but can exert independent effects on species 
occurrence.

Biotic characterisation

Information on biotic elements of composition in the 
deep sea has historically relied on trawls, cores and, 
more recently, in-situ imaging. While effective, these 
methods are often spatially patchy (Bridges and How-
ell 2025), or in the case of imaging, taxonomically 
incomplete. Taxonomic precision varies across taxo-
nomic groups and imaging methods. Open Nomen-
clature (ON) symbols to indicate standardised levels 
of identification are increasingly used to enhance the 
clarity, precision, and comparability of image-based 
biodiversity data (Horton et al. 2021, 2025), substan-
tially increasing the accuracy of combined image-
based and molecular taxonomic characterisation 
(Kersken et al. 2019; Bribiesca-Contreras et al. 2022; 
Stratmann et  al. 2025). Such integrative taxonomy 
provides the baseline for emerging approaches, such 
as metabarcoding and environmental DNA (eDNA), 
to detect species presence, faunal turnover, and sea-
scape boundaries, including at abyssal and hadal 
depths (Djurhuus et  al. 2020; Laroche et  al. 2020; 
Verhaegen et  al. 2025). Importantly, biotic compo-
sition extends beyond species lists to also include 
genetic and functional variation, abundance, biomass, 
and/or energy, all of which underpin ecosystem func-
tioning and ecological processes.

Seascape representation

From a seascape perspective, composition can be 
represented using patches, mosaics or gradients 
(Fig. 2). At the broadest scale, biogeographic clas-
sification schemes integrate oceanographic proper-
ties with biological distributions to delineate deep-
sea provinces, from Vinogradova (1979, 1997) 

and Belyaev’s (1989) early iterations to modern 
reassessments (Briones et  al. 2009; Watling et  al. 
2013; Simon-Lledó et  al. 2023a). At finer scales, 
spatially continuous environmental datasets and 
biological data provide inputs to habitat classifi-
cation approaches, theoretically delineating eco-
logically meaningful units and generating seascape 
maps (McQuaid et  al. 2020; Misiuk and Brown 
2024). Bathymetric terrain models underpin habitat 
characterisation, either using a patch-based model 
(Wedding et al. 2011), continuous gradients in envi-
ronmental conditions (McGarigal and Cushman 
2005; Lepczyk et al. 2021) or a combination of both 
patch and gradient models. Hierarchical frameworks 
(Wu and Loucks 1995; Greene et  al. 1999; Aguzzi 
et al. 2020) are especially relevant, capturing com-
positional variation at nested scales (Table 2).

Patch-matrix and patch-mosaic models con-
ceptualise seascapes as discrete units embedded 
in a wider matrix, or as dynamic mosaics differ-
ing in size, shape and persistence (Forman and 
Godron 1981; Lausch et  al. 2015). Recognition of 
the benthos as a heterogeneous mosaic (Frederick 
Grassle and Sanders 1973; Grassle 1977) over-
turned the once-dominant view of the abyss as a 
featureless and homogeneous plain, and paved the 
way for contemporary seascape approaches in the 
deep sea. Metrics such as patch size and diversity 
(Table  3) quantify compositional heterogeneity 
(Cushman et  al. 2008; Wedding et  al. 2011) while 
continuous gradients can be characterised through 
topographic variables or species distribution models 
(e.g., Uhlenkott et al. 2022).

Composition is expressed differently across scales 
(Fig.  2). Trenches can be viewed as distinct mega-
habitat patches within the wider abyssal matrix, 
where abrupt depth breaks and horizontal isola-
tion create barriers (Fig. 1, Table 2), often resulting 
in high species endemism within a trench, or across 
neighbouring trenches (Jamieson and Weston 2023). 
At mesoscales, variation in environmental parameters 
such as depth, current regime, oxygen concentrations, 
and substrate type influences the distribution, abun-
dance, and diversity of fauna, leading to flank-specific 
assemblages and vertical zonation (Kennedy et  al. 
2025). At microscales, small and isolated patches, 
such as rocky areas and nodules (Fig.  1e,  Mejía-
Saenz et al. 2023), dropstones (Meyer et al. 2016), or 
biogenic features from small sponge stalks (Beaulieu 



Landsc Ecol           (2026) 41:32 	 Page 7 of 25     32 

Vol.: (0123456789)

2001) to large whale falls (Smith et  al. 2015), can 
modulate the abundance and diversity of fauna and 
their community structure by creating fine-scale habi-
tat heterogeneity.

Key gaps

Despite global mapping and biological initiatives 
(Table 4) several critical gaps remain:

1.	 Resolution and spatial coverage mismatch: 
Global bathymetric, biogeochemical or oceano-
graphic datasets remain too coarse to resolve eco-
logically relevant benthic heterogeneity at abyssal 
and hadal depths, while high-resolution terrain 
models, knowledge on benthic water-mass prop-
erties and biological data are spatially restricted. 
This mismatch means that biodiversity-environ-
ment relationships are often studied at a single 
scale, depending on data availability, and rely on 
proxies.

2.	 Distribution of geographic and depth data: 
Observations are geographically biased towards 
certain research tools, geographic regions of spe-
cific interest (e.g., the Clarion-Clipperton Zone) 
or clustered towards more accessible features 
and depths (Bridges and Howell 2025), limiting 
knowledge about the geographic distribution of 
species (Wallacean shortfall; Hortal et  al. 2015) 
and their responses to abiotic conditions (Hutch-
insonian shortfall; Cardoso et  al. 2011; Hortal 
et al. 2015).

3.	 Taxonomic impediment: While species are the 
fundamental units of biodiversity, many deep-
sea species or groups remain undescribed owing 
to limited time and resources, and dwindling 
taxonomic expertise (Rabone et  al. 2023; Rog-
ers et  al. 2023; Hutchings et  al. 2025) (Linnean 
shortfall). Consequently, published datasets often 
use informal names, making them incomparable 
in the absence of genetic data (e.g., Washburn 
et al. 2021). Environmental DNA is increasingly 

Table 3   2D Metrics of composition and configuration (Turner and Gardner 2015), and examples from deep-sea environments

Metric type Definition Common metrics Deep-sea example Ecological implication

Patch area Area of discrete seascape 
unit

% cover, mean patch size, 
largest patch index

Extent of a sponge 
ground

Larger patches support 
higher species richness 
and abundance; less 
prone to local extinction

Patch diversity Diversity of patch types Shannon diversity, rich-
ness

Range of substratum 
types in a feature

Higher patch diversity 
increases potential 
species and functional 
diversity

Patch shape and edge Shape of habitat patch, 
length of edges

Shape index, fractal 
dimension, edge density

Biozonation in hydrother-
mal vents

Edge effect; gradient 
effects; ecotones vs 
ecoclines

Patch isolation Distance between habitat 
patches

Nearest-neighbour 
distance, Euclidean dis-
tance, proximity index

Separation between vent 
fields or trenches

Determines dispersal suc-
cess and connectivity, 
affects recolonisation 
and extinction risk

Patch arrangement Ordering or spatial 
sequencing of patch 
types

Contagion index, adja-
cency metrics

Sequential ordering 
of habitat types in a 
feature

Determines directional 
dispersal pathways and 
ecological gradients; 
enhances stepping-stone 
processes across depth 
and topography

Patch clustering Degree to which patches 
are aggregated or 
dispersed

Clumpiness index, aggre-
gation index

Clustering of nodules 
within a nodule field

High clustering facilitates 
faunal exchange and 
local connectivity; dis-
persed patches may limit 
dispersal and increase 
isolation effects
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applied at abyssal depths (Laroche et  al. 2020; 
Iguchi et al. 2024) and is emerging in hadal envi-
ronments (Rivera Rosas et al. 2024), but it is hin-
dered by incomplete reference libraries (Horton 
et al. 2025).

4.	 Data interoperability: Imaging, sampling and 
sequencing generate heterogeneous deep-sea 
biodiversity datasets. Advances in sequencing 
technology and the use of video or photographic 
surveys have dramatically increased our ability 
to understand seascape composition, but have 
resulted in a multitude of informal names with 
few formal comparisons across scales. Conse-
quently, datasets are often incomparable, commu-
nity assessments are frequently coarse and reliant 
on morphotype-based approaches, or spatially 
sparse physical samples. This complicates the 
synthesis of compositional information and may 
introduce biases or inconsistencies in datasets.

Recommendations for advancing understanding of 
composition in the deep sea

–	 Adopt nested, multiscale survey frameworks: 
implement stratified and hierarchical designs 
across abiotic heterogeneity to capture and quan-
tify both fine-scale patchiness and broad gradi-
ents.

–	 Integrate multidisciplinary datasets: Combine 
geological, oceanographic and biological data to 
generate robust habitat maps that link abiotic het-
erogeneity with biodiversity. Mapping of benthic 
communities is essential, but it is ideally inte-
grated with ocean currents and geomorphology.

–	 Quantitatively assess heterogeneity: Use spatial 
metrics (patch size, patch richness, patch diver-
sity) to quantify compositional patterns across 
scales.

–	 Promote integrative taxonomy: Combine 
approaches to estimate biodiversity, such as 
imagery, physical samples, trait data and genetic 
data, to capture multiple dimensions of composi-
tion.

–	 Test appropriate analytical scales: Assess the pre-
cision (i.e., inverse of the variance) and accuracy 
(inverse of mean error) of ecological parameter 
estimations, for instance, as a factor of the sample 

unit size analysed to capture a pattern (see Simon-
Lledó et  al. 2019a, b; Ardron et  al. 2019). This 
enables more direct comparisons among multiple 
source datasets, which can be used to optimise 
future survey designs and sampling effort.

Configuration: how are seascape elements 
arranged? Recommendations for understanding 
spatial structure and ecosystem functioning

Background

Configuration describes the spatial arrangement of 
seascape elements (i.e., their size, shapes and prox-
imity, and the presence of corridors and barriers) 
(Fig. 2). Configuration can either facilitate or impede 
the movement of individuals, genes and matter, medi-
ating dispersal, species interactions, and resilience by 
affecting how species colonise landscapes or distur-
bances spread (Turner and Gardner 2015; Chambers 
et al. 2019). Configuration bridges composition (what 
is present) and connectivity (how those elements 
interact).

The concept of configuration is rooted in the patch-
matrix and patch-mosaic models (Lausch et al. 2015) 
(Fig. 2). The patch-mosaic model introduced the role 
of small-scale habitat heterogeneity in sustaining 
diversity in deep-sea benthic environments (Grassle 
and Sanders 1973; Grassle 1977). It helps understand 
biodiversity maintenance in deep-sea systems, link-
ing spatial heterogeneity with ecological processes 
such as colonisation, competition, niche dynamics, 
and successional turnover (McClain et  al. 2024). 
Landscape metrics such as patch size, shape, conta-
gion, clumping, edge density, and fractal dimension 
(Table 2) (Cushman et al. 2008) quantitatively assess 
heterogeneity from patch-based representations (e.g., 
habitat maps, imagery). These metrics can facilitate 
comparisons of deep-sea habitat mosaics and moni-
toring of structural change.

Configuration in the deep sea

At megahabitat scales, larger topographic features 
(Table  2) act as isolated “patches” embedded in a 
broader abyssal matrix (Fig. 1), following island bio-
geography principles (MacArthur and Wilson 1967). 
Their size, character and layout influence population 
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structure, dispersal pathways and turnover (McClain 
and Hardy 2010; Weston et al. 2022) and the genomic 
landscape of species. For instance, some hydrother-
mal vent fields host endemic species restricted to sin-
gle localities (Thomas et  al. 2021; Diaz-Recio Lor-
enzo et  al. 2023). Conversely, vents organised along 
ridges and in close proximity may operate as stepping 
stones and facilitate gene propagation across enor-
mous distances (Teixeira et al. 2012; van der Heijden 
et al. 2012; Breusing et al. 2016).

Within features, the spatial arrangement of patches 
also matters. Mosaics of topographic complexity, sea-
floor characteristics, nutrient supply and bottom water 
parameters within subduction trenches generate sub-
stantial heterogeneity (Stewart and Jamieson 2018; 
Kolbusz et  al. 2024), which can leave signatures 
detectable in population structure: Alicella gigantea 
amphipod populations show local adaptation to vary-
ing resource regimes (Chen et al. 2024), while popu-
lations of Hirondellea gigas amphipod maintain gene 
flow across neighbouring trenches, yet show signs of 
local adaptation (Zhang et  al. 2025). Configuration 
effects are also expressed at macro- to micro-habitat 
scales. Polymetallic nodule fields vary from evenly 
spaced, large facies to highly clumped, small nodule 
aggregations, with nodule size and spacing influenc-
ing local megafaunal density and diversity (Fleming 
et  al. 2025). Abrupt habitat boundaries can create 
“edge effects”, such as dense aggregations of spheri-
cal biogenic tests around isolated boulders in sedi-
mentary environments (Bond et al. 2023).

Biological responses to seascape structure

Responses to composition and configuration are 
strongly taxon-, habitat- and scale-dependent. Sea-
scape structure interacts with environmental and 
biotic filtering and life-history traits such as mobil-
ity, larval duration, body size and substrate prefer-
ences, and stochastic processes, altogether determin-
ing where species can persist and how communities 
are structured (Vellend 2010; Chase and Myers 2011; 
Quattrini et  al. 2017). These patterns differ depend-
ing on whether they are examined at basin, kilometre 
or metre scales, and processes may not be relevant at 
all scales (Wiens 1989; Levin 1992; Ullmann et  al. 
2025).

A geomorphic feature can act as either a corri-
dor or a barrier depending on animal traits. Ridges 

facilitate the propagation of hydrothermal shrimps, 
mussels and gastropods, but work as barriers for other 
organisms, such as worms (Plouviez et al. 2010) and 
isopods (Riehl et al. 2018). Similarly, the availability 
of hard substrata in abyssal mud beds can control ses-
sile invertebrates that rely on this resource for disper-
sal and propagation (Simon-Lledó et al. 2025). Engi-
neering species can modulate biotic interactions and 
act as niche filters. For example, the distribution and 
abundance of ecosystem engineers such as sponges, 
corals, and xenophyophores can determine the availa-
bility of habitat for associated fauna (Buhl-Mortensen 
et  al. 2010). Similarly, predator–prey interactions 
influence boundaries in a realised niche. Fine-scale 
spatial faunal patterns may also reflect historical pro-
cesses and population dynamics (Susini et al. 2025). 
However, except for ongoing progress in vent popu-
lations (Alfaro-Lucas et al. 2020), our knowledge of 
life-history traits, biotic filtering, and species interac-
tions at abyssal and hadal depths remains extremely 
limited.

Key gaps

1.	 Limited quantitative use of metrics: although het-
erogeneity is well recognised, few studies apply 
quantitative landscape metrics (e.g., patch size, 
shape indices, contagion, fractal dimension) to 
resolve the ecological effects of spatial hetero-
geneity (Teixidó et al. 2002; Robert et al. 2014; 
Ismail et al. 2018; Swanborn et al. 2022a). As a 
result, relationships between habitat geometry, 
species occurrence and ecosystem functioning 
remain largely untested.

2.	 Trait data scarcity (Raunkiæran shortfall): Infor-
mation on the functional traits of deep-sea organ-
isms remains sparse (e.g., feeding mode, body 
size, mobility, foraging or reproductive strategy), 
limiting our understanding of how an animal 
responds to seascape structure and ecosystem 
functions (Beauchard et al. 2023).

3.	 Biotic interactions data scarcity (Eltonian short-
fall): Limited data and knowledge about interac-
tions (e.g., competition, predation, commensal-
ism and symbiosis) among species or groups of 
species exist, hindering assessments of how inter-
actions shape spatial distributions and responses 
to spatial structure.
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4.	 Limited integration of structure and function: 
Limited integration and combination of the above 
(environmental filtering, trait-based responses 
and biotic filtering) to robustly connect spatial 
configuration with ecological processes is cur-
rently hampered by the lack of multiparametric 
data sources.

Recommendations

To enhance understanding of configuration, we 
recommend:

–	 Apply spatial metrics systematically: Broaden 
the application of seascape metrics (e.g., patch 
size, shape, contagion, aggregation) to character-
ise deep-sea mosaics quantitatively. These enable 
comparisons of habitat geometry, heterogene-
ity and fragmentation across features or regions 
(when mapping is carried out consistently), pro-
vide baselines for monitoring changes in spa-
tial structure through time and form the basis for 
resolving the ecological consequences of spatial 
heterogeneity.

–	 Adopt multi-scale and spatially explicit analytical 
approaches: Test how spatial patterns and biologi-
cal responses vary across scales to discern scale-
dependent drivers. Simulation frameworks and 
network-based approaches (e.g., metacommunity 
or distance–decay models) can test how differ-
ent patch arrangements influence turnover, con-
nectivity and resilience under climate change and 
anthropogenic impact.

–	 Integrate trait-based data: By overlaying func-
tional information on habitat maps, we can begin 
to see the functional heterogeneity of a seascape, 
which can improve predictions of ecosystem func-
tioning as traits are directly linked to ecological 
processes. Linking configuration to organismal 
traits will clarify how spatial structure filters bio-
diversity and determines which taxa persist under 
different patch arrangements.

–	 Incorporate biotic interactions: Integrate biotic 
interactions into spatial analyses to understand 
community structure and patterns of betadiversity 
(amount of differentiation between community 
composition) across seascape configurations. For 
instance, incorporating analyses of deep ocean 

food-webs and carbon cycling (e.g., Simon-Lledó 
et al. 2023b; Stratmann et al. 2023, 2025; Hoving 
et al. 2023) along with modern computing meth-
ods to detect non-random species co-occurrence 
trends (e.g., Pollock et al. 2014).

–	 Explore the use of ecological indices to link 
structure and function: Explore index-based 
approaches (e.g., based on Ecological Qual-
ity Ratio (EQR), scoring from 0 to 100 for easy 
comparison) to combine biological attributes with 
structural and impact indicators across scales (as 
developed from imagery for mesophotic systems, 
Cánovas-Molina et  al. 2016; Enrichetti et  al. 
2019).

Connectivity: how are systems linked? 
Recommendations for understanding gene flow, 
dispersal, life history and population structure

Background

Ecological connectivity encompasses the flow of 
energy, matter, genes, propagules, or individuals 
among populations, communities, or ecosystems 
(Beger et  al. 2022) (Fig.  2). These linkages under-
pin persistence, resilience, and recovery from dis-
turbance, as well as genetic diversity and speciation 
(Cowen and Sponaugle 2009; Hilário et  al. 2015). 
Two broad dimensions are typically recognised: 
structural connectivity, which is related to patch ele-
ments (composition) and how they are arranged (con-
figuration), and assesses potential rather than realised 
connections; and functional connectivity, which rep-
resents realised movements and their demographic or 
ecological outcomes, such as population persistence 
(Metaxas et al. 2024).

In landscape ecology, structural connectivity is 
often defined as the degree to which the environ-
ment facilitates or impedes movement—termed 
resistance (Zeller et  al. 2012). This concept trans-
lates to the deep sea, where resistance arises from 
habitat composition and configuration (Calabrese 
and Fagan 2004; Pittman 2017), shaped by geo-
logical history, seabed topography, and the physical 
structure of the water column and currents across 
micro- to mega- spatial scales (Fig.  2). Although 
generally lower than on land, resistance increases 
where geomorphic features such as fracture zones, 
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subduction trenches, seamounts, and axial valleys 
of mid-ocean ridges interrupt the seafloor continu-
ity and redirect bottom currents, generating vertical 
gradients in pressure, temperature, and flow. Resist-
ance may also result from sharp physicochemical 
(e.g., CCD, oxygen minimum zones) transitions in 
the structure of the water column. These discontinu-
ities may impede the movement of materials (such 
as nutrients), energy (such as food particles) or indi-
viduals (such as larvae or adults), while features 
such as eddies, boundary currents, and upwelling 
can also impede or conversely enhance exchange 
(Metaxas et  al. 2024). Abrupt breaks in depth and 
horizontal isolation shape genetic structure even 
across broad distances (Taylor and Roterman 2017). 
In more uniform environments, such as abyssal 
plains, where distinct boundaries are minimal, dis-
tance and habitat availability become key determi-
nants of structural connectivity.

Functional connectivity depends on movement 
mode, duration, timing and vertical behaviour. 
Broader syntheses suggest that dispersal in deep-sea 
species varies with life history and habitat (Hilário 
et al. 2015; Baco et al. 2016). However, despite taxon-
specific variation, two common patterns among deep-
sea species are a greater potential for long-distance 
dispersal (Baco et al. 2016; Simon-Lledó et al. 2025) 
and the presence of depth-related barriers that struc-
ture population connectivity (Jennings et  al. 2013; 
Taylor and Roterman 2017; Galaska et al. 2021). For 
sedentary taxa, connectivity is largely governed by 
passive transport during early-life stages, with verti-
cal position in the water column, larval duration, and 
timing of release strongly influencing dispersal trajec-
tories (Hilário et al. 2015; Gary et al. 2020; Guy et al. 
2025). At present, most studies have estimated poten-
tial structural connectivity for these species using bio-
physical models that simulate larval dispersal based 
on ocean circulation and developmental traits. For 
motile species, movement distance and direction have 
been measured using telemetry; however, this is con-
strained by limited viable technologies (Armstrong 
et  al. 1992; Bagley and Priede 1997) or on short-
range spatial observation using imagery (Stratmann 
et al. 2018; Hovikoski et al. 2025).

Genetic evidence shows that historical factors 
such as past climate oscillations, geological events, 
and long-term population isolation interact with 
contemporary ecological processes like dispersal, 

recruitment, and selection to determine present-day 
genetic structure. For instance, in species with large 
effective populations, panmictic inertia can main-
tain genetic similarity long after reproductive isola-
tion, because as population size increases, genetic 
drift weakens (Kliman et  al. 2008; Piertney et  al. 
2023). Conversely, broadcast spawners often exhibit 
chaotic genetic patchiness, where local differentia-
tion exceeds large-scale variation due to sweepstake 
reproduction, collective dispersal, and temporal fluc-
tuations in recruitment (Eldon et al. 2016).

Key gaps

Resolving patterns of realised connectivity in the 
deep sea remains challenging due to vast spatial 
scales (Fig.  1), poorly characterised environmental 
heterogeneity, and limited empirical data (Baco et al. 
2016; O’Hara et al. 2025). 

1.	 Sampling gaps and taxonomic bias: limited spa-
tiotemporal coverage exists on relevant aspects 
such as source populations, timing of spawning 
and larval duration (Hilário et  al. 2015; Baco 
et al. 2016). Most connectivity data are for a few 
sedentary taxa, such as corals or barnacles, while 
mobile and soft-bodied fauna remain largely 
unstudied. This imbalance limits understanding 
of how active dispersal, trophic interactions, and 
life-history complexity shape connectivity, and 
molecular studies therefore often capture his-
torical rather than contemporary patterns. Small 
sample sizes and uneven spatial coverage fur-
ther reduce statistical power to detect fine-scale 
genetic or demographic structure (Lacey et  al. 
2018; O’Hara et al. 2025).

2.	 Limitations of larval transport models: Both 
physical and biological components remain con-
strained. Ocean circulation models often lack 
validation or sufficient resolution beyond 3000 m 
depth, while trait data (see Gap 1 above) for early 
life stages are sparse, forcing reliance on sce-
nario-based assumptions (Metaxas and Saunders 
2009; Hilário et al. 2015; Gary et al. 2020; Port-
anier et al. 2023; Guy et al. 2025).

3.	 Technological issues with telemetry: Telem-
etry and time-series observations provide valu-
able insights into functional connectivity through 
quantification of large-scale movements and 
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cross-habitat linkages in mobile fauna, but 
remain restricted by pressure tolerance, short 
transmission range, and limited deployment dura-
tion (Armstrong et  al. 1992; Bagley and Priede 
1997; Stratmann et  al. 2018; Hovikoski et  al. 
2025).

4.	 Genomic gaps: Inferences often rely on mito-
chondrial or limited nuclear loci, which may 
not capture contemporary processes (Vrijenhoek 
2010; Taylor and Roterman 2017). Emerging 
molecular tools such as eDNA offer new opportu-
nities to detect species in poorly sampled regions 
and to assess population diversity and demo-
graphic structure (Adams et  al. 2019; Sigsgaard 
et  al. 2020; Takahashi et  al. 2023; Nester et  al. 
2024) but remain constrained by sampling chal-
lenges and sparse genomic reference databases 
(Duhamet et al. 2023).

5.	 Temporal gaps: Most studies represent single 
surveys, yet larval flux and recruitment can vary 
markedly over weeks to months, and preliminary 
data suggests reproduction likely takes place at 
different seasons for different taxa (Kersten et al. 
2017). Without sustained time-series data, it 
remains difficult to distinguish episodic dispersal 
from ongoing gene flow or to assess how distur-
bance and environmental change alter connectiv-
ity dynamics.

Recommendations

A mechanistic view of connectivity requires linking 
structural assessments (composition, configuration) 
with functional information (movement, recruitment 
and genetics), integrating genomics and biophysical 
modelling.

–	 Holistic structural maps: integrate benthic habitat 
maps representing composition and configuration 
to estimate structural connectivity with ocean cur-
rents and geomorphology, which act as both path-
ways and barriers to dispersal and are critical for 
identifying potential sources and sinks, and for 
producing realistic estimates of potential connec-
tivity.

–	 Validation of hydrodynamic models: validate 
existing hydrodynamic models at abyssal and 
hadal depths, e.g., comparing in-situ data from 

moorings with global models. Improve the reso-
lution of circulation models by integrating global 
models with in-situ data from moorings, glid-
ers, ADCPs, and deep floats. Modernise exist-
ing ocean circulation models to routinely include 
depths beyond 6000  m and to provide sufficient 
vertical resolution in the benthic boundary layer.

–	 Build standardised trait and metadata catalogues: 
compile and standardise existing data on larval 
and early-life traits (e.g., duration, vertical dis-
tribution, behaviour, and development) to better 
parameterise dispersal models and reduce assump-
tions. Scenario-based approaches can address 
remaining gaps, while aggregating laboratory, 
field, and molecular records provides a critical 
foundation. Emerging molecular tools (eRNA, 
hybrid capture sequencing of eDNA), which can 
detect gene-expression patterns or developmen-
tal markers, may help resolve larval condition or 
stage in situ (Pochon et al. 2017; Yates et al. 2021; 
Li et al. 2023).

–	 Life history reconstruction techniques: Apply 
otolith microchemistry and growth-ring analysis 
to trace individual movement histories (Gerrin-
ger et  al. 2018), and combine stable-isotope data 
with genomic assignments (e.g., SNPs, coalescent 
modelling) to resolve population structure, demo-
graphic change, and realised connectivity.

–	 Empirically validate supply and settlement: 
Deploy artificial settlement structures (e.g., 
ARMS units or moored collectors) to measure 
colonisation and settlement rates visually or via 
collected samples (e.g., Meyer-Kaiser et al. 2019; 
Strong et al. 2023).

–	 Advance telemetric technologies at depth: 
Improved data transmission and in-situ tagging 
now enable animal tracking in extreme environ-
ments (Edwards et  al. 2019). Autonomous vehi-
cles and long-endurance landers (e.g., Orpheus 
AUV, SubC lander) support tag deployment and 
extended monitoring, while submersible-based 
methods have successfully tagged large demer-
sal species such as coelacanths (Schauer et  al. 
1997) and sixgill sharks (OceanX 2019). Ingest-
ible acoustic tags (e.g., CAT tags) are effective at 
abyssal depths (Bagley and Priede 1997). Ongo-
ing advances in acoustic positioning and commu-
nication (e.g., JAMSTEC platforms) will further 
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enhance long-term tracking and behavioural stud-
ies.

Context: what forces shape these systems? 
Environmental and biotic drivers and constraints

Background

Context refers to the broader settings—environmental 
and biological—that influence and are connected to 
local habitat patches (Fig. 2). Context spans global to 
local scales and is the matrix in which patches exist 
and the background against which composition, con-
figuration, and connectivity should be considered. 
Environmental context includes surrounding envi-
ronments, including those at the same depth (e.g., 
near bottom currents (Aller 1989), water properties 
(Rakka et  al. 2025), geological disturbances (Ueda 
et  al. 2023), vertical exchanges and episodic inputs 
such as fluxes from surface waters (e.g., surface pro-
ductivity Smith et al. 2006; Johnson et al. 2007)) and 
even input from terrestrial systems (e.g., river flows 
(Talling et  al. 2022), and pollutants (Takada et  al. 
1994; Jamieson et  al. 2017)). Biotic context refers 
to phylogenetic and biotic filters that determine how 
organisms occupy their environment, such as biologi-
cal interactions (e.g., Stevenson et al. 2015).

Excluding contextual information risks attributing 
biodiversity patterns solely to depth or local factors. 
Even when contextual variables cannot be measured 
directly, recognising context enables sharpened eco-
logical inferences. For example, species–area rela-
tionships are strengthened when habitat size is con-
sidered alongside food availability (Haedrich 1985). 
It also allows dialogue about the relative influence 
of key drivers, for example, the interplay between 
temperature, depth, and POC flux (Bond et al. 2023; 
Swanborn et al. 2025).

Environmental context

Ocean properties exert strong control on composi-
tion, with deep-water masses (oxygen, temperature, 
carbonate chemistry) and associated geochemical 
boundaries such as the carbonate compensation depth 
(CCD) shaping biogeographic transitions (Simon-
Lledó et  al. 2023a, b), and varying between and 
within hadal features (Kolbusz et  al. 2024). Energy 

availability, largely represented by POC flux and tem-
perature, is a pervasive contextual driver (McClain 
et  al. 2012) and minor declines in POC can yield 
significant reductions in benthic faunal abundance 
or biomass (Ruhl et al. 2008; Billett et al. 2010; Dur-
den et  al. 2015), while small temperature changes 
(≤ 0.1–0.5° per decade) can cause shifts in commu-
nity structure (Yasuhara and Danovaro 2016). Pal-
aeoecological records indicate that over longer time-
scales, temperature may become the dominant control 
on diversity (Yasuhara and Danovaro 2016).

Biodiversity patterns reflect broad-scale environ-
mental filtering and spatial gradients related to energy 
limitation (McClain et  al. 2012; Alfaro-Lucas et  al. 
2020; Simon-Lledó et  al. 2025). Diversity typically 
declines with depth and towards the poles, attrib-
uted to decreasing POC or temperature (Woolley 
et al. 2016; Carter et al. 2025), though patterns vary 
among ocean basins and taxonomic groups (McClain 
et  al. 2012, 2024). Deep-sea species often exhibit 
wide horizontal but narrow vertical (anisotropic) 
ranges, constrained by steep bathymetric gradients 
in hydrostatic pressure, carbon flux, and temperature 
(McClain and Hardy 2010). Relatively horizontally 
homogeneous abyssal habitats differ from verti-
cally heterogeneous continental slopes or subduction 
trenches, where variation in carbon flux, topography, 
sediment type, and current regimes creates complex, 
patchy distributions (Carney 2005; Zardus et al. 2006; 
Levin and Dayton 2009; Stewart and Jamieson 2018). 
Horizontal ranges tend to broaden with increasing 
depth, consistent with early observations that species 
occupy larger geographic extents where environmen-
tal conditions are more stable and uniform (Wilson 
and Kaufmann 1987; Allen and Sanders 1996). Yet, 
distance-decay patterns highlight measurable beta-
diversity turnover at broad scales linked to dispersal 
limitations (McClain et al. 2012; Simon-Lledó et al. 
2025), revealing seemingly homogeneous abyssal 
plains still harbour contextual structuring processes, 
often detectable at multiple scales (Simon-Lledó et al. 
2020), although not necessarily evident across all tax-
onomic or functional groups (Drazen et al. 2021).

Biotic context

Biotic context defines the evolutionary and ecological 
capacities that determine how species occupy, per-
sist in and modify environmental space. Phylogenetic 
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relationships reflect long-term outcomes of processes 
such as environmental filtering or other forces driv-
ing adaptation (e.g., competitive exclusion) (O’Hara 
et  al. 2019). Trait conservation explains persistent 
under particular environmental conditions, observed 
for instance in studies of octocoral communities in 
the Gulf of Mexico, while stochastic colonisation and 
dispersal limitation can generate random assemblages 
within comparable patches (Quattrini et  al. 2017). 
Biotic interactions—predation, competition and facil-
itation—further modulate community assembly, yet 
remain poorly resolved for most deep-sea taxa (All-
cock and Johnson 2019).

Disturbance, stochastic processes and patch dynamics

Disturbance (e.g., earthquakes, landslides, mass 
flows, pulse inputs) is a key contextual component, 
capable of altering habitats and resetting succes-
sional trajectories (Harris 2014; Mountjoy et al. 2018; 
Swanborn et  al. 2025). Recovery is highly variable, 
ranging from recolonisation (Bigham et  al. 2023) 
to little recovery decades after disturbance (Simon-
Lledó et al. 2019b; Jamieson et al. 2022; Jones et al. 
2025). Recent synthesis work in abyssal polymetallic 
nodule environments demonstrates that habitat het-
erogeneity and disturbance regimes jointly influence 
benthic community structure across size classes (Ull-
mann et al. 2025). Specialisation of abyssal and hadal 
fauna to extreme, oligotrophic and stable conditions 
(Brown and Thatje 2014) may increase vulnerability 
to disturbance, such as resulting from climate change 
(Sweetman et al. 2017; Harris et al. 2023) or seabed 
mining (Simon-Lledó et al. 2019b), raising questions 
regarding resilience and the development of alterna-
tive stable states. Stochastic mechanisms also drive 
abrupt shifts (Chase and Myers 2011), and while 
some of such mechanisms have been identified in the 
deep ocean (landslides, food-falls, nutrient pulses, or 
benthic storms), the scarcity of temporal series has 
almost certainly limited our current understanding of 
the many other potential factors that can yield sudden 
ecological drifts on abyssal and hadal ecosystems.

Patch dynamics (Wu and Loucks 1995) link distur-
bance, stochasticity and recovery. Seascapes operate 
as shifting mosaics of patches at different succes-
sional stages, driven by disturbance frequency, inten-
sity and recovery, interacting with background driv-
ers such as POC and temperature, and rarely being in 

equilibrium (Frederick Grassle and Sanders 1973). 
Persistence reflects a balance between colonisation 
and extinction, with connectivity mediating recolo-
nisation potential (Hanski 1994). The evolutionary 
trajectory of a disturbed community towards a pre-
disturbance or alternate stable state depends on con-
text, traits, and connectivity, determining which taxa 
persist under given structural conditions.

Key gaps

A major challenge in deep-sea ecology is disentan-
gling the relative influence of historical and environ-
mental filtering (context), dispersal limitation, and 
trait-mediated responses to environmental structure. 
Despite its importance, the role of context in deep-sea 
systems is still poorly resolved, primarily due to sev-
eral key research gaps.

1.	 Lack of temporal resolution: Sparse time series 
data for deep-sea ecosystems limit our ability 
to separate natural fluctuations (e.g., seasonal 
or interannual variability, responses to episodic 
events or natural disturbance) from anthropo-
genic change (Koslow and Couture 2015; Meyer-
Kaiser et  al. 2025) or inform modelling efforts 
(Karl 2010). While some impressive long-term 
observatories exist (e.g., PAP-SO, ONC, SOTS, 
PMEL stations), and programs like Argo floats 
have shown what can be achieved with long-term 
monitoring of physical variables, a similar effort 
is needed for biological and ecological data.

2.	 Limited integration across datasets: ecological 
surveys are often disconnected from contextual 
information such as food flux, carbonate chem-
istry or disturbance histories, nor do they bridge 
the mismatch between local-scale observations 
and wider-scale processes, perpetuating scale 
mismatch and constraining comparability.

3.	 Disturbance and recovery pathways: few stud-
ies systematically capture pressures, disturbances 
and recovery in the deep sea (Ullmann et  al. 
2025). Disturbance quantification is often oppor-
tunistic (see Bigham, 2023) or requires a Before-
After-Control-Impact design which is difficult to 
execute in the deep ocean. These knowledge gaps 
not only limit our ability to understand resilience, 
recovery and natural variation in the deep sea, but 
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Fig. 3   Proposed workflow for deep seascape ecology. Colours are representative of each concept (Composition, Configuration, Con-
nectivity and Context)
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also limit accurate forecasting of climate-related 
change.

4.	 Knowledge about the influence of phylogenetic 
relationships: limited phylogenetic information 
on many species exists (Darwinian shortfall; see 
Hortal et  al. 2015) in a community and models 
that utilise these data specific to deep-sea envi-
ronments.

5.	 Lack of global synthesis: No comprehensive 
meta-analysis of deep-sea biodiversity patterns 
exists, equivalent in scope to the syntheses of 
abundance and biomass provided by Rex et  al. 
(2006) and Wei et al. (2010). Such a synthesis is 
critical for resolving global drivers of diversity 
and establishing baselines for future change.

Recommendations

–	 Expand long-term time series: Integrating time-
series data from moorings, autonomous sensors, 
and global ocean models can provide some of the 
necessary temporal context to distinguish natural 
fluctuations from long-term trends.

–	 Integrate multi-scale and multi-disciplinary data-
sets: compile multi-scale and multi-dimensional 
environmental datasets that include key abiotic 
factors such as food flux, oxygen levels, tempera-
ture, carbonate chemistry, geochemical and sedi-
mentation, and explicitly couple these with faunal 
surveys, biological data (isotope analysis, phylog-
eny, traits etc.).

–	 Track disturbance and recovery: explicit inclu-
sion of episodic disturbance events (e.g., turbid-
ity flows, seismic activity) and the biological 
response to these disturbances is an important step 
in modernising theories of resilience, recovery, 
speciation and turnover in the deep sea.

–	 Embed biotic context: develop deep-sea phylogeny 
and trait-catalogues for major groups

–	 Establish integrated baselines and conduct meta-
analyses: Leverage the dispersed but extensive 
archive of deep-sea sampling conducted over 
nearly eight decades across basins, depths, and 
spatial scales to synthesise the global drivers of 
deep-sea diversity, accounting for methodologi-
cal and taxonomic differences using appropriate 
statistical frameworks. Combined with field data, 
build integrated baselines across deep-sea habi-

tats – including trenches, fracture zones and abys-
sal plains – to understand ecosystem and fauna 
resilience to pressures and build robust scenario 
models to forecast future changes under various 
climate and anthropogenic pressures.

Future directions and strategic needs

The Cs provide a conceptual foundation for under-
standing biodiversity-environment relationships, 
including in the deepest parts of the world’s oceans 
(Fig. 1). While each captures a distinct concept, they 
are tightly interrelated (Fig. 2). Composition defines 
what is present, Configuration arranges these ele-
ments in space, Connectivity determines how they 
interact, and all three are embedded in Context: the 
broader environmental, biotic, and temporal setting 
that modulates expression (Fig. 2).

Specific challenges are evident for each C, but 
common themes emerge across all, indicating stra-
tegic priorities for advancing seascape ecology in 
abyssal and hadal environments from concept to 
practice. Challenges in linking structural patterns 
with functional outcomes will require coordinated 
advances across biological, physical, and technologi-
cal domains.

Common strategic themes

	 1.	 Scale as a unifying principle: Across all sec-
tions, scale emerges as both a challenge and an 
opportunity.

	 2.	 Adapt multi-scale designs that capture fine-scale 
patchiness while also situating results in a basin 
or global scale context

	 3.	 Explicitly adopt scale in analysis to enable 
cross-site comparisons and model scale-depend-
ent relationships

	 4.	 Integration and interdisciplinarity: Each C 
stresses a need for synthesis. Composition 
requires integrated bathymetric, oceanographic, 
and biological data to delineate seascape units; 
configuration assesses the spatial mosaics 
resulting from this process; connectivity over-
lays traits and genomic information; and context 
couples this with broader environmental and 
biotic processes and long-term data.
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	 5.	 Design surveys to maximise multi-purpose 
returns

	 6.	 Develop interoperable, multidisciplinary data-
sets and shared standards that allow data sharing 
and joint, collaborative analyses across locations

	 7.	 Foster collaboration across biology, ecology, 
geology, oceanography, data science, and tech-
nology.

	 8.	 Trait-based, phylogenetic and functional 
approaches: Traits determine how species inter-
act with the environment, tolerate contextual 
gradients, and contribute to ecosystem function, 
while evolutionary history constrains present-
day patterns. Yet, trait and phylogenetic data 
remain sparse for most abyssal and hadal taxa.

	 9.	 Build trait catalogues with life-history traits 
to develop functional databases for deep-sea 
organisms

	10.	 Generate reference libraries with phylogenetic 
information to assess evolutionary constraints

	11.	 Temporal and disturbance dimension: Tempo-
ral dynamics and disturbance legacies remain 
among the least resolved elements of deep-sea-
scape ecology. Without time-series, it is impos-
sible to distinguish natural variability from 
directional change or response to an ephemeral 
disturbance.

	12.	 Expand long-term observational networks and 
autonomous monitoring to capture interannual 
and decadal variability.

	13.	 Explore the relationship between records of 
chronic or ephemeral disturbance and recovery 
trajectories to understand resistance, resilience 
and potential alternative stable states.

	14.	 Technological innovation: Progress hinges on 
technological advances that extend depth, dura-
tion, and resolution of observation

	15.	 Invest in pressure-tolerant sensors, autonomous 
imaging, and sampling platforms; next-gener-
ation molecular and isotopic tools; and deep-
capable telemetry and acoustic networks.

	16.	 Standardisation and interoperability: Spatial 
inconsistencies in research extent and effort 
pose a barrier to the advancement and integra-
tion of data for a holistic understanding of deep 
seascapes.

	17.	 Promote innovation in sampling design that is 
scalable, standardised, and spatially extensive

	18.	 Adopt open, FAIR (Findable, Accessible, Inter-
operable, Reusable) data principles where pos-
sible to accelerate cumulative knowledge build-
ing.

	19.	 Promote data sharing and collaboration
	20.	 Extending seascape ecology to the pelagic 

realm: Investigation of how the Cs could be 
applied to the water column, particularly the 
dynamic 3D nature of this environment and its 
inhabitants.

	21.	 Develop frameworks and metrics for pelagic 
composition, configuration, connectivity, and 
context, linking physical structure (e.g., water-
mass fronts) with biotic patterns.

To translate the Cs from concept to implementation, 
we propose an iterative workflow (illustrated in Fig. 3) 
that builds from mapping the physical template to inte-
grating biological, functional, and temporal dimen-
sions. Together, these steps integrate the Cs to advance 
deep-seascape ecology from conceptual foundation to 
operational practice.
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