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What,	you,	marine	spatial	planners,	wait	for	

Ban	et	al.	2013	

Ecological		
hotspots	
and	coldspots	



Superficial	subtropical	waters	

One	ecosystem	
scenario	ð	
One	type	of	
movement	from	
top	predators	

OMZ	 OMZ	 Cold	coastal	waters	

Superficial	subtropical	waters	

One	ecosystem	
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One	type	of	
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top	predators	

OMZ	 OMZ	 Cold	coastal	waters	

� 3D		seascape	
� Opaque	
�  		Spatially	and	temporally	dynamic	
�  		Great	variety	of	species	/				
						ecologies	/	behaviours	

	
			

Marine	systems	/attributes	
particularly	difficult	to	

demarcate	for	purposes	of	
management	

What,	us,	marine	ecologists,	deal	with	
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scenario	ð	
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Superficial	subtropical	waters	

One	ecosystem	
scenario	ð	
One	type	of	
movement	from	
top	predators	

OMZ	 OMZ	 Cold	coastal	waters	

High	frequency,	
multiscale,	and	

synoptic	
characterization	of	
the	4-D	variability	

(3D	space	plus	time)	
of	seascapes		

Observation	instruments	
Data	analysis	

Statistical	modelling	

Marine	acoustics	
Plankton/fish	

Biologging	
Megafauna	

AIS	
Vessels	

What’s	needed	in	between?	



How	can	biologging	data	
on	megafauna	be	used	for	
marine	spatial	planning?	

Sophie	BERTRAND,	IRD	



1.  What	is	marine	megafauna?	

2.   Threats	to	marine	megafauna	and	possible	answers?	
	
3.  What	is	biologging?	

4.   How	can	this	data	feed	existing	MSP	approaches?	

Outline	



1.	What	is	marine	megafauna?	



�  Highly	mobile	animals	that	move	across	large	areas	of	sea	
		
�  	 Biologically	diverse	group,	large	vertebrates	

	Includes	sea	mammals,	birds,	reptiles,	large	fish	and	elasmobranchs	
	
�  Top	of	their	trophic	food	webs,	none	or	few	predators	

�  Limited	resilience	(low	fecundity	rates	and	high	longevity)	

�  Shared	conservation	issues	
	
	

1.	What	is	marine	megafauna?	

Authier	et	al.	2017	
Hays	et	al.	2014	



Marine	megafauna	=		
key	element	of	many	marine	conservation	strategies	

	
�		Charismatic	large	marine	vertebrates	
	
�  Used	as	flagships	to	mobilize	society	on	conservation	issues.		

�  Potential	indicator	of	the	ecological	status		
	of	other	less	visible	compartments	of	marine	ecosystems		

	
�  Useful	as	umbrella	species	:	
						Large	home	ranges	and	high	trophic	level	

	 	->	conservation	measures	focusing	upon	marine		
																			megafauna	often	benefit	lower	trophic	level	species	
	

1.	What	is	marine	megafauna?	

Hooker	and	Gerber,	2004	
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MARINE CONSERVATION

Marine defaunation: Animal loss in
the global ocean
Douglas J. McCauley,* Malin L. Pinsky, Stephen R. Palumbi, James A. Estes,
Francis H. Joyce, Robert R. Warner

BACKGROUND: Comparing patterns of ter-
restrial and marine defaunation helps to
place human impacts on marine fauna in
context and to navigate toward recovery. De-

faunation began in ear-
nest tens of thousands of
years later in the oceans
than it did on land. Al-
though defaunation has
been less severe in the
oceans than on land, our

effects on marine animals are increasing in
pace and impact. Humans have caused few
complete extinctions in the sea, but we are
responsible for many ecological, commercial,
and local extinctions. Despite our late start,
humans have already powerfully changed
virtually all major marine ecosystems.

ADVANCES: Humans have profoundly de-
creased the abundance of both large (e.g.,

whales) and small (e.g., anchovies) marine
fauna. Such declines can generate waves of
ecological change that travel both up and
down marine food webs and can alter ocean
ecosystem functioning. Human harvesters
have also been a major force of evolutionary
change in the oceans and have reshaped the
genetic structure of marine animal popula-
tions. Climate change threatens to accelerate
marine defaunation over the next century.
The high mobility of many marine animals
offers some increased, though limited, ca-
pacity for marine species to respond to cli-
mate stress, but it also exposes many species
to increased risk from other stressors. Be-
cause humans are intensely reliant on ocean
ecosystems for food and other ecosystem ser-
vices, we are deeply affected by all of these
forecasted changes.
Three lessons emerge when comparing

the marine and terrestrial defaunation ex-

periences: (i) today’s low rates of marine
extinction may be the prelude to a major
extinction pulse, similar to that observed
on land during the industrial revolution, as
the footprint of human ocean use widens;
(ii) effectively slowing ocean defaunation
requires both protected areas and care-
ful management of the intervening ocean
matrix; and (iii) the terrestrial experience
and current trends in ocean use suggest
that habitat destruction is likely to become
an increasingly dominant threat to ocean
wildlife over the next 150 years.

OUTLOOK:Wildlife populations in the oceans
have been badly damaged by human activ-
ity. Nevertheless, marine fauna generally
are in better condition than terrestrial fauna:
Fewer marine animal extinctions have oc-
curred; many geographic ranges have shrunk
less; and numerous ocean ecosystems re-
main more wild than terrestrial ecosystems.
Consequently, meaningful rehabilitation of
affected marine animal populations remains
within the reach of managers. Human depen-
dency on marine wildlife and the linked
fate of marine and terrestrial fauna necessi-
tate that we act quickly to slow the advance
of marine defaunation.▪

RESEARCH

SCIENCE sciencemag.org 16 JANUARY 2015 • VOL 347 ISSUE 6219 247

Timeline (log scale) of marine and terrestrial defaunation. The marine defaunation experience is much less advanced, even though humans have
been harvesting oceanwildlife for thousands of years.The recent industrialization of this harvest, however, initiated an era of intensemarine wildlife declines.
If left unmanaged, we predict that marine habitat alteration, along with climate change (colored bar: IPCC warming), will exacerbate marine defaunation.

The list of author affiliations is available in the full article online.
*Corresponding author. E-mail: douglas.mccauley@lifesci.
ucsb.edu Cite this article as D. J. McCauley et al., Science
347, 1255641 (2015). DOI: 10.1126/science.1255641

ON OUR WEB SITE
◥

Read the full article
at http://dx.doi.
org/10.1126/
science.1255641
..................................................
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2.	Marine	megafauna:	threats	



©	G.	Robertson	

Petrels,	albatrosses	

Longlines,	trawl,	nets	

Melvin	&	Parrish,	1999	
Bull,	2007;	Anderson	et	al.	2011	

Effects	on	evolutive	aspects	© D. Allan 

Great	albatros	

Possession	island,	Crozet	

Longlines	

Effects	on	population	size	

Barbraud	et	al.,	2013	

Behavioural	selection	

Direct	mortality	/	accidental	catch	
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Competition	with	fisheries	
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predator populations is an objective (2, 11, 12),
will remain controversial until these relationships
are more fully quantified.

To improve our understanding of the effects
of LTL fisheries on marine ecosystems, more
information on predator-prey relationships across
a range of species and ecosystems is required (6).
Seabirds are conspicuous members of marine
ecosystems globally. Many aspects of seabird
ecology have been measured consistently for dec-
ades, encompassing ecosystem change at mul-
tiple scales (13). Substantial long-term data sets
on seabird breeding success have been compiled
for many taxa in several marine ecosystems
around the world (14–16), but for relatively few
has independent information on prey availability
been obtained concurrently. For those where prey
data are available, temporal covariance in pred-
ators and their prey suggests that seabirds can be
used as indicators of forage fish population
fluctuations (7, 16, 17). Here, we used data
collected contemporaneously over multiple dec-
ades from seabirds and forage fish to test the
hypothesis that the form of the numerical
response between seabird breeding success and
forage fish abundance is consistent across species
and ecosystems. We used data from seabird
species that have strong dietary dependencies on
forage fish prey and where the time series for
both the predator and the prey have high spatial
and temporal congruence. We compiled data from
19 time series covering seven marine ecosys-
tems, nine sites, and 14 seabird species and their
major prey (Fig. 1 and table S1). The data set in-
cluded 438 data points spanning 15 to 47 colony-
years per breeding site (table S1). The abundance
of principal prey for each seabird species was
estimated independently of the data collected from
the birds, usually as part of population assess-
ments conducted in support of fisheries manage-
ment (table S1).

To examine empirical relationships between
seabird breeding success and prey abundance, we
used nonparametric statistical methods that fa-
cilitate nonlinear modeling by making no a priori
assumptions about the form of the relationships
(generalized additive models, or GAMs). Initial-
ly, each time series (seabird breeding success and
prey abundance) was normalized by expressing
the measurements as the number of standard de-
viations from the mean; this enables robust com-
parisons across species and ecosystems. Once
the numerical relationship was established, we
used a change-point analysis (sequential t tests
that find the most likely point at which the slope
of breeding success changes in relation to prey
abundance) to identify thresholds within non-
linear relationships (18) (Fig. 2A). A bootstrap
analysis was used to calculate confidence inter-
vals of the threshold, and the variance in seabird
breeding success was calculated for each prey
abundance class. Last, a selection of a priori
parametric models ranging from linear, sigmoid,
asymptotic, to hierarchical (table S2) was fitted to
the general relationship. The most parsimonious

model was then used to fit the relationship be-
tween seabird breeding success and forage fish
population size for each ecosystem (pooling all
species) and each seabird species (pooling all
ecosystems).

Seabird breeding success showed a nonlinear
response to changes in prey abundance (Fig. 2A).
The threshold at which breeding success began to
decline from the asymptote was not significantly
different from the long-term mean of prey abun-
dance (range –0.30 and +0.13, standard deviation
of the mean, Fig. 2A). The threshold was 34.6%
(95% confidence interval 31 to 39%), or approx-
imately one-third of the maximum observed prey
abundance. The coefficient of variation between
the different thresholds among species and eco-
systems was 28% (table S1). All time series were
of sufficient duration to identify the threshold
(detection is possible after 13 years of observation,
fig. S1) and the maximum biomass (detection
is possible after 11 years, fig. S2). Variance in
breeding success increased significantly (F test,
P < 10−4) below the threshold of prey abun-
dance (Fig. 2B). Fitting parametric models to
individual responses showed a similar inflection
point and similar asymptotic values across eco-
systems and species (Figs. 2, C and D, and 3),
indicating that the functional form was a general
feature of the seabird–forage fish relationship.

The asymptotic form of the relationship
between seabird breeding success and forage

fish abundance has been reported previously
(15, 16, 19–24), but the common scaling across
species and ecosystems and the consistency of
threshold values are new observations. The glob-
al pattern shows a threshold below which the
numerical response declines strongly as food
abundance decreases and above which it reaches
a plateau and does not change even as food abun-
dance increases. This pattern is apparently ro-
bust to the varying life-history strategies, habitat
preferences, and population sizes of the seabird
species considered. Nonetheless, we acknowl-
edge that a range of factors may interact to
weaken or possibly accentuate the relationship
between seabird breeding performance and prey
species abundance. Alternative drivers of change
in breeding success include changes in habitat
characteristics or predation pressures, or com-
plex intercolony dynamics. Predators may also
show more or less capacity to switch to alterna-
tive prey items, which may buffer productivity
against declines in any single prey species (25).

Periods of consistently high or low breeding
success, or occasional complete breeding fail-
ures, are normal in seabirds, and most species are
adapted to fleeting anomalous environmental
conditions. However, chronic food scarcity, as
potentially defined by prey abundance below the
threshold described here for seabirds, will com-
promise long-term breeding success, and this
may affect the trajectory of their populations.

Fig. 1. Map of the distribution of seabird and prey species considered in our analysis.
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Cury	et	al.	2011	

14	species	
7	ecosystems	
	
Breeding	succes	and	fish	
prey	abundance	
	
	
Threshold	effect	
«	1/3	for	the	birds	»	
	

Competition	with	fisheries	/	global	level	
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23/11/2007 

Oiseaux	
Bateaux	
Coups	de	pêche	

Bertrand	et	al.	2012	

Peru	
Peruvian	boobies	
Anchovy	purse	seiners	
	
Local	depletions	
Competition	for	prey	

Competition	with	fisheries	/	local	level	

Seabird	needs:	~	200	t.d-1	
Fishery	removals:	~	50	000	t.d-1	
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© oceanwideImages.com 

Cape	gannets	
South	Africa	
From	fat	blue	fish	
to	white	fish	
discards	

Grémillet	et	al.	2008	
© M. Hardenberg 

© oceanwideImages.com 

Fishery	discards	as	junk	food	
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Entanglement	risk	– Anthropic	activities	at	sea		

Benjamin	et	al.	2014	

�Fisheries	gear	(active	and	ghost)	
�Aquaculture		
�Offshore	petrochemical	industry		
�Marine	telecommunication	cables		
�Vessel	moorings		
�Wind	turbines?	

 

25  

The certification of a mooring system will involve determining the mooring line and 
component performance for different environmental conditions, when the moored system is 
1) fully operational (Ultimate Limit State), and 2) during a condition when a part of the 
mooring system has failed (Accident Limit State). In addition a fatigue analysis (fatigue limit 
state) of the mooring system is required by the Det Norske Veritas offshore standards (DNV-
OS-E301) for a long-term (≥5 years) mooring deployment. Special guidelines and 
regulations are applicable for the application of mooring components such as ropes and 
chains that are included in DNV-OS-E303 and DNV-OS-E302, respectively. These 
standards and regulations have in common that they provide technical guidelines for the 
safe deployment and station keeping of a moored system, but do not consider any 
consequence for entanglement.  
 
3.3 MRE mooring system design 

3.3.1 Device characterisation 

It is fundamentally important to understand the dynamics of the floating structure and 
mooring system of a single MRE device or of an array of MRE devices. In order to establish 
a generic design approach for mooring systems for floating MRE devices it is helpful to 
categorise existing devices based on how they have to respond to the incident wave field. 
This depends on the method of extracting energy and can be exemplified by the question 
“does the device need to remain nearly stationary with respect to the mean water level 
(motion-independent), or should it respond almost freely to wave motion in a resonant 
fashion (motion-dependent)?”. Floating wind and tidal devices, as well as some wave energy 
devices, fall in the first category, whilst other wave energy devices fall in the second 
category. Examples of motion dependent and motion independent devices are given in 3.1. 
 

 
A motion-independent device will use a mooring which will act in a conventional manner to 
keep the device on station. In this case the needs of the mooring are similar to that for a 
conventional oil and gas floating installation. In particular the resonant period of the mooring 
(defined as the period where the buoy oscillates with a larger amplitude than at other periods 
for the same wave amplitude), is designed to fall outside the range of wave periods present 
at this site. The mooring system should provide a strong restoring force (e.g. horizontal 
force) to keep the floating structure as stationary as possible. In the context of MRE devices, 

Motion-independent device Motion-dependent device 

Figure 3.1 Example of motion-independent (floating wind turbines) and motion-dependent 
devices (wave energy point absorber; source: Aquaret). The motion-dependent device is 
designed to be far more mobile, with potential entanglement consequences. 

2.	Marine	megafauna:		threats	



What	can	be	done?	

•  Technical	solutions	for	accidental	catches	

•  Ban	on	discards	(see	EU)	

•  Ecosystemic	quotas	for	securing	1/3	

•  Marine	protected	areas	for	managing	local	
depletions	and	direct	interactions:		

					Hot	debate	
					Conservation	first	(sea	enclosure)		or		
					compromise	with	human	activities	(MSP)?	
					Pelagic	MPA?	

2.	Marine	megafauna:		threats	



3.	What	is	biologging?		



	
�  “Recording	of	the	living	world”	

�  Use	of	miniaturised	animal-attached	tags	for	logging	or	transmission	of	data	
about	the	movements,	behaviour,	physiology,	or	environment	of	an	animal	

�  Remote	transmission	(biotelemetry)	or	data	stored	on	tags	that	must	be	
recovered	for	download	

�  Different	from	«	marking	»:	attaching	a	mark	(such	as	a	band	for	a	bird)	to	an	
animal	to	identify	it,	as	a	tool	for	population	biology	studies	(survival	rates,	
population	monitoring,	etc.	
	->	CMR	techniques	

Tremblay	and	Bertrand	2016	
Hays	et	al.	2016	

Biologging	Tools	3.	What	is	biologging?		



Arsenal	of	sensors		
GPS	

Dive	sensors	
Tri-accelerometers	

Cameras	
Gastric	temperature	

EEG	
Cardiac	recorder,	etc.	

Variety	of	data	
	

Location	(residency,	migration)	
	

Behaviour	(foraging,	resting,	etc.)	
	

Caloric	expenditure	(cost	of	activities)		
	

Collective	behaviour	and	social	strategies	
	

External	environment	

Biologging	Tools	3.	What	is	biologging?		

From	biologging	to	MSP	
Interpreting	and	modelling	multi-dimension	data	sets	
	
Biologging	technologies	+	state	of	the	art	movement	ecology	statistics		
->		dynamic	ecological	niches	of	megafauna	species	

	 	->	delineate	spatial	hotspots	and	coldspots		
	 	 	 	->	improved	statement	of	conservation	issues	within	a	
	 	 	 	 	marine	spatial	planning	framework.		

	
	



3.	What	is	
	biologging?		

Which	instrument	
On	which	animal?	

Geolocation		
techniques	

Weight	and		
drag	issues	

Harsh	
environments	



© S. Bertrand 2010

© K. Delord 2010

VHF	

3.	What	is	biologging?		 Movement	logging	



© K. Delord 2010

© K. Delord 2010

VHF	

3.	What	is	biologging?		 Movement	logging	



3.	What	is	biologging?		

GPS	

Movement	logging	



4.	Loggers	and	sampling	design	
	

- The	tracking	equipment	we	used	was	composed	of	(Fig.	10):	
- GPS	recorders	for	the	fishing	vessels:	Mobile	Action	i-gotU	GT-600	(*30),	1	fix	per	

second.	
- GPS	recorders	for	the	boobies:	Mobile	Action	i-gotU	GT-120	and	GT-600	(*30),	1	fix	

per	15	or	30s.	
- Dive	recorders	for	boobies:	TDR	G5	CTL-Cefas	long	life,	20	bars,	2M,	dive	log	enabled,	

1	fix	per	tenth	of	second	during	dives.	
- Tri-axial	accelerometers	Technosmart	(*5),	1	fix	per	0.1	second.	
- GLS	recorders	for	boobies	(*34):	Biotrack	,	2	fixes	a	day.	

	

	
Figure	10	:	Loggers	deployed	:	from	left	to	right	and	top	to	lower	panels	:	GPS	Mobile	Action	
i-gotU	 GT-120,	 TDR	 G5	 CTL-Cefas,	 Tri-axial	 accelerometers	 Technosmart,	 GLS	 recorders	
Biotrack	mounted	on	plastic	rings.	
	
In	 total,	 30	 seabirds	 were	 fitted	 with	 loggers,	 3	 in	 Chapeu,	 27	 in	 Meio.	 Different	
combinations	of	loggers	were	used	:	11	animals	with	GPS	only,	15	animals	with	GPS	and	TDR,	
4	animals	with	GPS	and	accelerometers.	All	animals	were	recaptured,	yet	two	GPS	were	lost	
because	 of	 moulting	 feathers.	 The	 sampling	 covered	 both	 parents	 from	 4	 nests	 and	 one	
parent	from	26	nests.	We	deployed	34	GLS.		
	
For	GPS	(and	TDR	and	accelerometers),	animals	were	captured	twice,	once	for	deploying	the	
tags,	 and	 the	 second	 time,	 usually	 48h-72h	 later,	 for	 recovery	 tags	 and	 data.	 These	
deployements	are	made	to	document	with	high	precision	(yet	short	duration)	the	foraging	
trips	of	breeding	 seabirds.	 For	GLS,	animals	were	captured	only	once	as	 these	 loggers	will	
remain	 1	 year	 on	 the	 animal	 in	 order	 to	 record	 long	 term	 (yet	 low	precision)	movements	
outside	the	breeding	season.	GLS	are	planned	to	be	recovered	in	april	2018.	
	
At	 each	 recapture,	 animals	 were	 measured	 and	 biologically	 sampled	 (including	 prey	
regurgitated,	mostly	flying	fish,	fig.	11).	Those	biological	samples	will	be	analysed	by	isotopic	
analyses	 for	 identifying	 their	 trophic	 niche	 (N	 and	 C	 isotopes)	 and	 for	 estimating	 global	
biocontamination	(Hg	isotopes).	

Bertrand	et	al.	current	work	in	Noronha	GLS	

Movement	logging	3.	What	is	biologging?		



Green	et	al.	2009	

GLS	
Pop	up	archival	tags	

3.	What	is	biologging?		 Movement	logging	



3.	What	is	biologging?		

Types	of	movement	

foraging	

seasonnal	migration	

dispersal	

wandering	

nomadism	

ontogenic	migration	

nyctemeral	migration	

Movement	logging	
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to fishing mortality later in life and few 
other anthropogenic threats earlier on, 
salmon run a gauntlet of anthropogenic 
challenges throughout their lifetimes. 
Threats to salmon survival in freshwater 
involve primarily habitat alteration and 
destruction, including the damming of 
rivers for hydroelectric power genera-
tion. Hydroelectric dams can impede the 
downstream migration of juveniles to 
the coastal ocean as well as the upstream 
return of mature fish to their spawning 
grounds. The ecology of salmon in the 
ocean is poorly understood (Brodeur 
et al., 2000), and there is considerable 
controversy about which is more impor-
tant to recruitment variability, mortality 
in freshwater or mortality in the marine 
environment. Finding the answer to this 
question has critical policy implications 
as two decades of declining salmon runs 

in California, Oregon, and Washington 
have been blamed on everything 
from climate-associated regime shifts 
(Mantua et al., 1996) to anthropogenic 
impacts ranging from dams to logging 
to pollution to overfishing (NRC, 1996; 
Ruckelshaus et al., 2002).

Salmonid studies in the POST proj-
ect rely on surgically implanted tags 
(Figure 4a, b), which transmit uniquely 
encoded acoustic signals that are sensed 
and archived by autonomous, passive 
listening receivers on the seafloor (Welch 
et al., 2003, 2004; Melnychuk et al., 2007). 
By 2010, POST plans to deploy a perma-
nent array of cross-shelf receiver lines 
at strategic locations along the North 
American west coast from California to 
the Aleutian Islands. The pilot array has 
been deployed each year since 2004 and 
extends over 2,500 km along the coasts 

Figure 4. (a) Relative sizes of acoustic tags and a juvenile salmon.  
(b) Surgical implantation of acoustic tag.

Operationally, by assimilating real-time 
satellite data into these models, near-
real-time management decisions could 
be made to restrict fishing efforts in sen-
sitive bluefin breeding areas. Although 
there has been an international fishing 
moratorium on bluefin tuna in the Gulf 
for over two decades, their bycatch 
in long-line gear set for other species 
remains one of the greatest conservation 
threats to the western Atlantic stock. In 
terms of impact assessment, the forecast-
ing models could be used to assess the 
potential effects of climate warming on 
the spatial and temporal distributions 
of suitable bluefin breeding areas in the 
Gulf. They may also enable us to predict 
shifts in the arrival and departure times 
of the spawning population depending 
upon the environmental conditions 
of a given year.

POST Project
Salmonid species provide the basis for 
some of the most valuable commercial 
and recreational fisheries along the 
west coast of North America. Being 
anadromous fishes (fish that migrate 
from the ocean to freshwater to spawn), 
salmon face challenges to their survival 
in both freshwater and marine environ-
ments. Unlike tuna, which are exposed 
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Operationally, by assimilating real-time 
satellite data into these models, near-
real-time management decisions could 
be made to restrict fishing efforts in sen-
sitive bluefin breeding areas. Although 
there has been an international fishing 
moratorium on bluefin tuna in the Gulf 
for over two decades, their bycatch 
in long-line gear set for other species 
remains one of the greatest conservation 
threats to the western Atlantic stock. In 
terms of impact assessment, the forecast-
ing models could be used to assess the 
potential effects of climate warming on 
the spatial and temporal distributions 
of suitable bluefin breeding areas in the 
Gulf. They may also enable us to predict 
shifts in the arrival and departure times 
of the spawning population depending 
upon the environmental conditions 
of a given year.

POST Project
Salmonid species provide the basis for 
some of the most valuable commercial 
and recreational fisheries along the 
west coast of North America. Being 
anadromous fishes (fish that migrate 
from the ocean to freshwater to spawn), 
salmon face challenges to their survival 
in both freshwater and marine environ-
ments. Unlike tuna, which are exposed 
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ecosystems. The analysis of these tracers in a
large number of individuals, including teleme-
tered animals, allows extrapolation of observa-
tions to the population level. Moreover, it can
permit a retrospective view of a population’s
movement patterns and trophic dynamics to
examine the effects of climate- andhuman-induced
change. Biochemical tracers combinedwith telem-
etry have documented resource partitioning
among eared seals (87), detected trophic linkages
among alligators (88), and characterized the ef-
fects of tourism-related provisioning (i.e., baiting
sharks into areaswhere divers can view them) on
reef sharks (89). Telemetry coupledwith genetics
and/or genomics and biochemical tracers pro-
vides cutting-edge opportunities to examine the
effects, roles, and evolutionary successes of in-
vasive, commercial, and imperilled species.

Animal oceanographers

Telemetered animals undertaking their daily
routines encounter environmental variation and
compile data sets with a frequency and over a
range of scales that humans could not feasibly
collect using conventional tools. Satellite-linked
transmitters attached to marine mammals can
record time series data on temperature, salinity,
fluorescence, light, and partial pressure of oxy-
gen as a function of location and depth in the
different water masses that animals encounter
(90). This approach has proven extremely effec-
tive for sampling regions that are logistically chal-
lenging and costly to observe, for example, areas
under sea ice during fall and winter (91).
Data derived from these “animal oceanogra-

phers” are now enhancing regional oceanogra-
phic models. Transmitters carried by narwhals
(Monodon monoceros) and beluga whales (Del-
phinapterus leucas) have provided more than
200,000 temperature and salinity profiles of the
Arctic Ocean (92), whereas transmitters carried
by seals and sea lions have provided almost cir-
cumpolar oceanographic sampling of the South-
ern Ocean (Fig. 4F) (91). Approximately 70% of
all animal oceanographer profiles from this region
are from south of 60°S (93), with considerable
data from south of the Antarctic Circumpolar
Current where Argo buoy data are effectively
absent due to ice. These data produce hydro-
graphic profiles with high spatial and temporal
resolution (2.5 profiles per day, on average). These
profiles are improving estimates of Southern
Ocean circulation (91), revealing upper ocean
and coastal processes that affect the basal melt-
ing of ice shelves (94), and elucidating previously
unknown physical properties of upwelling off the
southern coast of Australia (95).
These successes are encouraging the further

development and testing of oceanography-capable
telemetry tags on nonmammalian species such
as tuna and sharks. Satellite tag measurements
of the depth at which blue marlins (Makaira
nigricans) limit their dives (requiring oxygen
concentrations >3.5 ml·liter−1) now allow infer-
ences over the 3D extent of the oxygenminimum
zone in the tropical northeast Atlantic (96). Ani-
mals monitoring their environments have the

potential to record these oceanographic data
across all biomes, from the poles to the tropics
and the photic zone to the abyssal depths. These
data will continue to enhance existing ocean-
atmosphere observation platforms but will also
provide opportunities to improve ocean forecasting.

The future of aquatic telemetry, obstacles
to traverse, and relevance for aquatic
management and conservation

Aquatic telemetry has revealeddistinctive insights
into our blue planet, in a range of organisms and
over previously unimaginable spatiotemporal
scales. It has led to paradigm shifts in our under-
standing of animal-environment interactions and
how aquatic ecosystems are structured. Most im-
portantly, telemetry now provides the opportunity
for the development of next-generation aquatic
governance frameworks. Traditionally, manage-

ment of aquatic resources has lagged behind that
of the terrestrial realm, where landscape ecology
principles are well founded, broadly accepted, and
incorporated intomanagement regimes. The ter-
restrial approach is built on understanding the
causes, changes, and ecological functions asso-
ciated with spatial animal-environment patterns
under a nonequilibrium view. Aquatic resource
management requires a similar approach, but its
adoption has been hindered by a lack of data over
relevant spatiotemporal scales. Telemetry can
now provide these data, facilitating aquatic-scape
approaches for conservation and management,
while also bridging the gap between terrestrial and
aquatic ecosystems (97), inspiring a unified ap-
proach to global resource management.
However, addressing global scientific andman-

agement questions will require expanded telem-
etry infrastructure and animal-tagging efforts
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large number of individuals, including teleme-
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among alligators (88), and characterized the ef-
fects of tourism-related provisioning (i.e., baiting
sharks into areaswhere divers can view them) on
reef sharks (89). Telemetry coupledwith genetics
and/or genomics and biochemical tracers pro-
vides cutting-edge opportunities to examine the
effects, roles, and evolutionary successes of in-
vasive, commercial, and imperilled species.

Animal oceanographers

Telemetered animals undertaking their daily
routines encounter environmental variation and
compile data sets with a frequency and over a
range of scales that humans could not feasibly
collect using conventional tools. Satellite-linked
transmitters attached to marine mammals can
record time series data on temperature, salinity,
fluorescence, light, and partial pressure of oxy-
gen as a function of location and depth in the
different water masses that animals encounter
(90). This approach has proven extremely effec-
tive for sampling regions that are logistically chal-
lenging and costly to observe, for example, areas
under sea ice during fall and winter (91).
Data derived from these “animal oceanogra-

phers” are now enhancing regional oceanogra-
phic models. Transmitters carried by narwhals
(Monodon monoceros) and beluga whales (Del-
phinapterus leucas) have provided more than
200,000 temperature and salinity profiles of the
Arctic Ocean (92), whereas transmitters carried
by seals and sea lions have provided almost cir-
cumpolar oceanographic sampling of the South-
ern Ocean (Fig. 4F) (91). Approximately 70% of
all animal oceanographer profiles from this region
are from south of 60°S (93), with considerable
data from south of the Antarctic Circumpolar
Current where Argo buoy data are effectively
absent due to ice. These data produce hydro-
graphic profiles with high spatial and temporal
resolution (2.5 profiles per day, on average). These
profiles are improving estimates of Southern
Ocean circulation (91), revealing upper ocean
and coastal processes that affect the basal melt-
ing of ice shelves (94), and elucidating previously
unknown physical properties of upwelling off the
southern coast of Australia (95).
These successes are encouraging the further

development and testing of oceanography-capable
telemetry tags on nonmammalian species such
as tuna and sharks. Satellite tag measurements
of the depth at which blue marlins (Makaira
nigricans) limit their dives (requiring oxygen
concentrations >3.5 ml·liter−1) now allow infer-
ences over the 3D extent of the oxygenminimum
zone in the tropical northeast Atlantic (96). Ani-
mals monitoring their environments have the

potential to record these oceanographic data
across all biomes, from the poles to the tropics
and the photic zone to the abyssal depths. These
data will continue to enhance existing ocean-
atmosphere observation platforms but will also
provide opportunities to improve ocean forecasting.

The future of aquatic telemetry, obstacles
to traverse, and relevance for aquatic
management and conservation

Aquatic telemetry has revealeddistinctive insights
into our blue planet, in a range of organisms and
over previously unimaginable spatiotemporal
scales. It has led to paradigm shifts in our under-
standing of animal-environment interactions and
how aquatic ecosystems are structured. Most im-
portantly, telemetry now provides the opportunity
for the development of next-generation aquatic
governance frameworks. Traditionally, manage-

ment of aquatic resources has lagged behind that
of the terrestrial realm, where landscape ecology
principles are well founded, broadly accepted, and
incorporated intomanagement regimes. The ter-
restrial approach is built on understanding the
causes, changes, and ecological functions asso-
ciated with spatial animal-environment patterns
under a nonequilibrium view. Aquatic resource
management requires a similar approach, but its
adoption has been hindered by a lack of data over
relevant spatiotemporal scales. Telemetry can
now provide these data, facilitating aquatic-scape
approaches for conservation and management,
while also bridging the gap between terrestrial and
aquatic ecosystems (97), inspiring a unified ap-
proach to global resource management.
However, addressing global scientific andman-

agement questions will require expanded telem-
etry infrastructure and animal-tagging efforts
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then supposed to display an aggregation pattern which spatial structure would be compatible with individuals’ 
(or groups of individuals’) ability to cue on each other. From ship-transects observations, aggregative patterns 
in seabirds distribution have been detected and their chord length estimated to ~4.7–23 km26. However, to our 
knowledge, such aggregations have never been described in two spatial dimensions, neither over time. This is 
probably due to the difficulty in observing aggregations at this scale.

Marine radars, as the ones devoted and tuned for seabirds observation on board tuna purse-seiners, allow for 
an instantaneous recording of seabirds distribution at various ranges depending on radar types and power27, 28. 
Using this opportunity, the goals of this work were (1) to describe instantaneous spatial distributions of seabirds 
over time and (2) to verify whether they distribute themselves consistently with the use of information transfer 
between them.

Results
We recorded 196,053 radar screen images, 37,333 of which were selected based on their quality and setting char-
acteristics (selected images came from 27 days out of 73, see methods). Seabird-echoes were observed in all 
images, and their numbers ranged from 1 to 292 per image (median: 34). Echoes could represent single indi-
viduals or groups of individuals (always in flight, Fig. 1), but we had no possibilities to distinguish them, nor to 
determine species.

The density-based spatial clustering of echoes (see methods) resulted in the determination of 123,357 clusters. 
These clusters indicate patterns of coherent density in echoes’ distribution, i.e aggregative structures of groups 
of seabirds (Fig. 1). Among these clusters, 80,639 (65.4%) were kept as they showed temporal consistency and 
allowed for the tracking of 7,657 individual clusters in time (Fig. 2). Clusters’ consistency in time is unlikely to 
happen at random and was used as a reliability criteria. Erratic clusters were not taken into account (Fig. 2).

9.9% of images did not contain any cluster. In these cases, seabirds distribution did not show any temporally 
nor spatially consistent pattern. One third (30.9%) contained a single cluster. Half of images (50.8%) contained 
2 to 4 clusters. In the remaining 8.4% images, the number of clusters ranged from 5 to 22. The proportion of 
cluster-associated echoes in an image ranged from 0% to 100% (median: 63.9%). In 75% of images, more than 
41.7% of echoes belonged to one or several clusters. At least one quarter of echoes are included in one or several 
clusters in 85% of images.

Clusters’ centroids were 12.9 km apart (median), with minimum and maximum distances being 2.0 km and 
50.8 km. Half of inter-clusters distances lied between 9.0 and 18.2 km and 95% were less than 27.8 km (Fig. 3a).

Clusters’ centroids were found in all the radar disk, from 1.5 to 29.5 km from the boat (Fig. 4). Less than 8% 
of images contributed to the estimation of clusters’ density in the range 0–3 km. Highest densities were found in 
the range 1–8 km, informed by 0.4% to 58.4% of images. Beyond 10 km, density decreased steadily from 2.9 * 10−4 
cluster.km−2 to 2.2 * 10−6 cluster.km−2. Within this range, more than 75% of images provided information on 
echoes distribution and contributed to the estimation.

Figure 1. This illustration depicts an hypothetical oceanic scene with different seabirds and its possible 
appearance in the radar screen. The information relevant to this work are: (1) echoes in the radar can be either 
one bird or a group of birds foraging or transiting (referred to as “seabird-echoes” or “seabirds groups” in the 
text); (2) small seabirds and seabirds sitting on the water are unlikely to be detected by the radar; (3) when 
echoes are spaced such that they appear close together (see how in methods), they form a cluster of echoes 
(referred to as such in the text). Clusters might then be considered as “groups of seabirds groups”.

Assali	et	al.	2017	
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�  Pressure	sensors	(TDR)	linked	to	a	time	base		
	->	diving	behaviors	of	marine	birds	and	mammals	

�  Altimeters	for	birds		
�  Accelerometers	and	magnetometers		

	->	3D	representation	of	movement	
	->	feed	intake	
	->	energy	expenditure	
	->	feeding	activities	(mandibular	opening)	

�  Internal	temperature	
->	feed	intake	(stomach	logger)	

�	Conductivity	sensors:	dry/wet	states	
	->	birds	flying	or	resting	on	water	

�  Hydrophones		
->	animals	reaction	to	their	sound	environment		

Behavioural	measurements	

4.	Loggers	and	sampling	design	
	

- The	tracking	equipment	we	used	was	composed	of	(Fig.	10):	
- GPS	recorders	for	the	fishing	vessels:	Mobile	Action	i-gotU	GT-600	(*30),	1	fix	per	

second.	
- GPS	recorders	for	the	boobies:	Mobile	Action	i-gotU	GT-120	and	GT-600	(*30),	1	fix	

per	15	or	30s.	
- Dive	recorders	for	boobies:	TDR	G5	CTL-Cefas	long	life,	20	bars,	2M,	dive	log	enabled,	

1	fix	per	tenth	of	second	during	dives.	
- Tri-axial	accelerometers	Technosmart	(*5),	1	fix	per	0.1	second.	
- GLS	recorders	for	boobies	(*34):	Biotrack	,	2	fixes	a	day.	

	

	
Figure	10	:	Loggers	deployed	:	from	left	to	right	and	top	to	lower	panels	:	GPS	Mobile	Action	
i-gotU	 GT-120,	 TDR	 G5	 CTL-Cefas,	 Tri-axial	 accelerometers	 Technosmart,	 GLS	 recorders	
Biotrack	mounted	on	plastic	rings.	
	
In	 total,	 30	 seabirds	 were	 fitted	 with	 loggers,	 3	 in	 Chapeu,	 27	 in	 Meio.	 Different	
combinations	of	loggers	were	used	:	11	animals	with	GPS	only,	15	animals	with	GPS	and	TDR,	
4	animals	with	GPS	and	accelerometers.	All	animals	were	recaptured,	yet	two	GPS	were	lost	
because	 of	 moulting	 feathers.	 The	 sampling	 covered	 both	 parents	 from	 4	 nests	 and	 one	
parent	from	26	nests.	We	deployed	34	GLS.		
	
For	GPS	(and	TDR	and	accelerometers),	animals	were	captured	twice,	once	for	deploying	the	
tags,	 and	 the	 second	 time,	 usually	 48h-72h	 later,	 for	 recovery	 tags	 and	 data.	 These	
deployements	are	made	to	document	with	high	precision	(yet	short	duration)	the	foraging	
trips	of	breeding	 seabirds.	 For	GLS,	animals	were	captured	only	once	as	 these	 loggers	will	
remain	 1	 year	 on	 the	 animal	 in	 order	 to	 record	 long	 term	 (yet	 low	precision)	movements	
outside	the	breeding	season.	GLS	are	planned	to	be	recovered	in	april	2018.	
	
At	 each	 recapture,	 animals	 were	 measured	 and	 biologically	 sampled	 (including	 prey	
regurgitated,	mostly	flying	fish,	fig.	11).	Those	biological	samples	will	be	analysed	by	isotopic	
analyses	 for	 identifying	 their	 trophic	 niche	 (N	 and	 C	 isotopes)	 and	 for	 estimating	 global	
biocontamination	(Hg	isotopes).	
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Weimerskirch	et	al.	2003	

Altimeters	+	GPS	

Weimerskirch	et	al.	2004	

Behavioural	measurements	

3.	What	is	biologging?		 Behaviour	logging	



Narazaki	et	al	-	2009	

Accelerometers	/	TDR	
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3D	resting	behaviour	of	
northern	elephant	seals:	drifting	
like	a	falling	leaf	

Mitani	et	al	-	2009	

Accelerometers	
TDR	
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Kuhn	et	al	-	2009	
Northern	elephant	seal	

Gastric	temperature	loggers	+	TDR	
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Use	of	radar	detectors	to	track	attendance	of	albatrosses	at	fishing	vessels	
Weimerskirch et al. 3

Figure 1. Map of the southern
Indian Ocean showing (a) the
movement patterns of wandering
albatrosses tracked in 2016
(males, orange lines; females,
yellow lines), (b) enlargement of
rectangular area in (a) showing
the movements and location of
radar-equipped vessels (green
dots), and (c) enlargement of the
Crozet shelf (red square, location
of the colony).

Table 1. Types of behavioral movements derived from XGPS radar
tracks and radar detection of marine vessels.

Behavior

Mean
duration

(h) Range (h)
Frequency

(%)

Time in
contact

with radar
(%)

Fly past ship 0.03 0.01–0.025 23.9 0.2
Follow
cruising
ship

2.9 0.20–15.50 8.8 11.4

Attend ship 4.3 0.06–24.90 64.7 45.2

categorized as follows. Successive radar detections typi-
cal of area-restricted search movements, where the bird
alternates between periods of flying and sitting on the
water, were categorized as vessel attendance.

We used data from VMS (vessel GPS locations recorded
hourly) of French long-liners operating within the Crozet
and Kerguelen EEZ (provided by the Pecheker database
hosted at the Museum National d’Histoire Naturelle, Paris
[Martin & Pruvost 2007]). The data correspond to 7 ves-
sels fishing under license over the Crozet and Kerguelen
shelves and surrounding seamounts. These data and alba-
tross radar-detection GPS data were imported into Google
Earth (https://www.google.fr/earth), which we used to
analyze spatiotemporal coincidence of radar detections
by XGPS and VMS. Distances between locations of VMS-
equipped boats and bird GPS locations were calculated
and associated with intensity of radar signals.

The Préfet des TAAF and Comité de l’Environnement
Polaire and CNPN (National Committee for the Protection
of Nature) approved the field procedures for our study

under IPEV program number 109 (permit number 2015–
103, 4 September 2015).

Results

Forty-three foraging trips were recorded with the XGPS
in 2015 and 2016, 7 of which were incomplete. The
birds traveled between Antarctica and subtropical waters
and between the South Africa and central Indian Ocean,
covering an estimated 10 million km2 (Fig. 1). Over
periods of 1 min–23.9 h, 79.5% of the loggers recorded
contact with vessel radar (Table 1). Detections were
particularly numerous over the Crozet shelf edge (39.6%
of detections) but also over the Del Cano rise west of
Crozet and the eastern and northern Kerguelen shelf edge
(Fig. 1). In these areas, long-liners fishing for Patagonian
toothfish (Dissostichus eleginoides) were operating,
mostly French vessels for which matching VMS locations
were available.

When combining VMS and XGPS data, it appeared that
all VMS-equipped vessels in proximity to birds (<5 km)
were detected by the XGPS, except for 1 vessel encoun-
tered for a few minutes at >4 km. The distribution of
distances between a VMS-equipped vessel and an XGPS-
equipped bird indicates that radar was detected mainly at
a distance of 0.2–2 km and up to 5.5 km (Supporting Infor-
mation); weaker signals were received at distances >2 km
(Supporting Information). The detections other than
from VMS-equipped boats (29%) were recorded to the
north of the Crozet Islands over a wide longitudinal band
from 38°S to 30°S (Fig. 1), especially over the western
Indian Ocean ridge and seamounts south of Madagascar.

Conservation Biology
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3.	What	is	biologging?		 Environment	logging	

Weimerskrich	et	al.	2017	



Thiebault	et	al	-	2014	

defined as between the NC-raft and the first dive. Because

Cape Gannets are plunge-diving seabirds, we assumed that

the first dives corresponded to the first prey-capture

attempt.

The video data provided information on the surround-

ings of the study bird, including conspecifics, other seabird

species, dolphins, and boats. For the present study, we

focused only on the presence of conspecifics (which

featured in 92% of all frames containing surrounding

events), from which we defined different types of

observations (Figure 3). We use the term ‘‘stimulus bird’’

to refer to a conspecific that visibly influenced the

movement of the study bird. A stimulus bird could be

observed flying toward the colony, whereupon the study

bird flew in the opposite direction (first case), or flying in

any given direction, whereupon the study bird immediately

followed suit (second case). In the first case, the

observation could be connected to the hypothesized

FIGURE 3. Illustration of the near-colony-raft-to-patch phase with stops and flights, as well as the various types of observations of
conspecifics in the surroundings of focal Cape Gannets. Color circles correspond to the localization on the trajectory of the video
observations.

The Auk: Ornithological Advances 131:595–609, Q 2014 American Ornithologists’ Union

A. Thiebault, R. Mullers, P. Pistorius, et al. Social information around a seabird colony 599Environment	logging	3.	What	is	biologging?		

Video		



2.4	Environment	logging	

Temperature,	Salinity,		
chlorophyll	sensors	

Acoustic	recorders,		
built-in	sonars	or	micro-cameras		

A	better	understanding	of	the	
interactions	between	animals	and	
the	environment	itself	

Animals	as		
oceanographic	platforms	



Environment	logging	3.	What	is	biologging?		



Hussey	et	al	-	2015	

Where	we	are?	

Environment	logging	3.	What	is	biologging?		
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Fig. 2. Aquatic telemetry to understand the movements of animals in four
dimensions: horizontal (2D), vertical (depth), and over time. (A) Fine-scale
utilization distribution (UD) probabilities of Atlantic cod (G. morhua) at their
spawning grounds, [altered from (19)]. (B) Transatlantic migrations of in-
dividual (A to I) leatherback turtles (D. coriacea) [taken from (23)]. (C) Small-
and large-scale movements of tiger sharks (G. cuvier) revealed through a
combination of satellite and acoustic telemetry [altered from (29)]. (D) Vertical
movement behavior of a blue shark (P. glauca) [altered from (35)]. (E) Varying
dive profile patterns of Chilean devil rays (M. tarapacana) [taken from (32)].

h, hours. (F) Oceanic diel migration of a European eel (A. anguilla), showing
distinct temperature and vertical patterns [altered from (27)]. (G) Shallow-
water dive profile of an Atlantic tarpon (M. atlanticus) [taken from (34)].
(H) Tidal-driven vertical movement patterns of a basking shark (C. maximus)
[altered from (40)]. (I) Diel vertical movement patterns of a jumbo squid
(D. gigas) [taken from (41)]. mm/dd, month/day. (J) Seasonal spatial utili-
zation patterns by bluefin tuna (T. orientalis) [taken from (43)]. (K) Three-
dimensional dive profile of female Weddell seals (L. weddellii) [taken from (47)]
in relation to bathymetry and over two breeding seasons.
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4.	Biologging	in	MSP	

From	biologging	data	to	fauna	hotspots/coldspots	
->	Statistical	models	for	movement	analysis	

	
	

�	 	Trajectory	reconstruction		
	error	estimation,	interpolation	techniques,	etc.		

	
		

� Segmenting	a	trajectory	into	behavioural	modes	
	ad	hoc	methods	(speed	thresholds,	FPT),	discriminative	models	(neural	networks,	
	wavelets,	random	forests,	etc.),	state-space	models	(HMM,	HSMM)	

	
	

�	 	From	trajectories	to	habitats	and	niches,	
	estimating	space	occupation	from	trajectories	data		
	Kernels,	Gaussian	mixture	models,	Brownian	bridges,	etc.	

 

�	 	Habitat	modelling	

The	need	for	models	



Estimation	methods	for	
improving	position	

accuracy	
Tremblay	et	al.	2009	

4.	Biologging	in	MSP	

Trajectory		
reconstruction		

Trajectory	reconstruction	



4.	Biologging	in	MSP	 Segmentation	



Raw	location	records	

Travelling	

Searching	

Eating	
Fishing	
Resting	

Complete	Behavioural	sequence	

�  Identifying	geometric	pattern	
�  Identify	behavioural	events	

Segmentation	:	Problem	statement	

4.	Biologging	in	MSP	 Segmentation	



Lescroel	et	al.	2016	

4.	Biologging	in	MSP	

Lescroël	et	al.	2016	



4.	Biologging	in	MSP	

Lescroël	et	al.	2016	



Lescroël	et	al.	2016	

4.	Biologging	in	MSP	



Gredzens	et	al.	2014		

Satellite	Tracking	of	
Sympatric	Marine	
Megafauna	Can	Inform	the	
Biological	Basis	for	Species	
Co-Management		

4.	Biologging	in	MSP	



3D	Kernel	for	diving	animals	

Simpfendorfer	et	al	-	2012	

4.	Biologging	in	MSP	



4.	Biologging	in	MSP	

«	Filling	the	space	»	
Species	distribution	modelling	

Scale	and	extent	of	observation	datasets	are	often	small	and	patchy	
Unsuitable	for	large	scale	MSP	endeavors		

From	linear	to	non-	linear	modeling	and	machine	learning	techniques,	
coupled	with	a	Geographical	Information	System	(GIS),	to	geographically	

extrapolate	in-situ	data	based	on	seascape	properties	



Hooker	et	al.	2011	

4.	Biologging		
in	MSP	



Abrahms	et	al.	2018	

4.	Biologging	in	MSP	

Species	distribution	modelling		
For	the	pelagic	realm	



Perspectives	
Where	we	sould	go?	
	
1.  Scaling	up	from	

individuals	to	groups	
and	multispecies	

2.  Integrating	loggers	
(telemetry	+	physiology	
+	environment)	

3.  Integrating	databases	
Rodriguez	et	al.	2017	

4.  Animals,	ships	and	
bouys	as	opportunistic	
oceanographers	

Hussey	et	al	-	2015	

Perspectives		
biologging	
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A Migratory cardiac physiology Foraging dynamics Metabolic theory

D Migratory body condition

F Animals as oceanographers
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Fig. 4. Multidisciplinary aquatic telemetry approaches. (A) Satellite telem-
etry and tissue analysis reveal the physiological mechanism for spatial
distribution of salmon sharks (L. ditropis) [altered from (71)]. (A) atrium; (V)
ventricle. (B) Monitoring horizontal and vertical movements of seals and their
jaw-motion events (JMEs) to quantify feeding events in northern elephant seals
(M. angustirostris) [altered from (75)]. (C) High-resolution localized movements
of white sharks (C. carcharias) using acoustic telemetry tied with metabolic
theory to infer feeding rates [taken from (76)]. MO2 (gO2h

–1), routine metabolic
rate; U (TLs–1), swimming speed. (D) Blubber thickness and drift dive rates
derived from satellite telemetry are used to estimate the rate of resource
acquisition and the at-sea body condition of free-ranging northern elephant seals

[taken from (77)]. (E) Population ecology of lemon sharks (N. brevirostris) on
the east coast of the United States investigated using acoustic and satellite
telemetry (left) and mitochondrial DNA analysis (right) [altered from (84)].
Stars represent tagging location (left) and genetic sampling location (right).
(F) Improved estimates of the Southern Ocean general circulation using data
from seals equipped with conductivity-temperature-depth sensors and satellite
transmitters [altered from (91)]. MEOP-CTD, marine mammals exploring the
oceans pole to pole–conductivity-temperature-depth database; REF, reference
state estimate; SEAL, state estimate constrained with Argo and seal telemetry
data; SSMI, Special SensorMicrowave Imager satellite observation data. [Photo
credits: (A) B. Olsen; (B and D) M. Baird; (E) M. Potenski]
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Perspectives	modelling	 The	3rd	dimension	



Perspectives	modelling	Perspectives	

Game	et	al.	2009	

The	3rd	dimension	



Perspectives	modelling	

Cumulative	threat	maps	

Marxan		

Depth	class	

Prioritising	in	3D	opens	the	
possibility	of	targeting	
specific	threats	to	specific	
features	of	conservation	
interest	at	specific	depths	

Venegas	Li	et	al.	2017	



Perspectives	modelling	 The	3rd	dimension	

Comparison	of	spatial	priorities	through	a	3D	and	a	2D		
spatial	conservation	prioritisation		

Venegas	Li	et	al.	2017	



Perspectives	modelling	 The	4th	dimension	

Time	variability	
Short	term	time	variability	in	the	pelagic	realm			
Long	term	trend	variability	with	climate	change	
	

Hazen	et	al.	2012	

Real	time	monitoring	
Dynamic	boundaries	
Adaptive	management	

How	do	we	plan	variability?	
How	do	we	plan	uncertainty?	



The	odd	species	within	megafauna	


