Universidade dos Acores

Departamento de Oceanografia e Pescas

Cetacean movements in relation to the
dynamics of the sound-scattering layer in the
Azores

Irma Margarida Andrade Cruz Espregueira Cascao

Dissertacao apresentada a Universidade dos Acores para obtencao do Grau de

Doutor no Ramo de Ciéncias do Mar, Especialidade em Biologia Marinha

Horta, Janeiro 2017






Universidade dos Acores

Cetacean movements in relation to the dynamics of
the sound-scattering layer in the Azores

By

Irma Margarida Andrade Cruz Espregueira Cascao

Under the supervision of
Doutor Ricardo Serrao Santos

Departamento de Oceanografia e Pescas da Universidade dos Acores

and co-supervision of
Doutora Modnica Almeida e Silva

MARE — Marine and Environmental Sciences Centre

Instituto do Mar - Universidade dos Agores

Doctor Marc Lammers

Hawai’i Institute of Marine Biology - University of Hawai’i

Horta, Janeiro 2017






This PhD was supported by:

FCT Fundagao para a Ciéncia e a Tecnologia

MINISTERIO DA CIENCIA, TECNOLOGIA E ENSINO SUPERIOR

PhD fellowship to Irma Cascdo (SFRH/BD/41192/2007)

And by research projects:

_ TRACE (PTDC/MAR/74071/2006)

CONDOR (PT0040)

e MAPEET \APCET (M2.1.2/F/012/2011)

n ) DUADRO _ /V n
ST QF DE REFERENCIA P
* * =2 ESTRATEGICO * *
DO [ | oo COMPETE et

/o

{
PROCONVERGENCIA .*..* eea’g‘
oS J®ISRCTE  Qrants s

CONSTRUIR O FUTURO

UIPAMENTOS iceland liechtenstein norway

‘zmm;m

Governo dos Acores

FRC

o
FUNDO REGIONAL PARA A CIENCIA







Acknowledgements

My PhD project and path was only possible due to the contribution of numerous people to

whom | would like to express my profound gratitude.

First of all, | would like to thank my supervisors Ricardo Serrao Santos, Mdnica Silva and Marc
Lammers. They always believed in this project and supported me. Their supervision was of

extreme importance and they were very efficient in “putting me back on track”.

I would like to acknowledge DOP’s directors and IMAR’s presidents, Ricardo Serrdo Santos

and Hélder Marques da Silva for hosting me and supporting my PhD.

During the PhD, | was very fortunate on having an extra non-official supervisor, Réka

Domokos, that supported me during data analysis and writing the dissertation.

Special thanks also to Alexandre Morais for providing technical assistance on EK500 echo
sounder, and Yorgos Stratoudakis, Vitor Marques and Rula Dominguez for hosting me at IPMA

and for technical support on Movies+ software.

I am also grateful to Gui Menezes and Hugo Diogo for helpful discussions on this study, and

Ricardo Medeiros for her help with GIS.

Data collection occurred due to the contribution of so many people. First and above all the
captains and crew of the R/V Arquipélago and of L/l Aguas Vivas — they were tireless in
ensuring safe deployment and recovery of the EARs, and of colleting the best hydroacoustic
data. | am very grateful to Jodo Medeiros, Yves Cuenot and colleagues from the Oceanography
group, especially Alexandre Medeiros and Sergio Gomes, for their support during data

collection, and to Rui Prieto for their help with the EARs.

During the data analysis and writing up this dissertation, besides the help and ideas of my
supervisors and non-official supervisors, | had a substantial contribution from Pedro Afonso,
Mara Schiiming, Fred Vandeperre, and Gui Menezes, to whom | would like to express my

profound gratitude.



Along this long process and elaboration of the dissertation | received contributes from several
people in different ways to which | am very grateful: Paula Lourinho, Sandra Andrade, Sandra

Silva, José Antdnio, Joana Maciel, Paulo Castro, Norberto Serpa, and Alierta Pereira.

To my family and friends, they are my foundation and always will be. For that and all the

support they always gave and continue giving, thank you, with all my heart!

I would like to acknowledge the funding from Fundacdo para a Ciéncia e Tecnologia (FCT)
through my PhD fellowship (SFRH/BD/41192/2007) and the research project TRACE-
PTDC/MAR/74071/2006, Fundo Regional da Ciéncia, Tecnologia (FRCT) for funding the
research project MAPCET-M2.1.2/F/012/2011 [FEDER, the Competitiveness Factors
Operational Program (COMPETE), QREN European Social Fund, and Proconvergencia
Acores/EU Program], the EEA Grants Financial Mechanism — Iceland, Liechtenstein and
Norway, through research CONDOR (PT0040), and the support from Department of
Oceanography and Fisheries (University of the Azores), Centro do IMAR da Universidade dos
Acores, University of Hawaii, and the National Oceanic and Atmospheric Administration. | also
acknowledge funds provided by FCT to LARSyS Associated Laboratory & IMAR-University of
the Azores/the Thematic Area D & E of the Strategic Project PEst-OE/EEI/LA0009/2011-1012
and 2013-2014 (OE & Compete) and by the FRCT — Government of the Azores pluriannual

funding.



Table of contents

A o 1] - Yot SR i
=1 01 ¢ Lo TSP iii
LiST Of FIGUIES ...t e e e e e e et e e e e e ata e e e e e earaeeeeenaaeaeseaseeeeeaans Y
I o) 8 =1 o] 1TSS vii
01 T o =1 R 1
10 Yo [Tt o o TP PSRRI 1
1. The problem: are seamounts foraging hotspots for cetaceans?..........ccccccevecvieeiiiiienens 3
2. Sound-scattering layers of micronekton: key player in ocean food webs ........................ 6
3. The role of seamounts in structuring micronekton communities..........cccceeevveeevicieeeennns 7
4. Studying micronekton dynamics with active acoustics.......cccceeeeiiiieiiiiiiiciciieee e, 11
5. Passive acoustics to monitor cetacean populations..........cceeeveeeciiiieiee e, 14
(] 0o AT =T PP PRRRPRRR 15
7. 0bjectives and OULHNE .....coooeeeeeeee e e e e e e e 18
(0l T T o1 =T PSPPI 21

Persistent enhancement of micronekton backscatter at the summits of seamounts in the

1.4 ] €L PP PTPR 21
1. Synthesis of Casc@0 €t Al. (2017) ..ueeeeeiiieeeeiiee ettt e s 23
(00 = 01 =T T 25
Seamount effects on micronekton diel vertical migration and patchiness..........cccccccuveenneee. 25
1. INErOAUCTION . e s s e 27
2. IMIBENOMS ...t 30
B RESUIES ettt h e e e bt e et e s e e e st e s e e e nneeena 36
4. DISCUSSION ..ttt a e e e s bb e e e s s e e e e e s bb e e e s aa e e e eaas 48
(01T T o1 £ =T o PP ORI 53

Passive acoustic monitoring of delphinids at seamounts in the Azores .........cccceeevveeeecnneennn. 53



O 1] (o Yo [8 Lot 4o Yo IR UURT RO PTPR 55

2. IMIBENOMS ...ttt et e e st e et e e bt e e nabeesaaeeea 58
B RESUIES .t s et e s e s e 63
L B T ol £ 1] o] 4 OO PPPPPPPPRPPN 67
08 0 T o =1 g TSR 75
Temporal interactions between dolphins and their prey at seamounts in the Azores........... 75
i [} 4 oY [¥ Lot oo HEO O TP 77
2. IMIBENOMS ...t 78
B RESUILS ..ttt ettt e et e et e e e bt e e e bt e e et e e abe e e nnteenneeeea 82
L B T ol £ 1] o] PP PPPPPPPPRP 91
01 F=1 o =1 S PP 95
Synthesis and CONCIUSIONS ......coiiiiiiiiicieee e e e e e e nae e e e e nnees 95
Seamounts influence the dynamics of micronekton ...........ccccceveiiiiiiiieciiiie e, 97
Seamounts are foraging hotspots for delphinids ..........ccceeiiiiiieiiiiiie e, 101
FULUPE FESEANCH ...ttt e st 103
REFEIENCES ...ttt ettt st e s bt e et e bt e sare e ne e e b e enneenaneens 105
FAY 01 0= PP PPTPP 125
ANNEX | ittt e 127
ANNEX ] ciiiiiiiiiii e 149
FAY oY 1< Gl || PP PUPPPPPR 151

F N T 1) G AV 2R 153



Abstract

Patchinessis a key feature of pelagic ecosystems. Interactions between physical and biological
processes result in variability in biological production and biomass over a range of scales in
space and time. To survive in a spatially and temporally heterogeneous environment,
predators must successfully locate and exploit dense concentrations of prey. Biophysical
coupling at seamounts may lead to the formation of pelagic foraging hotspots, which can
attract predators like cetaceans. However, the mechanisms linking physical processes, prey
dynamics and cetacean foraging are complex and scale-dependent. The main goal of this
dissertation was therefore to understand the dynamics of prey aggregations at seamounts

and to determine if and how cetaceans exploit these foraging opportunities.

Active acoustic surveys were used to investigate the spatio-temporal dynamics of
micronekton organisms (small epi- and mesopelagic fishes, cephalopods and crustaceans) on
two seamounts (Condor and Gigante) in the Azores and in surrounding open-waters. At the
same time, two hydrophones were deployed at these seamounts to obtain information on

cetacean presence.

Our results demonstrated that Condor and Gigante seamounts significantly affect the
distribution and dynamics of the micronekton. Strong aggregations of micronekton were a
permanent feature above the summits of both seamounts, regardless of the season and diel
period. This contrasted with reduced micronekton concentrations in the water column above
the seamount flanks, which were lower than those measured in open waters just a few
kilometres away. Over the summits, the micronekton community was vertically structured
into a single, diffusely distributed layer, whereas above the slopes and in the open ocean, it
formed two distinct layers: a shallow-scattering layer (SSL), distributed from the surface to
approximately 150 m depth, and a deep-scattering layer (DSL), from ~ 350-650 m depth. The
distribution and behaviour of the two layers varied with time of day but in opposite ways. The
relative density of the SSL increased by ~5 times at night and organisms were more densely
aggregated into a well-defined layer. As for the DSL, the daytime density was nearly the
double of the nighttime density, with micronekton forming thicker and slightly denser patches
than at night. These findings suggest that diel changes in the two layers most likely result from

the nocturnal vertical migration of part of the DSL that merges with the SSLin the upper water



column. Micronekton present in surface waters would then be attracted or passively
advected onto the seamount summits that would retain part of this community during the
day. Therefore, seamounts may provide enhanced foraging opportunities for cetaceans

through a combination of vertical migrations and local retention of prey.

The results of passive acoustic monitoring showed that dolphins were acoustically detected
in Condor and Gigante almost every day, remaining 4 hours on average in the vicinity of the
seamounts. The most frequently detected dolphin vocalizations were echolocation sounds,
known to be associated with foraging behaviour. However, we found a clear diel pattern in
dolphin acoustic activity, with higher vocalization occurrences at night. Taken together these
results demonstrate that small dolphins consistently use Condor and Gigante seamounts to

forage but they do so predominantly at night.

Further examination of micronekton and dolphin distribution patterns suggest that at night
dolphins are exploring the highest prey aggregations found close to the summit seafloor
and/or exploring the high micronekton concentrations available in surface layers above
seamount slopes, consequence of the upward migration of organisms from the DSL to the
SSL. These results suggest that foraging on higher concentrations of more aggregated prey

close to the summit bottom during the day may not be energetically efficient.

This study contributes to a better understanding of the role of seamounts in shaping
micronekton communities in oceanic environments and how this in turn affects the foraging

ecology of dolphins.



Resumo

A existéncia de agregacoes é uma caracteristica fundamental dos ecossistemas pelagicos. A
interaccdo entre processos fisicos e biolégicos produz variabilidade na producédo bioldgica a
diferentes escalas espaciais e temporais. Para sobreviver num ambiente espacial e
temporalmente heterogéneo, os predadores tém de localizar e explorar densas
concentracdes de presas. Interac¢bes biofisicas em redor dos montes submarinos podem
promover a agregacao de presas, as quais podem atrair predadores como os cetaceos. No
entanto, a interaccdo entre processos fisicos, dinamica das presas e o comportamento
alimentar dos predadores é complexa e variavel no espacgo e no tempo. O objectivo principal
desta tese é compreender a dindamica da agregacdo de presas em redor dos montes
submarinos e determinar de que forma os cetaceos exploram estas oportunidades

alimentares.

Neste trabalho recorremos a campanhas de rastreio acustico para investigar a dinamica
espacio-temporal dos organismos micronecténicos (pequenos peixes epi- e mesopelagicos,
cefalépodes e crustaceos) em dois montes submarinos (Condor e Gigante) dos Agores e em
zonas de mar aberto. Paralelamente, foram colocados dois hidrofones para obter informacao

sobre a ocorréncia de cetaceos nesses montes submarinos.

Os resultados demonstraram que os montes submarinos Condor e Gigante influenciam
significativamente a distribuicdo e dinamica do micronecton. Foram detectadas agregacdes
substanciais no topo dos dois montes submarinos, independentemente da esta¢do do ano e
periodo do dia. Ao invés, a coluna de agua sobre os flancos dos montes submarinos é
caracterizada por concentracbes de micronecton inferiores as que foram detectadas em
zonas de mar aberto préximas. Enquanto no topo dos montes a comunidade de micronecton
apresentava uma distribuicdo difusa e estava estruturada numa unica camada vertical, a
comunidade existente nos flancos e em mar aberto formava duas camadas distintas: uma
camada de dispersao superficial (shallow-scattering layer, SSL), localizada entre a superficie e
aproximadamente 150 m de profundidade, e uma camada de dispersao profunda (deep-
scattering layer, DSL), dos 350 aos 650 m de profundidade. A distribuicdo e comportamento
das duas camadas variou significativamente com a hora do dia, mas de forma inversa. Durante

a noite, a densidade relativa da SSL era cerca de 5 vezes superior a registada durante o dia, a



camada apresentava-se melhor delimitada e os organismos mais densamente concentrados.
No que diz respeito a DSL, a densidade diurna era o dobro da nocturna e os organismos
formavam agregacdes mais espessas e densas durante o dia. Estes resultados sugerem que
as alteragdes diarias nas duas camadas resultam da migracdo vertical nocturna e posterior
agregacdo a SSL de parte dos organismos que compdem a DSL. Alguns destes organismos
poderdo ser atraidos ou passivamente transportados para a coluna de dgua sobre o topo dos
montes submarinos, acabando por ficar retidos durante o dia. Portanto, os montes
submarinos podem proporcionar enriquecido oportunidades de alimentacdo para os

cetaceos através de uma combinacdao de migragdes verticais e retencao local de presas.

Os resultados da acustica passiva mostraram que os delfinideos foram detectada nos montes
submarinos Condor e Gigante em praticamente todos os dias de monitorizacdo, tendo os
grupos permanecido uma média de 4 horas na vizinhangca dos montes. Os sons de
ecolocaliza¢do, associados ao comportamento alimentar, foram as vocalizacGes detectadas
com maior frequéncia. Os dados evidenciaram um padrdo didrio na actividade acustica, com
maior ocorréncia de vocaliza¢gGes durante a noite. Globalmente, os resultados deste trabalho
demonstram que os pequenos delfinideos utilizam consistentemente os montes submarinos
Condor e Gigante como areas de alimentacdo mas que o fazem predominantemente durante

a noite.

Uma analise mais aprofundada dos padrdes de distribuicdo de micronecton e golfinhos sugere
que, a noite, os golfinhos exploram as maiores agregacdes de presas encontradas perto do
fundo do topo do monte e/ou alimentam-se das concentragdes elevadas de micronecton
disponiveis nas camadas superficies sobre os flancos dos montes submarinos, consequéncia
da migracao de organismos da DSL para a SSL. Estes resultados sugerem que a alimentagao
em maiores concentracdes de presas mais agregadas perto do fundo do topo do monte

durante o dia pode ndo ser energeticamente eficiente.

Este estudo contribui para uma melhor compreensdo do papel dos montes submarinos na
formacao das comunidades micronecton em ambientes oceanicos e como isso, por sua vez,

afeta a ecologia alimentar dos golfinhos.
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Chapter 1 Introduction

1. The problem: are seamounts foraging hotspots for cetaceans?

Spatial and temporal heterogeneity of physical characteristics and organisms is a general
phenomenon in the ocean (Steele, 1978). The patchiness of biota can be exhibited across a
broad range of scales, with distinct aggregations occurring at scales ranging from less than a
meter to hundreds of kilometres and persisting from a few hours to years or even decades
(Haury et al., 1978). Spatial and temporal patterns of organisms have profound effects on
ecosystem structure and functioning by influencing species composition, population
dynamics and trophic interactions, as well as the cycling of nutrients and other elements

(Levin, 1992).

Small pelagic fish, cephalopods and crustaceans, that together comprise the micronekton, are
the primary prey of many marine top predators. These organisms tend to aggregate over a
large range of scales and the mechanisms leading to the formation and persistence of these
aggregations may be a function of their life-history and biological characteristics, be linked to
physical mechanisms, or result from a combination of both (Murphy et al., 1988; Fauchald et
al., 2000). For example, most small pelagic fish and zooplankton live in dense schools and
swarms presumably as an anti-predator response (Hamilton, 1971). The diel vertical
migration behaviour that brings an immense biomass of mesopelagic fish and zooplankton to
surface layers at night is also viewed as a behaviour tactic to maximize feeding success and
minimize predation risk (Hays, 2003). Many fish and cephalopod species congregate
seasonally to spawn in predictable regions. At meso- (10s - 1000s km) and sub-mesoscale (c.
1 km) scales, biophysical coupling at bathymetric (e.g., shelf-slopes, islands chains,
seamounts) and oceanographic (e.g., fronts, eddies) features can aggregate schools of
organisms into large patches (Evans, 1978). Depending on the underlying mechanism, these

large patches may last for hours to months.

Aggregations of small pelagic schooling organisms are important foraging hotspots for top
marine predators (Fauchald, 2009; Benoit-Bird et al., 2013). Predators should make optimal
decisions about where to forage to maximize energy gain and, ultimately, their fitness
(Stephens and Krebs, 1986). In doing so, they should seek out areas with high density of prey,

and actively track concentrations of prey at different spatial and temporal scales (Curio,
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1976). However, in marine pelagic systems, many spatial studies have found no or only weak
aggregative response of predators towards areas of observed or expected prey concentration

(see Benoit-Bird and Au, 2003a; Fauchald, 2009; Benoit-Bird et al., 2013).

A paradigmatic example of our inability to understand the complex spatial patterns of pelagic
organisms is the case of seamount ecosystems. Seamounts represent important discontinuity
structures in the open ocean that may promote a range of physical processes that can serve
to concentrate prey (Genin, 2004). Upwelling, mixing and nutrient retention may enhance
primary productivity, while plankton and micronekton may become entrained in convergent
surface flow. Increased flow may aggregate zooplankton advected from surrounding water
masses and trap their vertical migration, driving bottom-up processes across multiple trophic
levels up to apex predators. This “prey aggregator” effect has often been invoked to explain
the presence of pelagic predators around seamounts (see Holland and Grubbs, 2007; Kashner,

2007; Litvinov, 2007; Santos et al., 2007; Thompson, 2007) (Figure 1.1).

Cetaceans are highly mobile and can move over large distances at a relatively low cost and,
therefore, are well adapted to exploit resources that are patchily distributed. In agreement,
several studies documented the occurrence of cetaceans in areas where prey availability is
expected to be higher, including hydrographic fronts, eddies, and a variety of bathymetric
features (Baumgartner et al., 2001; Cafiadas et al., 2002; Yen et al., 2004). In the case of
seamounts, however, and despite anecdotal sightings, results from dedicated studies have
yielded conflicting results (reviewed in Kashner, 2007) and the persistence of cetacean
association to these habitats still needs to be demonstrated. This is not surprising, as most
studies on seamounts are based on short-term and often coarse observations, unable to

capture the spatio-temporal dynamics of both cetaceans and their prey.
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seamount(@

Figure 1. 1 — Seamounts as foraging hotspots for top marine predators (NOAAQO).

To advance our knowledge on the effect of seamounts in predator-prey interactions, highly
replicated observations of prey dynamics at fine spatial scales are critical to describe the
presence and persistence of foraging hotspots at seamounts and to begin to understand the
underlying behavioural and physical mechanisms. Second, long-term studies of cetaceans at
seamounts, concurrent with prey information, are needed to quantify species’ usage of these
habitats and determine the relationship with prey dynamics. Finally, we must characterize
prey in a way that is relevant for cetacean predators. Most studies use some metric of prey
abundance or biomass (usually integrated over area or volume of water) to relate with
cetacean distribution, disregarding the spatial scales of prey aggregation, patch density and
their distribution throughout the water column. Active and passive acoustic techniques
provide a great opportunity to investigate prey fields and cetacean populations at remote

marine habitats.



