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Abstract

In recent years, evidence has been found of Diel Vertical Migration (DVM) in zooplankton during

the Polar Night in the Arctic Ocean. However, the drivers of this behaviour during an apparent lack

of illumination and food are poorly understood, as is its spatial extent across the Arctic Ocean. A

novel dataset comprising 58 deployments of moored Acoustic Doppler Current Profilers is used

in this study to observe the vertical migratory behaviour of zooplankton on a pan-Arctic scale.

Methods of circadian rhythm analysis are applied to detect synchronous activity. South of 75°N,

DVM continues throughout winter (albeit with reduced vertical amplitude when compared to other

times of the year). DVM is seen to cease for a short period of time (up to 50 days) at latitudes

between 75° and 82°N. The duration for which DVM ceases is controlled primarily by latitude

(and therefore the altitude of the sun), but is modified by sea-ice presence and other environmental

parameters. A DVM pattern is not seen at 90°N at any time of the year, but ⇠365 day periodicity is

detected in the surface backscatter levels at this latitude. During the Polar Night, the moon controls

the vertical positioning of zooplankton across the Arctic. Aggregations at depth coincide with an

avoidance of the surface for several (<6) days over the full moon. The deepest aggregation is seen

at 110 m, indicating a depth limit of moonlight perception. A new type of migratory behaviour

is described: Lunar Vertical Migration (LVM) which exists as LVM-day (24.8 hour periodicity)

and LVM-month (29.5 day periodicity) on a pan-Arctic scale. The strongest LVM-day is seen at

50 m depth. Sea-ice and cloud are found to modify both of these lunar responses. The results

presented by this thesis show continuous activity throughout winter, and challenge assumptions of

a quiescent Polar Night.
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Chapter 1

Introduction

This chapter primarily introduces the research field surrounding Diel Vertical Migration

(DVM) in Arctic zooplankton. This includes an introduction to zooplankton, a review of

the knowledge of DVM, an introduction to the Polar Night and illumination levels during

this time, and an outline of the factors that modify the overall light field. Following

this, a set of questions are posed which summarise the gaps in knowledge in existing

literature and form the basis for the focus of this thesis. An introduction to the format and

organisation of the remaining thesis is also provided, along with an introduction to the

CircA project, of which this thesis and research is an output.

1.1 Literature review and introduction to the research

field

1.1.1 Zooplankton

1.1.1.1 What are zooplankton?

Zooplankton are a group of animals that live in oceans and lakes. Their size is usually

less than a few centimetres, but the group also includes large jellyfish of up to metres

long (Miller, 2004). The word plankton comes from the Greek meaning of to wander, or
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drift. Whilst zooplankton are free-swimming creatures and control their localised posi-

tioning, they are united by the inability to move against ocean currents (Brierley, 2014),

and their movements are largely controlled as such (unlike the remaining group, nekton,

which includes fish, mammals, squid etc.). This means that the community composition

of zooplankton can be changed dramatically by advecting water masses (Kwasniewski

et al., 2012). Zooplankton can be further classified by size: microzooplankton (20 - 200

µm), mesozooplankton (0.2 - 20 mm), and macrozooplankton (2 - 20 cm). This thesis

primarily focuses on zooplankton in the mesozooplankton range.

1.1.1.2 Why are they of ecological importance?

Zooplankton sit in the middle of a complex food web that exists in the Arctic Ocean

(Figure 1.1). Their key importance lies in the transfer of energy through the system via

the ingestion of phytoplankton and ice-algae, which is then assimilated into rich lipids

that form the basis of the food chain in the Arctic (Conover, 1966). They essentially form

a physical link between the primary producers of the surface ocean and pelagic predators

(Sakshaug et al., 2009a; Kwasniewski et al., 2012).

Figure 1.1: Figure from NOAA (2016). Arctic marine food web.

Zooplankton play a key role in the oceanic scale process known as the “biological pump”

(Ducklow et al., 2001). Initially, carbon dioxide is absorbed by the ocean, which is fixed
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by phytoplankton in the surface layers. In order to become part of the biological pump,

this carbon must be re-located to below the pycnocline (the depth of the greatest den-

sity gradient in the water column, usually a separation of water masses). By their very

existence, zooplankton increase vertical carbon transport by feeding: fecal pellets from

zooplankton (which are fundamentally assimilated carbon) will sink at a far higher rate

than the individual phytoplankton cells would alone (Wexels Riser et al., 2007), meaning

that they have a higher chance of reaching the seafloor before remineralisation can occur.

In the Barents Sea in spring, zooplankton ingestion of carbon equals that of total vertical

particulate organic carbon flux, highlighting that zooplankton perform a crucial role in the

biological pump (Wexels Riser et al., 2008). Zooplankton also transport carbon to depth

once they have died (Sampei et al., 2009).

1.1.1.3 An introduction to Arctic zooplankton communities

Figure 1.2 identifies key geographical locations that are referred to in the following sec-

tion, and throughout the remainder of this thesis. The main land masses are labelled as

the countries to which they belong, any key water masses that are referred to are shown,

and broad regions such as the Laptev Sea and the Canadian Archipelago are identified

as these are regions of focus for the data used within this thesis. A further map of Sval-

bard is shown to highlight the positioning of the three fjords researched within this work:

Rijpfjorden, Kongsfjorden, and Billefjorden.
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Figure 1.2: Key geographical features (including countries of surrounding land masses,
water masses, and broad regions) focused on within this thesis. Maps show a) the Arctic
Ocean, and b) Svalbard.
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Common groups of Arctic zooplankton include gastropods such as pteropods, gelatinous

zooplankton including arrow worms and jellyfish, Crustacea including euphausiids, am-

phipods, and the most abundant group: copepods (Kosobokova and Hirche, 2009). Within

the copepod group, species from the genera Pseudocalanus, Microcalanus, Metridia,

Oithona, Paraeuchaeta, Acartia, and Calanus are prevalent. The Calanus genus is one of

the most important in terms of being the prime herbivores in the Arctic, and their highly

lipid-rich composition (Falk-Petersen et al., 2009) means that they form a central part of

the Arctic ecosystem. Three species of Calanus exist in the Arctic Ocean: i) Calanus

finmarchicus has a lifespan of 1-2 years, is a deep water species, and adapted to areas

with a regular yearly spring bloom; ii) Calanus glacialis has a lifespan of 1-2 years, is a

shelf species which can adapt to big variations in the spring bloom dynamics; iii) Calanus

hyperboreus has a longer lifespan of up to five years (or as short as one, depending on

location), and is adapted to deep water environments with large inter-annual variations

in both ice cover and algal blooms. In all three species, the timing of the spring bloom

is important to structuring the life history of Calanus (Falk-Petersen et al., 2009). How-

ever, their life history is also thought to be driven by the behaviour, presence, and species

composition of planktivorous fish (Kaartvedt, 2000). Advection of different water masses,

particularly into semi-closed system such as fjords, can affect the zooplankton community

composition (Willis et al., 2006, 2007), and this response can be seen around Svalbard:

areas dominated by the West Spitsbergen Current have highest levels of the Atlantic as-

sociated C. finmarchicus (Weydmann et al., 2014), whilst the north of the archipelago

(and much more classically “Arctic”) feature high biomasses of the Arctic associated C.

glacialis (Weydmann et al., 2013). In 2003/04, record abundances of C. glacialis were

seen in Rijpfjorden, the same year as maximum ice extent.

Zooplankton abundance and community composition vary throughout the Arctic: The

central Arctic basin tends to have the highest diversity, with Atlantic species such as C.

finmarchicus and Metridia lucens being common (as the largest source of water to the Arc-

tic basin is from the Atlantic), but is dominated by Arctic species such as C. hyperboreus,
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C. glacialis, and M. longa. Despite higher diversity, the biomass and abundance of zoo-

plankton is roughly two orders of magnitude lower in the central Arctic basin when com-

pared to the Bering Sea and surrounding fjords (Brodskiy and Pavshtiks, 1977; Thomas

et al., 2008). The Chukchi Sea has diversity similar to the East Siberian and Beaufort

Seas, but generally has a higher biomass (Questel et al., 2013). The fjords of Svalbard

show abundances similar to those of coastal sea areas (Weydmann et al., 2013).

1.1.2 Diel Vertical Migration in zooplankton

1.1.2.1 What is DVM?

Diel Vertical Migration (DVM) is a behaviour performed by a variety of organisms (in

both marine and freshwater environments) and, by biomass, is potentially the largest mi-

gration in the world (Hays, 2003). The classic paradigm is characterised by populations

migrating up at dusk to feed on food near the surface, and migrating to depth at dawn to

avoid the threat of visual predation which is facilitated by the rising sun. The behaviour

is seen in fish (Benoit et al., 2010), filter-feeding sharks (Sims et al., 2005), and in the

most relevant example to this thesis: zooplankton (for a summary, see Ringelberg (2010);

Brierley (2014)). It is a behaviour seen in zooplankton in lakes and oceans worldwide,

and is found so extensively, it is thought that there must be an underlying cause for the

adoption of this behaviour (Hays, 2003). The mass, synchronised migration of zooplank-

ton in dense aggregations causes Sound Scattering Layers to form in acoustic instruments.

The use of acoustics in detecting DVM is introduced fully in Section 1.1.2.2. There are,

as with any adaptive response, trade-offs in overall fitness. DVM can lead to reduced

growth and reproduction rates due to individuals spending more time in cold, deep waters

(Loose and Dawidowicz, 1994). It also results in a physical separation from food for long

periods of time, which reduces feeding rates (Hays, 2003). This is seen in the interaction

between krill and copepods: as krill ascend earlier each day through the late summer, the

amount of feeding time considered safe for Calanus reduces (Tarling et al., 2002), high-

lighting the constant trade-off that exists and the continuous balancing of risk for optimal
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fitness. However, as simply stated by Kremer and Kremer (1988): “Better hungry than

dead”. This four word statement summarises the fundamental trade-off undertaken by

zooplankton every day. This trade-off is managed by zooplankton generally following the

“maximum value of venturous revenue” - they balance the food intake against the preda-

tion risk by constantly measuring external pressures such as food abundance, predations

risk, and temperature (Liu et al., 2003), suggesting a response with great plasticity. DVM

can also be characterised by more than one layer of migrants: several scattering layers

have been seen in autumn in the fjords of Svalbard (Berge et al., 2014). The separation

of these layers is thought to be related to temperature and salinity levels, and have vary-

ing species composition. Distinct scattering layers have also been seen in euphausiids in

more southerly fjords (Tarling et al., 2014), thought to be caused by variance in the risk

considered by sub-populations. The deeper layer provided the “rewarding yet risky envi-

ronment”, in terms of food supply and predation risk. The opposite was true in the upper

layer, suggesting a plastic response within populations. The paradigm of zooplankton

performing DVM is well established, yet many hypotheses surround the field of research

as to the reasons why it takes place, and the mechanisms that control it.

1.1.2.2 Detecting DVM

Acoustics have been used for the detection of zooplankton since the discovery of sound

scattering layers after World War II. Initially thought to be reflections from the sea-floor, it

was found that these scattering layers at 150-400 m were composed of vertically migrating

zooplankton (Hersey and Moore, 1948). An acoustic instrument contains one or more

transducer plates. These produce an acoustic “ping” which propagates into the water

column ahead of it, spreading out into a cone shape. Any scatterers in the path of this

ping will cause a scattering of the acoustic signal back to the transducer. By the time it

arrives, the transducer has switched to a “listening” mode, and records the intensity and

timings of the incoming signal. This signal can then be processed into backscatter data to

infer information about the scattering community.

Acoustic Doppler Current Profilers (ADCPs) are instruments typically used in physical
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oceanography for measuring current speed and direction. The data were first interpreted

as a biological abundance estimating tool by Flagg and Smith (1989). The use of ADCPs

in monitoring of Arctic zooplankton has been extensive (recent examples include, but are

not limited to Cottier et al. (2006); Berge et al. (2009); Cisewski et al. (2010); Wallace

et al. (2010); Hamilton et al. (2013); Berge et al. (2014); Last et al. (2016)). A full

introduction into the use of ADCPs in this thesis is provided in Chapter 2.

Standard echosounders, and multifrequency echosounders are also used in DVM re-

search (Dale, 2000; Fortier et al., 2001; Cresswell et al., 2009; Webster et al., 2015).

Echosounders offer more advanced techniques in zooplankton research than ADCPs as

they can be calibrated with targets of known acoustical properties, and therefore acoustic

data from echosounders can be directly attributed to size and biomass of the scattering

population. The four beam configuration of an ADCP means that calibration can not be

conducted in the same way. In addition to single frequency acoustics, multifrequency

echosounders such as the Acoustic Zooplankton Fish Profiler are popular in zooplankton

research due to the ability to discriminate body type, size, and abundance of scatterers

when using >1 frequency simultaneously (Brierley et al., 2006; Lavery et al., 2007). In

this thesis, moored acoustics are used. However, ship-borne acoustics (both echosounders

and ADCPs) have also been used in zooplankton research (Heywood, 1991; Ressler, 2002;

Fielding et al., 2004).

Nets are commonly deployed for the purpose of detecting DVM, either as a stand alone

research tool (Fortier et al., 2001), or in conjunction with ADCPs and echosounders (Cot-

tier et al., 2006; Benoit et al., 2010; Berge et al., 2014). Nets are commonly deployed at

midnight and midday to compare the catches between them and so to infer a DVM signal.

The main benefit of nets is the discrimination of zooplankton to species level, something

that is not possible even with multifrequency acoustics. However, data from net sampling

is time inefficient (when compared per sample to acoustics), and only allows for sam-

pling in single points of space and time. When considering research at high latitudes, nets

are also less appropriate for winter/spring sampling due to the presence of sea-ice which
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limits access for ships themselves, and also restricts deployments on nets. Discrete net

samples through depths are possible, but not at the resolution of up to tens of centimetres

that is possible with high frequency acoustics. In addition to this, zooplankton (particu-

larly larger euphausiids) are known to actively avoid nets (Wiebe et al., 2004), resulting

in the under-representation of some zooplankton groups. In addition to the classically

towed nets, stationary nets can also be installed in an attempt to trap actively migrating

zooplankton (Pierson et al., 2009). A full review of net systems available for sampling

zooplankton can be seen in Skjoldal et al. (2013).

1.1.2.3 Hypothesis surrounding DVM

The specifics of DVM have been hypothesised and discussed for decades. DVM can be

explained by the evolutionary advantageous reasons that it occurs, or by the factors that

control its existence and drive the behaviour (Ringelberg and van Gool, 2003).

Predation

It is generally accepted that the overall risk of predation is the predominant adaptive rea-

son for DVM, with behavioural models showing that it is the predation risk (along with

the need to feed) that drive DVM (Tarling et al., 2000). DVM behaviours can vary accord-

ing to changes in predator composition, abundance, and distribution (Bollens et al., 1992;

Dale, 2000; Berge et al., 2014). In general, an increased presence of visual predators

leads to a more pronounced extent of DVM (Bollens and Frost, 1989; Frost and Bollens,

1992) in terms of the synchronicity with which a population responds, and the depth ex-

tent of DVM. Changes in the type of predators can also result in different types of DVM

responses. For example, the presence of non-visual predators can cause reverse DVM

(surfacing in daylight hours) (Ohman, 1990; Hays, 2003), whilst removing the predation

risk can result in non-migrating populations (Ohman, 1990). Zooplankton are also seen

to be very adaptable in their DVM behaviour - changing depths of optimal feeding re-

gions in response to predator depths (Tarling et al., 2014), and adopting a behaviour of

“midnight sinking” when predators are present at night. This involves individuals sinking



1.1. LITERATURE REVIEW AND INTRODUCTION TO THE RESEARCH FIELD 25

down during the hours of darkness rather than in response to increasing surface illumi-

nation (Tarling et al., 1999a). Tarling et al. (2002) found this to be due to avoidance of

predators, i.e. an active swimming response, rather than being a passive sinking caused

by slow swimming speeds after feeding. By adopting this type of optimal foraging be-

haviour, it has been shown that mortality could be reduced by up to 50% for copepods

when compared to traditional DVM (Leising et al., 2005).

Light

The light cycle clearly plays a strong controlling role in DVM (but it is through facilita-

tion of visual predation that causes light avoidance rather than an intrinsic avoidance of

light itself (Hays, 2003)): surface avoidance during daylight hours is a worldwide phe-

nomenon, and the depth extent of DVM has been linearly correlated to Secchi disk depth

and therefore the vertical extent of surface illumination (Dodson, 1990), whilst the time

spent at the surface feeding is well correlated with the length of the night (Hays, 1995),

and euphausiids (Meganyctiphanes norvegica are seen to follow isolumes (depths of equal

light intensity) closely (Widder and Frank, 2001). It has been suggested that the ultimate

cause of DVM is to minimise UV exposure (Leech and Williamson, 2001). However, this

does not conclusively explain the migrations that take place to hundreds of metres (Hays,

2003). Due to the deep extent to which DVM can vary seasonally and latitudinally, it is

suggested that this is caused by a circadian clock, or internal biological rhythm, that is

entrained whilst zooplankton are young and are spending time at the surface (van Haren

and Compton, 2013). However, whilst the light/dark cycle is the strongest Zeitgeber (an

environmental cue that entrains a biological clock) for entraining a circadian rhythm, it is

not able to do so in isolation (Gaten et al., 2008), and requires additional social cues and

food availability that control DVM. Examples of these social cues include the swarming

behaviours of krill, which sees populations aggregate during the day and dispersing at

night (Everson, 1982, 1983), evidence of a social strategy that increases the chances of

individual survival using adaptations other than DVM (yet these community based be-

haviours also create a driver for DVM itself). A circadian clock has been detected in
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Antarctic krill (Gaten et al., 2008; Teschke et al., 2011) which supports the hypothesis

of an internal control on the timings of zooplankton behaviours. However, this theory

of control by an internal clock is challenged by other research, where the onset of be-

haviour after a cessation of cues (such as during the Polar Night in the high Arctic) has

been so spontaneous, that it could only have been caused by an exogenous trigger (Berge

et al., 2009) rather than a circadian rhythm. It is also possible that deep (up to 1600 m)

migrating individuals are responding to shallower (up to 650 m) populations who are re-

sponding to solar influence. This has also been seen by Ochoa et al. (2013) who suggested

a system of “synchronized depth-tiered populations”, by which the surface irradiance sig-

nal is transmitted through the water column and so deep (> 1000 m) diel migrations are

seen. Regarding the light cues which control zooplankton migration, three key hypotheses

are postulated by Cohen and Forward (2009): (1) the preferendum (isolume) hypothesis

(populations follow a specific light level up and down the water column), (2) the rate of

change hypothesis (a threshold value of irradiance initiates migration) (seen in Cottier

et al. (2006)), and (3) the endogenous rhythm hypothesis (an underlying circadian clock

controls zooplankton) (seen in Teschke et al. (2011)). Cohen and Forward (2005) suggest

that it is in fact a unification of these hypotheses that results in DVM, rather than a single

explanation. There may also be variance between not only species, but also individuals

within the same species, as to which hypothesis applies.

A combination of cues

Ringelberg (1995) found that a “set of necessary conditions” were required for DVM,

which could be divided into three hierarchical levels. The primary causal factor for DVM

is a relative change in light intensity; the secondary causal factor is an amount of food

concentration. The secondary cause can enhance or inhibit the DVM extent, but cannot

initiate it alone without the presence of the primary causal factor. Tertiary causal factors

include temperature, the presence of a chlorophyll layer, and an oxygen gradient. Some

research (such as Bianchi et al. (2013a)) suggests that oxygen concentration might be
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more important than stated here for the depth of a DVM movement, but the intense ver-

tical mixing that occurs during the Arctic winter (Ingvaldsen and Loeng, 2009) suggests

that oxygen stratification may not be considerably strong at this time and so would not

affect the DVM behaviour. Whilst the tertiary factors can modify the DVM behaviour,

they can neither initiate nor inhibit it without the presence of both the primary and sec-

ondary factors, being outside the “set of necessary conditions”. In summary, changes in

light intensity and a presence of food are required for DVM, but it can be modified (yet

not initiated) by other environmental factors.

1.1.2.4 Variation in the DVM response

Variation in the prevalence and depth extent of DVM is seen within similar or the same

species, and Calanus spp. particularly are known to show great flexibility in the ampli-

tude of their vertical migrations (Irigoien et al., 2004). One explanation for this is the

variation in their individual ability to escape predators with fast reactions (Lenz et al.,

2000) - individuals with greater escape responses may have less of a need to perform

strict DVM. This is seen in copepods, where more elongated individuals do not exhibit

such strong DVM behaviours as they have a greater ability to escape prey and less of a

need to surface specifically in the hours of darkness (Hays et al., 1997). Generally, in-

dividuals that are more visible performed larger extents of DVM - including those that

are older (Dale, 2000; Liu et al., 2003; Irigoien et al., 2004), and more pigmented (Hays,

2003), whilst smaller individuals spend more time at the surface feeding (Hays, 2003)

suggesting a lower predation threat. Conversely, Hays et al. (2001) found little (3%) dif-

ference in size between nightime copepods at 0-25 m (assumed to be active migrators)

and 125-175 m (non-active migrators). However, individuals at depth did have larger oil

sacs - suggesting a large food reserve and so the need to feed did not outweigh the risk of

predation at the surface. The increased risk of predation, and therefore more synchronous

DVM, with morphology and pigmentation is not consistent across size. In small (<1

mm) copepods, darker individuals showed increased amounts of DVM, whilst in larger

copepods (>1 mm), it was an increasing length:width ratio of the prosome that correlated
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with a stronger DVM signal. Neither of these parameters had a significant effect in the

other size class (Hays et al., 1994). There are several exceptions that mean that otherwise

normally migrating populations will choose to remain at depth as individuals, including

euphausiids during a moult phase (Tarling et al., 1999b) and Euchatea copepods remain-

ing at depth when carrying eggs (Bollens and Frost, 1991). Both of these conditions will

result in a higher predation risk for individuals (Hays et al., 2001).

In summary, although DVM is prevalent across marine and freshwater environments

worldwide, individuals will only take part in diel migrations if it is deemed necessary

(Hays, 2003), presumably due to the varied trade offs of balancing i) the need to feed, ii)

the risk of migration (which changes between individuals), and iii) the energy expenditure

required to undertake vertical migrations. The presence of visual predators and surface

illumination combined drive DVM predominately, but an increase in food concentration,

size and pigmentation of individuals, and vertical mixing, are all seen to increase the

prevalence of DVM in marine systems.

1.1.2.5 Consequences of DVM

DVM increases the carbon export from the surface layers even more than zooplankton do

alone (Section 1.1.1.2) by actively transporting carbon to deeper waters before releasing

it as fecal pellets, again decreasing the likelihood of remineralisation (Steinberg et al.,

2000; Ducklow et al., 2001). DVM can increase carbon export by up to 70%, but it varies

hugely between oceans (Ducklow et al., 2001). The effects of DVM on carbon transport

are not consistent throughout the water column. In a study in the Pacific Ocean, DVM

contributed 10-20% of carbon flux out of the surface layers, but 15-40% of the flux into the

mesopelagic layers (Bianchi et al., 2013b). It is also not consistent through seasons, and

the carbon flux from DVM is particularly strong after the spring bloom (Buesseler, 1998;

Isla et al., 2015) (the timing of which in the Arctic is not strictly “spring”, and becomes

delayed with increasing latitude. For example, the bloom is present in April-May in the

southern Barents Sea, in July-August in the Kara Sea, and in August-September at the

North Pole (Falk-Petersen et al., 2007).)
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The composition of the zooplankton community has a dramatic effect on the efficiency

of the carbon pump, as not all zooplankton are equal in their carbon transport efficiency.

For example, salps can contribute just 4% to the consumption of primary production, but

>35% of the overall carbon flux (Ducklow et al., 2001). Localised conditions can also

mean that carbon flux is not spatially homogeneous: diatom blooms at the ice edge can

cause episodes of increased carbon export in the Antarctic (Honjo et al., 2000).

Many of the estimates of carbon flux are calculated using the classical DVM paradigms

of high activity in autumn, spring, and summer, and low activity in winter. Research

describing more continuous behaviours in recent years (see Berge et al. (2015a) for a

review) could change this. Carbon flux estimates are usually based on the assumption of

one simple ascent-decent cycle of migration per 24 hour period. These assumptions could

be modified, however, if behaviours such as midnight sinking which leads to continuous

movement between layers exist (Tarling and Johnson, 2006). Studies such as Wexels

Riser et al. (2007) use the assumption of no DVM in the summer to state that the majority

of fecal pellets are formed in the top 50 m of the water column. If summer DVM is

prevalent across the Arctic (as suggested in Cottier et al. (2006)), assumptions such as

this in the formation of carbon flux models (such as Wallace et al. (2013)) should be

adapted. Complex systems such as multiple sound scattering layers (Berge et al., 2014;

Tarling et al., 2014) or cascades of migrations (Bollens et al., 2011) might also change the

carbon flux assumptions that have been previously held true.

1.1.2.6 DVM in Arctic zooplankton

DVM is seen to occur in Arctic zooplankton (Cottier et al., 2006; Benoit et al., 2010;

Wallace et al., 2010). However, the Arctic exhibits a strongly variable light cycle which

sets it apart from lower latitudinal environments. During the Arctic winter, the sun sets

below the horizon for days, weeks, or months at a time (depending on latitude) during a

period known as the Polar Night (the converse exists in the summer: 24 hour continuous

solar illumination known as the Midnight Sun). Zooplankton are seen to enter a state of
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hibernation during the Polar Night known as diapause, which sees populations migrat-

ing to deep water using lipid reserves as an energy source (Dahms, 1995). But not all

zooplankton enter this hibernation state, and whether or not they do has been linked to

the timing of the phytoplankton bloom (Falk-Petersen et al., 2009) and so whether a food

source is still available. Individuals that have been seen to be ‘awake” in March, a time

usually associated with diapause, are thought to feed on algae and detritus (Hirche and

Kosobokova, 2011). DVM has been seen to continue through the Midnight Sun (Cottier

et al., 2006) and during the Polar Night (Berge et al., 2009; Last et al., 2016). However,

DVM during both of these times changes from a classic DVM signal to new behaviours

more adapted to an alternate light environment. During the Midnight Sun, DVM is seen

to become unsynchronised, with individuals finding no optimal time to surface and feed

(Cottier et al., 2006).

Vertical migration during the Polar Night

During the Polar Night, zooplankton are seen to perform shorter migrations (in terms of

depth) (Berge et al., 2009), and respond to illumination sources other than the sun, in-

cluding bioluminescence (Berge et al., 2012a) and the moon (Berge et al., 2009; Brierley,

2014; Berge et al., 2015b; Webster et al., 2015; Last et al., 2016). It has been suggested

that zooplankton shift their diel migrations to one of 24.8 hour (lunar) rather than 24

hour (solar) periodicities (Berge et al., 2009) during the Polar Night. A response to the

full moon has been seen in many organisms other than zooplankton. Examples of this

include an increased dolphin presence (assumed to be due to better hunting conditions

from greater illumination) (Benoit-Bird et al., 2009b), cormorants spending less time in

the water during dives (due to a higher catch success rate) (Gremillet et al., 2005), a shift

in bivalve responses such as oysters (Tran et al., 2011), slow growth rates in fish due to

spending time at depth during the full moon (Hayashi et al., 2001), and bats having gen-

erally lower activity during the full moon (Lang et al., 2006). Many of them, including

zooplankton (Last et al., 2016), avoid moonlit regions to reduce the threat of visual pre-

dation, from predators such as seabirds (Mougeot and Bretagnolle, 2000), which show

greater predation success at these times.
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In general, the response to the full moon in zooplankton is observed as an avoidance of

the surface (Hernández-León, 2001; Webster et al., 2015) and a deepening of scattering

layers (Hernández-León, 2008; Benoit-Bird et al., 2009a,b). By shifting the depth of the

scattering layer, individuals are able to decrease the light field around them by 17-48%

compared to remaining at the same depth during a full moon as they would at a new moon

(Benoit-Bird et al., 2009a). The effects of the full moon on zooplankton has also been

seen more indirectly: a 29 day cycle was found in deep (1300 m) zooplankton, thought

to be caused by a response to zooplankton avoiding illumination in shallower waters (van

Haren, 2007); and 29 day periodicity has been observed in sediment traps in subtropical

waters (Hernández-León and Almeida, 2002). Alldredge and King (1980) found no cor-

relation between moonlight and migration patterns of copepods. However, it is noted that

only 5% of the copepods sampled were of the Calanus taxa, which have previously been

seen to exhibit a lunar response. This suggests inter-specific variation.

Species such as amphipods delay surfacing at dusk until moonset during a full moon

(Alldredge and King, 1980). Similar behaviours have been seen by shrimp, where they

would only migrate to 10 m at sunset until the moon had set, or would migrate back

out of the surface once the moon rose in the evening (Chiou et al., 2003), and in krill,

which time midnight sinking in unison with the moonrise (Tarling et al., 1999a). Upward

and downward migrations have been seen to occur later and earlier respectively with

increasing lunar illumination (Benoit-Bird et al., 2009b). The timing of moonrise has

also been observed to affect the lunar response - fish predation rates were seen to be much

higher when the moon rose just after the sun set (so that zooplankton had just surfaced

and were in the process of grazing) (Tarling et al., 1999a). This can have a positive effect

on the growth rates of fish larvae at the time of the full moon (Hernández-León, 2008).

The response to the moon can be modified by other variables. A lunar eclipse stopped

the behaviour of midnight sinking at moonrise seen in krill (Tarling et al., 1999a). During

solar eclipses, a change in krill depth is also seen to change at 70-90 m (Stromberg et al.,

2002).
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1.1.2.7 DVM under ice

When signals of DVM are seen during the Polar Night, they are reduced in the depth to

which populations migrate in areas of sea-ice due to the attenuation of light which further

reduces irradiance levels into the water column (Berge et al., 2009). Similarly, Wallace

et al. (2010) found that a fjord with ice cover showed unsynchronised DVM when com-

pared to an open fjord system during the spring. However, this was suggested to be due to

the secondary effects on food and species composition rather than the attenuation of light

from the sea-ice directly. Conversely to the effect of sea-ice in the winter and spring, dur-

ing the Midnight Sun, sea-ice is shown to provide conditions where synchronised DVM is

evident (Fortier et al., 2001) although this is not compared to a non-ice covered site within

the same study. This increase in DVM synchronicity is thought to be due to the attenua-

tion of light, which causes a change in irradiance strong enough to initiate a synchronised

vertical migration.

1.1.2.8 The visual ability of zooplankton

As a light mediated behaviour, DVM is ultimately dependent on the perceptibility of light

by zooplankton. There are differences in the response to light between taxa and species,

and between individuals of varying age and morphology. Older copepods are seen to

respond more sensitively to light (Båtnes et al., 2013), suggesting that they might migrate

deeper - particularly if following the isolume hypothesis. Non-migrating species have

been seen to respond to a wider range of wavelengths of light than migrating species, who

tend to be more focused on those specific wavelengths that occur in twilight hours (Cohen

and Forward, 2002). Variance between taxa have been seen - Calanus spp. can detect

midday Polar Night light to ⇠30 m (Båtnes et al., 2013), whilst the krill Meganyctiphanes

inermis has less sensitive light detection, meaning it can detect the same light levels to

only 20 m (Myslinski et al., 2005; Cohen et al., 2015). Different types of light can also

be detected to different depths within the same individuals, for example Arctic Calanus

can detect moonlight to 120-170 m and aurora Borealis to 80-120 m depth (Båtnes et al.,
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2013).

1.1.3 The Polar Night

The phrase “Polar Night” is generally defined using the light environment, specifically

the altitude of the sun (as opposed to terms such as “winter” which are generally defined

using parameters such as temperature, Berge et al. (2015b)). Solar altitude, and therefore

the extent of the Polar Night, varies with date and with latitude. This is highlighted in

Figure 1.3, where the change of solar altitude across winter has been plotted for four

altitudes covering the Arctic.

Figure 1.3: The change in Solar altitude across latitudes and time. Solar altitude has
been calculated at two hour intervals for two months either side of winter solstice (21-
Dec).
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Figure 1.4: Figure from Berge et al. (2015b) to illustrate the variance in light regimes
throughout the Arctic. From light to dark, concentric circles of shading show civil
twilight (sun < 6o below horizon), civil polar night (sun is > 6o and < 12o below
horizon), and nautical polar night (sun is > 12o below the horizon).

Figure 1.4 shows the distribution of various levels of Polar Night through the Arctic.

The terminology used includes civil twilight, civil Polar Night, and nautical Polar Night,

which start at the latitudes of 67°, 72°, and 78° respectively, and all increase in duration

with increasing latitude (Figure 1.5).

Figure 1.5: Figure to show the duration of Polar Night by three definitions at all lati-
tudes in the Arctic: civil twilight, civil Polar Night, and nautical Polar Night.
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In addition to these categorical definitions of darkness, specific solar altitude will also be

calculated in this thesis so that the pan-Arctic behaviours can be described on a continuous

scale.

1.1.3.1 Solar illumination

The details of solar altitude are further explained in Figure 1.6. The maximum and min-

imum altitudes of the sun through winter decrease and increase respectively at higher

latitudes (Figures 1.6a and 1.6b), resulting in a much bigger solar cycle amplitude at

lower latitudes (Figure 1.6d): there is a stronger diel solar cycle at lower latitudes. The

mean altitude, i.e the point around which the solar cycle oscillates, remains almost con-

stant with latitude (Figure 1.6c) (varying by only 1.5 degrees), but does decrease slightly

with increasing altitude.

(a) (b)

(c) (d)

Figure 1.6: Details of the solar altitude and the way the sun behaves with increased lat-
itude. Maximum, minimum, and mean value are calculated from the four months over
the winter solstice. Maximum and minimum values show linear decreasing and in-
creasing with latitude respectively, whilst the mean altitude has a logarithmic response.
Range is calculated across a 24 hour period (consistent across time), and decreases with
latitude.
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1.1.3.2 Lunar illumination

Comparable to the sun’s daily and yearly altitude cycles, the moon has two cycles of

altitude: one with 24.8 hour periodicity and one with 28 day periodicity. These cycles

are not consistent with latitude, and in the same way that the sun behaves, the cycles

have much larger amplitudes with lower latitudes. Similarly to the 24 hour solar cycle

disappearing at 90oN, the 24.8 hour lunar cycle also reduces to almost insignificance at

this high latitude. In addition to the altitude cycle, the moon also experiences a phase

cycle. Every 29.5 days, the moon becomes fully illuminated, reduces in illumination,

reaches a new moon (non-illuminated), and returns to a full moon. This phase cycle is

caused by the varying effect that the sun has on the face of the moon whilst it orbits around

the earth. These three cycles (two altitude and one phase) can be seen in Figure 1.7 at four

latitudes.

Figure 1.7: Lunar altitude (blue) and phase (orange) calculated for one year at four
Arctic latitudes.

As illustrated, the lunar phase remains consistent in amplitude across latitudes. It is also
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worth noting that the 29.5 day phase and 28 day altitude cycles are unsynchronised, and

so the cycles can be out of phase resulting in a full moon not always being a moon that

is high in altitude. However, the cycles fall into phase during the winter and out of phase

in the summer (Figure 1.7), so that winter full moons always occur, in part at least, above

the horizon.

1.1.4 Changes to the light field

The amount of irradiance that reaches the water column is dependent on the atmospheric

conditions that it travels through, the properties of the surface waters that it hits, and the

properties of the water through which it travels. These are summarised in Figure 1.8, the

data for which have been taken from Sakshaug et al. (2009b).

Single, white 
clouds

Thin layer cirrus 
clouds/haze

Fog

+5-10% -60-70%-20-30%

0.1-0.8 0.3 0.4-0.85 0.8-0.97

Average 
ocean Rough ocean Sea-ice Sea-ice + snow

1.3-2.8 m-1 2.8-6.0 m-1

Clear water Bloom 10 mg 
Chl a m-3

Bloom >60 
mg Chl a m-3

I0

Kpar

Kpar

Albedo

Atmospheric 
attenuation

Attenuation 
at the surface

Attenuation in 
water column

0.07 m-1 0.3 m-1 0.7 m-1

Figure 1.8: Outline of factors affecting light in the water column. Yellow arrows show
down-welling irradiance at different stages, and blue arrows show sources of albedo.
All values are from Sakshaug et al. (2009b).

Overall irradiance at the top of the atmosphere is consistent depending on the angle of

incidence of the sun with the earth (i.e. altitude and time of the year). The first stage

of attenuation is that in the atmosphere - controlled by cloud cover. The presence of
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dispersed, white clouds, which do not block the sunlight increase downward irradiance

by 10-15% by reflection. Thick cirrus clouds and fog reduce irradiance by 20-30 and

60-70% respectively. Once light reaches the surface of the water, it is referred to as

incident down-welling irradiance (I0). At the point of contact with the ocean surface, the

light is affected by two processes: albedo (reflection of light from a surface, where 0 is

no reflection and 1 is total reflection) and attenuation through the air-sea interaction layer.

Albedo at the surface has four likely scenarios: open water, rough open water, sea-ice, and

snow covered sea-ice. Albedo from the ocean varies from 0.1-0.8, but generally increases

with high winds which create a surface layer more likely to scatter light waves. Up to

almost all of the irradiance can be reflected by the strong albedo of sea-ice, particularly

when snow covered. Sea-ice and snow also attenuate the light as it travels through them.

This is again strongest in snow-covered ice, where irradiance levels below a 15 cm snow

layer can be just 10% of the levels above it. Once in the water itself, several optical

properties affect the attenuation of light with depth. An important one to consider is the

phytoplankton bloom, and how it varies between regions. A weak bloom (such as in the

Barents Sea) can attenuate light by 0.3 m-1, whilst a stronger bloom in the Bering Sea can

attenuate the light by 0.7 m-1. The particulate inorganic carbon (PIC) of organisms such

as coccolithophores are seen to reduce the photic zone by up to 30% by depth (Hovland

et al., 2014). The effect of this type of attenuation varies between water masses, with

phytoplankton and PIC reducing irradiance by 40% and 18% respectively in Atlantic

Water, but by 36% and <1% in Arctic Water (Hovland et al., 2014).

1.1.4.1 Sea ice

One of the most important variables in controlling light attenuation (in terms of the Arctic

at least) is the variability in sea-ice. Sea-ice affects the zooplankton community in two

key ways: its direct attenuation of light which affects the light field which drives DVM,

and altering the general ecosystem in which zooplankton live. These two areas are ad-

dressed in the following sections.
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How does sea-ice affect downwelling irradiance?

The way in which sea-ice alters the attenuation of light is described in Equation 1.1.

I = Ioe�kl z (1.1)

Where I is the resulting downwelling irradiance through the sea-ice, I0 is the incident

downwelling irradiance, Kl is the wavelength dependent attenuation coefficient from

snow/ice, and z is the snow/ice thickness (Wallace et al., 2010).

The effect of sea-ice on attenuation of light has been investigated using sea-ice covered

and sea-ice free fjords in February and April by Wallace et al. (2010). In February, light at

the ice-covered fjord is similar to that of the ice free fjord (Figure 1.9). However, in April

(and at the time of thick and snow-covered ice), the vertical profiles are different, with the

ice-covered fjord showing the affects of attenuated light more than the ice-free location.

In addition to this, the presence of ice reduces the seasonal light cycle. At the ice-covered

location, subsurface irradiance increased by three to four times between February and

April, but by two orders of magnitude at the ice-free location (Wallace et al., 2010).

Figure 1.9: Figure adapted from Wallace et al. (2010). Modelled irradiance at Kongs-
fjorden (ice-free, black line) and Rijpfjorden (ice-covered, grey line) in February and
April. Incoming irradiance was measured as 1 µmol m�2s�1 in late February and
300 µmol m�2s�1 in early April.
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The changes in sea-ice throughout the year even at one location can change the albedo and

the resultant effect on under ice irradiance. From April to July, the albedo changes from

0.8-0.9 to 0.4 respectively, caused by an opening up of melt ponds in otherwise multi-

year sea-ice (Perovich, 2002). The reduction in sea-ice with climate change is expected to

cause an increase in illumination levels in the water column, leading to a better predatory

advantage through easier visual detection of prey (Varpe et al., 2015). This is summarised

in the schematic of Figure 1.10. The different scenarios of this figure can be seen as

different types of environment in the Arctic Ocean, or as a projection of how the sea-ice

cover is changing as an effect of climate change.

Figure 1.10: Figure from Varpe et al. (2015). A decrease in sea-ice extent and age
leads to an increased light field. Each copepod illustrated is at the same distance from
the fish, yet is more visible in reduced sea-ice conditions, leading to the hypothesis of
increased visual predation.

How does sea-ice affect other aspects of the ecosystem

The presence of sea-ice can affect the vertical migration pattern by ways other than direct

attenuation of light. By providing a substrate for the growth of ice algae, these species

tend to dominate over phytoplankton which changes the composition of the prey field

at the surface, therefore being less of a proximate driver for individuals to migrate up-

wards.

Phytoplankton timing and composition can be controlled by advecting water masses
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(Hegseth and Tverberg, 2013), and early break up of sea-ice could affect the entire Arctic

marine ecosystem due to a mismatch in bloom and reproductive cycles of key organisms

(Søreide et al., 2010). The effect of earlier ice break up on the zooplankton community

is not easy to predict (Hamilton et al., 2013). The start of the Calanus productive season

is synchronised in time with that of the spring bloom, with Calanus timing their repro-

ductive season with the peak food availability (Kwasniewski et al., 2013). The spring

bloom in dependent on sea-ice conditions and varies with latitude (as shown in Figure

1.11).

Figure 1.11: Figure from Falk-Petersen et al. (2009) showing the effect of sea-ice cover
and location on timing of the “spring” bloom.

In the Arctic, overall primary production is likely to increase (Qu et al., 2006; Arrigo

et al., 2008; Pabi et al., 2008; Mundy et al., 2009) due to changes in the ice cover, and so

zooplankton will have higher grazing rate (Brierley, 2014). However, retreating sea-ice is

also likely to reduce the success of ice-associated algae (Barber et al., 2015). The shift in

timing of both the ice algae and phytoplankton blooms will result in a smaller time gap

between the two (Ji et al., 2013), which will likely impact the zooplankton community

(Søreide et al., 2010). Warmer, ice-free conditions mean that mesozooplankton life his-

tories begin to match those of ice-free fjords (Weydmann et al., 2013). Earlier ice break
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up, and therefore earlier blooms can lead to a higher zooplankton abundance, but smaller

biomass, suggesting a shift to smaller individuals (Hop et al., 2006; Questel et al., 2013)

and more boreal zooplankton species (Weydmann et al., 2014). Warmer water in spring

and summer led to an earlier and longer zooplankton growth season in the Barrow Strait

(Hamilton et al., 2013), which shows a shift away from the usual short growth period

that characterises the ice-covered Arctic Ocean. The reduction in sea-ice could also have

dramatic consequences for organisms with complex life histories, such as the amphipod

Apherusa glacialis, which travels out of the Arctic Ocean whilst attached to sea-ice, sinks

to depth, and is then returned via the deep northward Atlantic water current each year

(Berge et al., 2012b). Polynas (areas of open water within a pack of sea-ice) could be

used as an insight into ice free oceans - they tend to create a higher diatom abundance

and extended productive periods when compared to surrounding ice-fast seas (Deibel and

Daly, 2007).

How is sea-ice distributed across the Arctic?

Arctic sea-ice reaches a maximum extent in March, and a minimum in September (Stroeve

et al., 2012). At the time of maximum area, sea-ice covers almost all of the Arctic Ocean

except for certain areas influenced by warm currents, such as the western Barents Sea

and western areas of Svalbard (both affected by Atlantic Waters; Vinje (2009) and Figure

1.12). In recent years, the frequency of “low ice extent records” has increased. The

year at which the Arctic will become ice free in summer varies with studies, but almost

certainly within the 21st century (Holland et al., 2006; Wang and Overland, 2009). The

second study highlights the problem of positive feedback in the development of an ice free

Arctic: less ice results in the absorption of more solar radiation (due to a lower surface

albedo), resulting in a more ice melt.
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Figure 1.12: Figure adapted from (Serreze and Stroeve, 2015) to show age of sea-ice
throughout Arctic in March 2014. Purple = < 1 year old; blue = 1-2 years old, green
= 2-3 years old, yellow = 3-4 years old, white = 4+ years old. Red dot shows the
approximate location of the North Pole.

Multi-year sea-ice is generally thicker (Maslanik et al., 2007), and therefore has a higher

albedo/attenuation coefficient (Figure 1.8). The distribution of multi-year ice across the

Arctic is not uniform (Serreze and Stroeve, 2015). In the western Arctic, first year ice

is the most prevalent, as in the southern Beaufort Sea and North of the Bering Sea. The

oldest (4+ years) sea-ice is seen in the southern Beaufort Sea, and this reduces in age (and

therefore thickness) with increasing latitude towards the North Pole (Figure1.12). The age

of ice is also reducing with the effects of climate change. The volume of sea-ice cover

has been seen to decrease from ⇠ 15 x 103 km3 in 1980 to ⇠ 5 x 103 km3 in the present

day (Song, 2016). This trend is set to continue, with both sea-ice extent and thickness

reducing, resulting in dramatic sea-ice volume reduction to ⇠ 0-3 x 103 km3 (depending

on forecast used) by 2100 (Song, 2016).
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1.1.5 Key research questions

My review of key studies to date has highlighted key gaps in the knowledge that this thesis

aims to address. These are summarised in the following research questions (Q1-5) that

will be considered within this thesis:

Q1 : Does the synchronised, classical DVM that exists during a diel light cycle continue

during winter? If not, what is its cessation controlled by?

Q2 : What external factors contribute to zooplankton DVM behaviours during the Polar

Night?

Q3 Are migratory behaviours seen in the coastal Svalbard stations representative of the

Arctic?

Q4 How do migratory behaviours vary on a pan-Arctic scale?

Q5 What are the implications of any newly defined Polar Night paradigms on the wider

ecosystem?

The following section introduces the remaining chapters of this thesis, and highlights

which of the above questions (Q1-5) will be addressed in each.
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1.2 Outline of thesis

Chapter 2 is a methodology chapter which will outline the dataset used in this thesis for

the detection and description of zooplankton behaviours. An evaluation of the dataset

in its suitability to representing the Arctic is also discussed. In addition to the primary

acoustic data, the calculation of other variables, such as solar and lunar illumination, are

outlined.

The research questions listed in Section 1.1.5 are addressed in three results chapters:

Chapter 3 uses Kongsfjorden in Svalbard as a case-study location to observe new, mostly

lunar, behaviours in zooplankton. A methodology of measuring the cessation of syn-

chronised, solar driven DVM is developed and this is applied to eight years of data at

Kongsfjorden. The data is also visualised in a novel manner so that lunar behaviours can

be observed and compared between years. Finally, General Additive Models are used to

fit backscatter levels to solar altitude, lunar illumination, and cloud cover (focusing on Q1

and Q2)

Chapter 4 follows the results of Chapter 3, and investigates the prevalence of lunar be-

haviours on a pan-Arctic scale. Initially, variance in the surface backscatter is used to look

at the response of zooplankton to the onset of the full moon. Methods of using circadian

rhythm analysis to detect these behaviours numerically as signals in the data are applied

to pan-Arctic data. The primary aim of this chapter is to investigate if the behaviours at

Kongsfjorden are representative of the pan-Arctic (focusing on Q1 and Q3). However, a

small part of this chapter is devoted to looking at variation in the lunar response between

environment types.

Chapter 5 investigates the variation that is seen in zooplankton across the Arctic Ocean.

This is addressed in three key sections: i) the cessation of DVM; ii) variation in the lunar

response; and iii) using the North Pole as a case study. Variance is attributed to levels of

illumination that change with latitude, along with variation in environmental parameters

such as sea-ice cover. Inter-annual variation is also discussed using replicate years of
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moorings in single locations. The North Pole is used as a case study site to investigate how

zooplankton respond in a region with no diel solar cycle (focusing on Q2 and Q4).

Each of these data/results chapters include a very brief introduction, with a summary of

any literature specific to that chapter, an outline of methodologies used, a results section,

a discussion section which focuses only on the results of each chapter, and a few bullet

points of concluding remarks intended as a summary of the salient points.

Finally, a discussion chapter ties the results of the thesis together, and discusses the main

results in the context of existing research (focusing on Q5). Suggestions and recommen-

dations are also made for future research efforts.

1.3 The CircA project

As a continued research effort from the publications of Cottier et al. (2006); Berge et al.

(2009); Wallace et al. (2010), a project started in 2012 under the title “Circadian rhythms

of Arctic zooplankton from polar twilight to polar night - patterns, processes, and ecosys-

tem implications” - abbreviated to CircA. The primary objective for the three year project

was to “Determine the primary and biological factors that are responsible for the diel

vertical migration patterns of zooplankton in the high Arctic during the Polar Night and

twilight period, and to elucidate the resultant ecosystem effects”. This overall aim was

divided into four sections, or work packages: 1) Which species dominate the observed

DVM patterns?; 2) Proximate and ultimate explanations for the observed DVM; 3) Im-

pacts on the ecosystem; 4) Pan-Arctic perspective and global impacts.

This PhD thesis has been written with the intent of approaching part 4 of the overall

project aim, which has the key hypothesis of “The processes identified in parts 1-3 at

the coastal sites on Svalbard are valid as proxies for pelagic ecosystems at a pan Arctic

scale.”
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1.4 Glossary of terms

Several abbreviations are used in this chapter to describe various aspects of zooplankton

behaviour. A glossary is shown below with short definitions for reference (abbreviations

marked with a * denote terms defined only in this thesis, those without are common in

existing literature):

ADCP. Acoustic Doppler Current Profiler.

Sv (dB). Unit used to describe acoustic backscattering strength.

DVM. Diel Vertical Migration.

LVM. Lunar Vertical Migration.

LVM-day. Lunar Vertical Migration with 24.8 hour periodicity, responding to lunar alti-

tude.

LVM-month. Lunar Vertical Migration with 29.5 day periodicity, responding to lunar

phase.

Zagg*. The depth at which zooplankton aggregate during the full moon.

DVMend*. The date at which synchronised DVM ceases at a specific depth.

DVMstart*. The date of onset of synchronised DVM at a specific depth.

DVMoff*. Duration of DVM cessation at a specific depth. Calculated as DVMstart -

DVMend.

SLVM*. The strength of the lunar shift seen in the full moons during mid-winter when a

24.8 hour cycle is seen.



Chapter 2

Methodology

This chapter provides an overview of the methods that are common throughout the thesis.

This includes an introduction into the collection of data from Acoustic Doppler Current

Profilers (ADCPs, the instrument used to record all data used for detection of zooplank-

ton behaviours), a step-by-step guide to processing the data from what is recorded by

the ADCP to the variable used commonly in zooplankton acoustical studies: Mean Vol-

ume Backscattering Strength (Sv, decibels (dB)), and an introduction to and review of the

dataset used: the panArchive. A small section on data presentation introduces the method-

ology of creating a type of figure used commonly in this thesis: the actogram. Following

this, an outline of the processes used to gain data for environmental variables such as il-

lumination and sea-ice cover is provided. In addition to this main methodology, shorter

methods sections are also included in each chapter for methods specific to that work, but

this chapter includes processes that are common throughout the thesis as a whole.

2.1 Installation of Acoustic Doppler Current Profilers

All of the data used in thesis are from ADCPs installed on single point moorings. A chain

is attached to a weight and a buoy, so that the chain is held in a near-vertical position when

deployed in the water (although in reality, this is positioned at an angle which changes

due to current speed and direction). The length of the chain is several metres shorter than

the water depth at the mooring location. This is to avoid the risk of buoys becoming
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trapped during sea-ice formation, and the mooring being dragged and snapped with sea-

ice drift. It also reduces the likelihood of ship collisions. In addition to ADCPs, other

instruments are often installed on the mooring system, including CTDs, miniloggers, and

sediment traps. An example diagram of a mooring system deployment is shown in Figure

2.1.

Figure 2.1: Example mooring diagram to show general setup used. Instrument types
and depths vary between deployments. Figure courtesy of Colin Griffiths, SAMS.
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2.2 Data from Acoustic Doppler Current Profilers

2.2.1 Processing ADCP data

ADCP data are saved from the instrument as a binary file. Processing the data into Sv

(dB) is done via a series of Matlab™ scripts. The processing has been broken down into

steps, as listed below:

1. Extract variables. The mean echo strength (in counts) and time of each ping

(UTC) are extracted from the binary file. The mean echo strength has been cal-

culated as the mean count from the four beams on the ADCP. (Providing all four

beams give good results. In the case of one beam not functioning, this can be re-

moved and the mean echo strength is calculated from the remaining three beams).

“Goodness” of data can also be examined, to find whether any pings have been

discounted due to having backscatter values that have been over the internal thresh-

olding (to remove signals from fish etc.).

2. Calculate bin depths and time stamps. The exact depth of the midpoint of each

bin is calculated using the ADCP depth (details input by user). The first bin (closest

to instrument) midpoint is defined as

(1.5⇤bin size)+bin size/2 (2.1)

The 1.5⇤bin size addition allows for the blanking distance. Because of the effects

of ringing caused by the transducers, echosounders cannot use the data closest to

the transducer head (i.e. the blanking distance). In addition to this, the ADCP can

only use 94% of the in water range due to the effect of side lobes near the surface.

For this reason, the 6% of data closest to the surface is removed. More data can also

be removed manually if the surface interference is seen to propagate deeper due to

rough weather and/or ships overhead. Local time is calculated using the longitude

of the mooring position, as recorded at the time of deployment and checked during
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mooring recovery. Full details of time calculation can be seen in Section 2.4.1.

3. Calculate Sv Overall backscatter data is calculated as Mean Volume Backscattering

Strength (Sv, dB). (Full explanation of terminology in Section 2.2.3.)

Backscatter is calculated using the methods and algorithms presented in Deines

(1999). Sv (dB) is calculated using Equation 2.2, in which the parameters R and

2aR are calculated using Equations 2.3 and 2.4 respectively. Descriptions of all

variables in these three equations can be seen in Table 2.1.

Sv =C+10log10((T x+273.16)R2)�LDBM �PDBW +2aR+Kc(E �Er) (2.2)

R =


B+(L+D)/2+((N �1)⇤D)+(D/4)

Cosq

�
⇤ c0

c1
(2.3)

The calculation of absorption is given in Equation 2.4.

2aR = 2apB/Cos(q)+
b

Â
n=1

an (2.4)

Values of a (absorption loss) are multiplied by the range of each bin from the

transducer head, so essentially, the absorption loss is greater the further the bin is

away from the instrument. This is doubled to create 2aR to allow for two-way loss

(i.e. transmission from the transducer, and again upon reflection from scatterers).

4. Overall output After the processing, there are three key variables that are of im-

portance: time, bin depth, and Sv. Sv data are in the form of a matrix, with a time

and depth point for each Sv value.

2.2.2 Calculations using Sv

Because Sv has units of dB, which has a logarithmic scale, it needs to be linearised before

performing any arithmetic calculations. This is done using Equation 2.5.
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sv = 10Sv/10 (2.5)

Notation of sv (lower-case) indicates linearised data, Sv (upper-case) is logarithmic

data.

Once arithmetic calculations are complete, the sv are returned to Sv (dB) data using Equa-

tion 2.6.

Sv = 10⇤ log10(sv) (2.6)

2.2.3 Terminology

Acoustic terminology has been adopted from MacLennan (2002), as applied in Berge

et al. (2009); Brierley et al. (2006); Cottier et al. (2006); Webster et al. (2015) amongst

others. References to either “backscatter” or “Sv” in this thesis refer to Mean Volume

Backscattering Strength (MVBS), which takes the symbol and units of Sv and dB (re

1 m-2) respectively. MVBS is used when the backscatter is averaged over a finite vol-

ume, and this is the case in this thesis where the relative bin size has been accounted for

in the ADCP data processing. Lowercase sv indicates the linear volume backscattering

coefficient, whilst uppercase Sv is the backscattering strength.
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Table 2.1: Description of variables used in Equations 2.2, 2.3, and 2.4.

Variable Description Value/details Source

Sv Resulting backscattering strength (dB)

C Factory measured parameter, includes system noise factor, band

width, transducer power.

-143.5 dB Table 1 (Deines, 1999)

Tx Temperature of transducer (oC) Mean value used for deployment

R Range along beam to scatterers, calculated for each depth cell (see Equation 2.3)

LDBM 10log10 (transmit pulse length (L)) ADCP configuration file

PDBW 10log10 (transmit power). Calculated using power (from current and

voltage information in configuration file). Power factor is calculated

using power/P0*14, where P0 is the first data point for power, and 14

is an specific value given in Deines (1999) for this instrument type

(Deines, 1999)

2aR Calculated two way absorption loss for each bin See Equation 2.4 Deines (1999)

Kc Factor to convert pings to dB. A beam specific sensitivity coefficient. 0.5025 RDI (manufactures)

E Raw echo intensity (count). Also referred to as RSSI (Received Sig-

nal Strength Indicator).

ADCP data file
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Er Reference backscatter level, calculated during data extraction using

the values from transducers when instrument on ship deck

Typically 40-50 ADCP data file

B Blanking distance from instrument 1.5 * bin size ADCP configuration file

L Transmit pulse length (L) ADCP configuration file

D Bin size Set at deployment (related to number

of bins)

N Number of bins Set at deployment (related to bin size)

q Beam angle from the system vertical 20°

c0 Average speed of sound from transducer to each bin ADCP configuration file

C1 Speed of sound used by the instrument 1500 ms-1 in seawa-

ter

Calculated using mean value of tem-

perature and salinity

ap Absorption at profiler (dependent on temperature, frequency, and

depth)

b Range cell number (where 1 is cell nearest to instrument)
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2.2.4 Limitations of ADCP data

ADCPs provide good (120 m) spatial coverage at a resolution of up to 4 m. Their time

resolution is in the region of a data point every 20 minutes when used in year long deploy-

ments. This makes them excellent tools in long term studies such as the one approached

in this thesis. However, one of the key limitations of ADCPs is the ability to discriminate

species/groups from the data, or even how much of each there is. These two limitations

can be overcome by the use of calibrated multifrequency acoustics and/or parallel net

sampling (Section 1.1.2.2), but this is not used in this thesis which focuses on broad pan-

Arctic behaviours using a network of ADCP deployments. Whilst the amount of backscat-

ter recorded by ADCPs is related to the volume of zooplankton, the varying acoustic con-

tributions from different scattering groups means that it cannot be assumed that “more

zooplankton result in higher acoustic backscattering” (Fielding et al., 2004).

The way in which the ADCP data are used in this thesis take the above points into account.

One of the key underlying parts of this methodology is to understand what the ADCPs can

be used for, and what they should not be used for. There are no direct comparisons drawn

between data from different deployments (i.e. high levels of backscatter in the Canadian

Archipelago in 2003 should not be compared to low levels of backscatter in a Svalbard

mooring in 2010 to make statements about higher abundances of zooplankton). The anal-

yses used in this thesis is predominately of “intra-deployment” comparisons - changes

that occur throughout a deployment, usually over the 24 hour to one month range. The

outcomes of these analyses are then compared between mooring deployments. For exam-

ple, the strength of a 24 hour cycle may be detected using circadian rhythm analysis, and

the strength of these rhythms compared between deployments. An example of an inap-

propriate methodology would be to look at the backscatter at midnight in the surface in

all deployments to compare the amount of surface feeding and use that to infer a strength

of DVM signal. Although ADCP data have been shown to be successful in estimating

biomass (Heywood, 1991; Fielding et al., 2004), this thesis follows the recommendations

of Brierley et al. (1998) and does not use ADCPs for estimation of biomass.
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2.3 the panArchive

The panArchive is a term used to describe the 58 ADCP datasets collected from around the

Arctic and processed to a common data format. It comprises of ADCP data from several

institutes, collated into one archive of data as part of a NERC grant (NE/H012524/1). All

data have been processed as per the methods outlined in Section 2.2.1. The presence/ab-

sence of sea-ice cover at each deployment has also been calculated using the ADCP data

(details in Section 2.5.3). The panArchive was created in 2010-11 from ADCP datasets

collected by various organisations whose research interests (mostly in physical oceanog-

raphy) led them to focus on various areas of the Arctic Ocean. The aim of the creation

of the panArchive was to create a dataset of comparable data (all from the same type of

instrument) that could be used to extend the work of Wallace et al. (2010); Berge et al.

(2009); Cottier et al. (2006), and to find if the observations made from Svalbard in these

papers were representative of the Arctic Ocean.

Full details of the panArchive dataset can be seen in Table 2.2, and the location of moor-

ings can be seen in Figures 2.2a to 2.2c. All data were taken from 300 kHz RDI ADCPs,

though the configurations varied so datasets had a range of bin sizes (4 or 8 m) and sam-

pling rates (5 - 60 minutes). Within the panArchive, there are stations from fjords, shelves,

shelf slope, and from the deep ocean including data in close proximity to the North Pole.

Within the fjords and the shelves, there are examples of both sea-ice free and season-

ally ice covered stations, whilst the North Pole moorings provide a site with year round

sea-ice.
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(a)

(b)

(c)

Figure 2.2: Maps of moored acoustic locations. Figure a) shows the entire dataset, and
more details are available for b) Svalbard and c) the North Pole. Bathymetries with
individual color bars are shown in all maps.



2.3.
T

H
E

PA
NA

R
C

H
IV

E
58

Table 2.2: Details of the panArchive: a dataset including data from 300 kHz ADCPs from across the Arctic ocean. The regions column can be used to
see the broad area in which the ADCPs are moored (BB = Baffin Bay, BE = Bering Strait, SV = Svalbard Archipelago, CA = Canadian Archipelago,
CH = Chukchi Sea, NP = North Pole). More details of location can be seen in Figures 2.2a to 2.2c.
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BB 97 99A BB 78.0 72.7 W 30/11/97 15/07/98 248 0 8 5

BB 97 99B BB 76.3 70.1 W 31/08/97 20/07/98 560 07/10/97 03/05/98 208 8 10

BB 98 99A BB 78.0 72.7 W 30/11/98 02/09/99 288 0 8 5

BB 98 99B BB 76.3 70.1 W 31/07/98 08/07/99 563 16/10/98 28/05/99 224 8 10

BE 02 04A CA 73.5 135.0 W 22/08/02 19/06/03 3121 0 8 20

BF 08 09A SV 78.7 16.2 E 07/09/08 25/08/09 193 29/12/08 29/06/09 181 4 20

BF 10 11A SV 78.7 16.7 E 08/10/10 21/07/11 191 18/11/10 05/06/11 198 4 20

CA 03 04A CA 71.2 127.9 W 03/10/03 07/09/04 304 19/01/04 24/04/04 96 8 45

CA 03 04B CA 71.4 126.6 W 12/10/03 28/07/04 250 24/01/04 25/04/04 92 8 30

CA 03 04C CA 70.6 126.7 W 10/10/03 05/09/04 250 25/12/03 19/05/04 146 8 30
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CA 03 04D CA 71.2 132.1 W 03/10/03 07/09/04 500 19/01/04 25/04/04 96 8 45

CA 03 04E CA 70.0 137.3 W 06/10/03 08/09/04 250 19/01/04 16/05/04 118 8 45

CA 03 04F CA 70.6 137.4 W 05/10/03 09/09/04 1000 0 8 45

CA 03 04H CA 71.4 130.6 W 08/10/03 29/09/04 300 0 8 45

CA 03 04I CA 71.5 127.0 W 10/10/03 21/07/04 400 24/01/04 17/05/04 114 8 45

CA 03 04J CA 71.8 125.5 W 09/10/03 21/07/04 250 06/01/04 21/05/04 136 8 45

CA 04 05A CA 71.1 132.3 W 07/09/04 03/09/05 306 0 8 30

CA 04 05C CA 71.5 127.0 W 23/07/04 02/09/05 400 29/01/05 10/05/05 101 8 30

CA 04 05D CA 70.3 125.6 W 17/07/04 01/09/05 251 28/11/04 19/04/05 142 8 30

CA 04 05E CA 71.4 130.6 W 30/09/04 02/09/05 300 0 8 45

CA 05 06A CA 71.1 132.4 W 05/09/05 06/10/06 307 10/11/05 03/07/06 235 8 60

CA 05 06C CA 71.0 125.9 W 09/09/05 17/07/06 397 01/01/06 29/06/06 179 8 20

CH 05 06B BE 75.1 166.0 W 03/10/05 30/09/06 164 26/10/05 28/05/06 214 8 20

CH 06 07A BE 74.6 167.2 W 04/10/06 30/09/07 187 21/10/06 30/07/07 281 8 20

CH 06 07B BE 75.1 166.0 W 01/10/06 06/10/07 164 06/11/06 07/06/07 213 8 20

CH 07 08A BE 74.6 167.2 W 01/10/07 11/10/08 187 19/12/07 19/05/08 153 8 20

KF 03 04A SV 79.0 11.7 E 09/09/03 16/10/03 230 0 4 20

KF 04 05A SV 79.0 11.8 E 11/10/04 14/09/05 170 22/02/05 11/03/05 17 4 60
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KF 06 07A SV 79.0 11.8 E 06/06/06 25/08/07 209 0 4 20

KF 07 08A SV 79.0 11.8 E 31/08/07 18/08/08 178 0 4 20

KF 08 09A SV 79.0 11.4 E 03/09/08 22/08/09 209 13/04/09 28/04/09 15 4 20

KF 09 10A SV 79.0 11.8 E 06/09/09 16/09/10 225 0 4 20

KF 10 11A SV 79.0 11.8 E 26/09/10 02/09/11 221 12/02/11 24/02/11 12 4 20

KF 11 12A SV 79.0 11.8 E 27/09/11 03/09/12 251 0 4 20

KF 12 13A SV 79.0 11.8 E 03/10/12 03/09/13 231 0 4 20

KF 13 14A SV 79.0 11.8 E 06/10/13 09/09/14 236 0 4 20

NB 04 05A CH 78.4 125.6 E 14/09/04 16/09/05 2690 0 4 30

NB 04 05B CH 78.9 142.4 E 18/09/04 18/09/05 1324 0 4 60

NB 05 06A CH 78.5 125.7 E 19/09/05 01/09/06 2740 0 4 60

NB 05 06B CH 79.9 142.4 E 19/09/05 29/08/06 1347 0 4 30

NB 06 07A CH 78.4 125.7 E 01/09/06 19/09/07 2692 18/10/06 23/05/07 218 4 30

NB 06 07C CH 81.0 105.3 E 07/09/06 18/07/07 2400 0 4 30

NB 07 08A CH 80.4 161.4 E 24/09/07 12/03/08 2690 0 8 30

NB 07 08B CH 79.8 159.3 E 24/09/07 16/10/08 1464 0 8 30

NP 01 02A NP 89.6 66.7 E 11/04/01 19/04/02 4293 365 4 30

NP 02 03A NP 89.5 53.2 E 23/04/02 22/04/03 4297 365 4 60
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NP 03 04A NP 89.4 46.0 W 26/04/03 18/04/04 4301 365 4 30

NP 04 05A NP 89.4 46.0 W 21/04/04 14/04/05 4295 365 4 30

NP 05 06A NP 89.3 64.2 E 23/04/05 19/04/06 4345 365 4 60

NP 06 07A NP 89.4 77.1 E 25/04/06 31/03/07 4315 365 4 60

NP 07 08A NP 89.4 77.1 E 01/04/07 10/04/08 4315 365 4 60

RF 06 07A SV 80.3 22.3 E 01/09/06 22/08/07 216 09/02/07 06/07/07 146 4 20

RF 07 08A SV 80.3 22.3 E 04/09/07 15/08/08 216 26/01/08 12/08/08 198 4 20

RF 09 10A SV 80.3 22.3 E 30/08/09 19/09/10 218 15/02/10 19/07/10 153 4 20

RF 10 11A SV 80.3 22.3 E 20/09/10 30/08/11 218 0 4 20

RF 11 12A SV 80.3 22.3 E 31/08/11 04/08/12 226 0 4 20

RF 12 13A SV 80.3 22.3 E 29/09/12 29/09/13 210 19/02/13 01/07/13 132 4 20

RF 13 14A SV 80.3 22.3 E 30/09/13 28/09/14 236 01/04/14 10/07/14 100 4 20
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2.3.1 An assessment of the panArchive and its representation of the

Arctic Ocean

(a)

(b)

(c)

(d)

(e)

Figure 2.3: Histograms to show the distribution of datasets: a) latitude; b) longitude
(positive = east, negative = west); c) water depth; d) ice cover; and e) depth of ADCP
installation in the panArchive.



2.3. THE PANARCHIVE 63

The aim of the panArchive is to represent the entire Arctic Ocean, which implies that

good coverage of a variety of environments is required. Figure 2.3 shows the distribution

of the data in terms of how well it represents the variability of the Arctic Ocean. Four

variables have been used: latitude, longitude, water depth, and sea-ice cover, to describe

each dataset. Latitudinally, there is coverage from 70 to 82�N (Figure 2.3a), and replicate

(seven years) samples from around the North Pole. However, there is a lack of data from

82 to 89�N, and this is something that will have to be taken into account when describ-

ing pan-Arctic behaviours. There is a good spread of data longitudinally, meaning that

different Arctic regions are represented within the panArchive. A range of water depths

(from 164 m to 4345 m) is seen, with datasets covering a variety of depths between these

end-points. 19 of the datasets are from fjordic sources (Svalbard), hence the weighting

towards the lower end of the depth range. The amount of sea-ice coverage shows good

distribution. 23 of the deployments are in ice-free waters, and seven have year round

ice-covered seas. However, there are also 27 datasets with seasonal sea-ice cover, ranging

from 12 to 281 days. ADCPs were deployed mostly around 100 m (Figure 2.3e), but this

varied from 60 to 160 m. This means that in most deployments, all water depths shallower

than the instrument (top 100 m) were used for data collection. However, in instruments

installed deeper than 120 m, the shallower depths would not be available for data collec-

tion (due to the 120 m range of the instrument). In the analysis of each chapter, certain

depths of data are required, and so not all ADCP deployments are used in each analysis.

This is highlighted and explained for each section specifically.

One aspect of the environmental descriptors of the panArchive datasets that should be

considered is their independence. For example, it can be assumed that the latitude and

longitude of a mooring have no dependence on one another. However, parameters such

as sea ice cover and latitude could be related (sea-ice cover tends to be more prevalent

with higher latitudes (Figure 1.12, Serreze and Stroeve (2015)), therefore attributing zoo-

plankton behaviours to each parameter may include inter-dependence). Figure 2.4 shows

the distribution of datasets when plotted as latitude against number of ice-covered days.

The results show strong positive correlation (r = 0.46, p = 2.7x10�4). However, the line
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appears to be strongly influenced by the North Pole data, which is very extreme in terms

of both latitude and ice cover when compared to the rest of the panArchive. This shows

that the North Pole is a fairly unique subset of data, which forms an outlier when com-

pared to the rest of the panArchive. In the remaining datasets, there may be a lower level

of dependence (less correlation) between latitude and sea-ice cover.

Figure 2.4: Datasets plotted by latitude and number of ice covered days from the pa-
nArchive.

If this North Pole data is removed, the results show no significant correlation (Figure 2.5)

(r = -0.26, p = 0.06) between the two variables. This suggests independence between the

two variables, (and so more northerly datasets do not always feature a longer duration

of sea-ice cover and vice versa). This results in the possibility of testing the effect of

ice cover on zooplankton behaviours independently of latitude. There is also a good

latitudinal spread of ice-free datasets, meaning that the effect of reducing sunlight in the

winter can be investigated independently of sea-ice cover. Whilst this means that the

North Pole data is not necessarily appropriate in investigating the transition of behaviours

from lower Arctic latitudes to higher ones, it does provide a unique case study of data in

a region that is currently poorly sampled. The ability to study zooplankton behaviour in

a location with such an extreme light environment, and with continuous sea-ice cover, is

something that has not been previously undertaken in Arctic research.
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Figure 2.5: Datasets plotted by latitude and number of ice cover days from the panAr-
chive, with North Pole data removed.
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2.4 Data organisation and presentation

2.4.1 The use of a time variable

All of the ADCP (and environmental) data were collected from a wide range of longitudes,

meaning that they were sampled in different time zones. In order to compare data equally

across the panArchive, it was important to create a consistent methodology for making

all datasets comparable. One option is to use a conventional time zone, such as GMT.

However, it was apparent that the most important aspect of this thesis was the effect of the

solar illumination, and so the data should be analysed with this in mind. For this reason,

all datasets were adjusted to local noon using the longitude of the mooring. Local noon

is a time definition where midday (12:00) falls at the time at which the sun is highest in

the sky. The formula used for this is calculated as minutes per degree of longitude, given

360° and 24 hours in total given one full circumnavigation of the world. The calculation

used is shown in Equation 2.7.

Tlocal = TUTC + longitude⇤4 (2.7)

where Tlocal is the resultant time stamp relative to local noon, TUTC is the original time

stamp of the data in UTC, and longitude is in decimal degrees (east = positive, west =

negative).

2.4.2 Actograms

Actograms are used to present data to overcome some of the challenges in viewing the data

in this thesis, specifically ADCP data. The nature of the research in this thesis means that

it is important to be able to visualise behaviours both on a ⇠24 hour scale (which gives an

indication of DVM activity), and longer time scales (weeks and months) to observe how

the behaviours (such as DVM) change across time. When plotting backscatter data against

depth, it is often necessary to choose one of these time frames (as seen in Figure 2.6),
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which limits the viewpoint to either seasonal (Figure 2.6a), or diel (Figure 2.6b) variation.

Actograms are a common method of data presentation in chronobiological research, but

less common in DVM studies (and only adopted recently in Last et al. (2016)).

(a) (b)

Figure 2.6: Sv data plotted for a) > 1 year, and b) five day Sv data. Seasonal behaviours
are possible to observe in Figure a, and diel ones in Figure b. Neither option has the
ability to display behaviours on both scales.

Actograms are created using just one depth bin of data. This is selected from the full

dataset, as shown in Figure 2.7. The single depth data that is extracted is highlighted by

the black box.

Figure 2.7: Illustration of the data selection from a full ADCP record to create a single
depth actogram.
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Once this single row of data is selected, it is divided into 24 hour sections, which are

stacked vertically, as in Figure 2.8a. Each individual row represents one 24 hour set

of data. The rows of data are joined to create one seamless figure. In the case of Sv

data, actograms are double plotted (repeated in the x axis) so as to show the transition of

behaviour across midnight more clearly. An example of an actogram is shown in Figure

2.8b. A more detailed step of instructions on how to create actograms is available in

Appendix F.

Any variation seen in the x axis direction (i.e. time of day) can be attributed to behaviours

on the 24 hour scale. An example of this can be seen at the top of the figure, around 13-

Oct. This is an actogram for backscatter data sampled at 18 m, and so surface behaviour

is to be expected. On the 13-Oct, there is low backscatter around the time of midday

and high backscatter around the time of midnight, with equal duration of high and low

backscatter through the 48 hour period. This represents classic DVM behaviour, within

a roughly 12 hour light/dark cycle. Variations in the y axis can be attributed to changes

in these 24 hour behaviours across longer time periods (weekly/monthly/seasonal). An

example of seasonal changes can be seen in the reduction in the amount of time spent

avoiding the surface each day in autumn. This is seen as “V” shapes that appear in autumn

and again in spring. The use of actograms allows for the visualisation of ⇠24 hour and

weekly/monthly changes on the same plot (but does incur a compromise in the depth

dimension).
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(a) Final stage of actogram
creation: 30 days of 24 hour
periods of single depth data
are aligned vertically.

(b) Example of six month long double plotted ac-
togram of Sv data from 18 m in Kongsfjorden
2006-07.

Figure 2.8: Figures showing the final stages of actogram development. Individual 24
hour sections of Sv data from a single depth are stacked on top of one another (a), and
then double plotted (repeated in x axis) to create a double plotted actogram (b).

2.4.3 Defining the date on which synchronised DVM ceases using ac-

tograms

It is assumed that where the “Vs” form a point in actograms, sycnhronised DVM ceases

and re-starts at the beginning and end of winter. These points are found by “eye-fitting”
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lines manually onto the actograms to separate the regions of activity from regions of in-

activity as suggested in Tosini (2007), examples of implementation can be seen in Chabot

et al. (2012); Oliver et al. (2012). This method is illustrated in Figure 2.9. Lines are drawn

along the edge of the “Vs”, and where they cross is defined as the date for either DVMend

(when synchronised DVM ceases at that depth) or DVMstart (when synchronised DVM

re-starts at that depth). The duration of time between these dates is termed DVMoff.

DVM end

DVM start

Figure 2.9: Actogram of Sv (dB) data from 50 m at Kongsfjorden in 2006/07. Outline
of the method used for determining estimated dates for DVMend and DVMstart. Black
dashed lines have been placed along the edge of a DVM signal in autumn by eye fitting,
the point at which they cross is DVMend, black solid lines have been used for the same
process in spring to define DVMstart.
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2.5 Light sources and attenuation

In addition to understanding zooplankton behaviours using Sv data, a key focus of this

thesis is to attribute these behaviours to the surrounding environment. To this end, vari-

ables such as illumination (both solar and lunar) and sea-ice cover have been calculated

as parallel datasets to the Sv data.

2.5.1 Solar altitude

Solar altitude is usually calculated at the same temporal resolution as the ADCP data. The

calculations use a Matlab™ function called SolarAzEl (Koblick, 2013). Output from the

calculations is the solar altitude (degrees) relative to the horizon for each time point. All

altitudes are calculated for 0� elevation, and so are accurate at sea surface level

2.5.2 Lunar altitude and phase

The altitude and phase of the moon are calculated at the same temporal resolution as the

ADCP data using an astronomy and astrophysical package for Matlab™ (Ofek, 2016).

Output from calculations are lunar altitude (degrees relative to the horizon) and lunar

phase (%) for each time point. The altitude cycle has periodicity of 24.8 hours and 28

days, and the phase cycle has periodicity of 29.5 days. Because the cycles are not syn-

chronised, the full moon can occur at any point during the altitude cycle. This is impor-

tant to remember when understanding the effect of the moon, as it is its position in both

of these cycles that will result in the overall illumination of the moon. Equation 2.8 is

used to calculate an overall moon illumination parameter, a combination of both phase

and altitude to account for both of these cycles simultaneously.

LI = LP⇤ sin(2p ⇤ LA
360

) (2.8)

where LP is the lunar phase, LA is the lunar altitude (in degrees), and LI is overall lunar

illumination. All negative values of LI are treated as 0.
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2.5.3 Sea-ice cover

Sea-ice cover is determined using ADCP error velocity using methods outlined in Hyatt

et al. (2008), as adopted by Wallace et al. (2010). The method was developed using

data from the Western Antarctic Peninsula, and relies on the differences in the following

parameters between ice-covered and open areas of ocean: i) vertical variance velocity,

ii) error velocity variance, iii) surface backscatter intensity (the backscatter caused by

the sea-air interface will be different to that of a sea-ice interface), iv) horizontal surface

speed, and v) surface signal correlation.

The horizontal velocity from four beams is plotted against time (Figure 2.10). The region

during which the horizontal velocity variance is lowest is selected as a period of sea-ice

cover (shown as black data points in Figure 2.10). Hyatt et al. (2008) determine that

this method is not appropriate for calculating sea ice thickness, or any other properties of

the ice itself, but it is appropriate for determining the presence/absence of sea ice using

existing ADCP data. It is an advantageous method to use in this thesis as it provides

an indication of sea-ice cover at the exact location of each mooring, and is comparable

between datasets.

Figure 2.10: Process of ice detection using Matlab and methods outlined in Hyatt et al.
(2008). The green areas of large variance are determined as “ice-free”, whilst those
coloured black are “ice-covered”. These regions are selected by eye. This particular
figure is from the Rijpfjorden deployment of 2012-13.



Chapter 3

Observations of new zooplankton

behaviours in the Polar Night

3.1 Introduction

3.1.1 Choice of study site

Although this thesis focuses on pan-Arctic responses of zooplankton, it is necessary to

first gain a preliminary understanding of how communities behave in winter. The panAr-

chive contains 58 datasets, each comprising of data recorded over 6-12 months, and is

collated from data collected across the entire Arctic Ocean over many years. The changes

in environmental parameters between these datasets are vast, and so it has been decided

to use a subset of data from a single location to observe new behaviours of zooplankton

during the Polar Night. In addition to limiting the variability in the datasets, a subset of

data allows for the application of visual analysis methodology which might not be appro-

priate for a dataset as extensive as the panArchive. The requirements for a subset of data

were that it must i) cover several ( > 5) years of data, ii) have moorings in the same, or

very close location (in order to standardise ice cover/depth/community/water masses/cli-

mate/solar illumination), and iii) include Sv data from the top 80 m of the water column

(already known to be the principle depth range of activity during the Polar Night (Berge

et al., 2009)). By applying these criteria, Kongsfjorden on the west coast of Svalbard
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was selected as the most suitable study site. It has the longest time coverage (almost year

round for eight consecutive years), the moorings were close together (all within a 8 km2

region, and a consistent depth of ADCP deployments (78 - 135 m). In addition to this, all

deployments covered the full winter period. Kongsfjorden has been used frequently as a

study site for Arctic zooplankton research (Zajaczkowski and Legezynska (2001); Cottier

et al. (2006); Willis et al. (2006); Berge et al. (2009); Wallace et al. (2010); Kwasniewski

et al. (2012) amongst others).

Despite Kongsfjorden’s high Arctic location (79�), the warm Atlantic current offshore

results in generally sea-ice free winters (Cottier et al., 2007), and this, coupled with the

research town of Ny Ålesund being based on its shores, makes it a very accessible research

site compared to other locations of the same latitude.

(a) (b)

Figure 3.1: Maps to show location of study site, Kongsfjorden. Figure 3.1b shows
detail of Kongsfjorden, as indicated by a box in Figure 3.1a.

Kongsfjorden is centered over 79oN, 12oE (Figure 3.1). Orientated in a southeast to north-

west direction, it is approximately 20 km long, with a width of 4 - 10 km. Kongsfjorden

is a typical fjord in that it is characterised by water inputs from each end. At the head

of the fjord, freshwater runoff and glacier flow dominate the system, whilst at the mouth,

the water masses are affected by shelf current activity. Whilst sills are a common feature

at the mouth in many fjords, Kongsfjorden has a trench (Kasajima and Svendsen, 2002).

This lack of a sill encourages the exchange of water masses between the fjord and the
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shelf. The hydrography of the fjord is largely driven by the strength of the West Spits-

bergen Current (WSC) and wind, which are responsible for driving warm Atlantic water

into the fjord (Cottier et al., 2005, 2007). Two currents run northwards past the mouth

of Kongsfjorden, the WSC contains Atlantic water whilst the East Spitsbergen Current

(ESC) is dominated by Arctic water. They are separated by a front above the shelf slope,

but mix on the shelf to form transformed Atlantic water. In the spring and summer, glacial

outflow is mixed in the fjord to form surface water which dominates the surface layers,

producing a wedge of water which decreases in depth and increases in salinity towards

the shelf (Ingvaldsen and Loeng, 2009).

3.1.2 Zooplankton community

Darkness, low temperatures, and sea ice have limited the extent to which winter ecology

research has been conducted, resulting in a relatively poor understanding of the winter

zooplankton community in Kongsfjorden, including the composition of species, the ex-

tent to which populations enter diapause, and therefore the predator-prey interactions that

exist in mid-winter. The zooplankton community in Kongsfjorden is largely influenced

by the dominating water masses (Willis et al., 2006), although more so by dynamic pro-

cesses such as upwelling and surface winds than directly by temperature (Weslawski et al.,

1991). The summer composition of species in Kongsfjorden represents the dominance of

Atlantic water, with 70-95% being typical “warm water” species (Calanus finmarchicus,

Oithona spp.), and just 6-8% being “cold water” species (Calanus hyperboreus, Metridia

longa, Paraeuchaeta norvegica) (Weslawski et al., 1991). Very abundant species such

as C. finmarchicus are indicators of the presence of warm water masses, and are seen to

decrease significantly in biomass in the inner fjord (influenced more by cold freshwa-

ter) when compared to the warmer waters of the fjord mouth and shelf areas (Fosshagen,

1980), showing further temperature controls on the population even within the fjord itself.

Despite the difficulties in sampling, there have been a select number of studies (either fo-

cusing specifically on the winter or covering the winter as part of a long term research

programme) that can be used to form a more general understanding of the zooplankton
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composition during winter. A significant proportion of zooplankton are seen to be ac-

tive during late winter, and will still undergo reproduction (albeit at reduced rates when

compared to other times of the year) (Hirche and Kosobokova, 2011). Winter popula-

tions are thought to take a general shift towards higher abundances of smaller species,

such as smaller copepods (Hirche and Kosobokova, 2011). The complexity of the zoo-

plankton population in Kongsfjorden, in terms of it experiencing switches in composition

in relation to dominating water masses, will have to be considered in any inter-annual

comparisons of zooplankton behaviours (i.e. the community is not consistent between

years).

Table 3.1: Table of net sample information from Polar Night Cruise, January 2014.
Documents net type, date, time (local), and depth of each sample.

Net Type Date Time Depth

MIK 16 January 2014 12:17 30-0
MIK 16 January 2014 23:14 30-0
MIK 17 January 2014 11:43 30-0
MIK 17 January 2014 22:10 30-0
MIK 18 January 2014 10:34 30-0
MIK 18 January 2014 22:22 30-0
MIK 19 January 2014 10:30 30-0
MIK 19 January 2014 22:30 30-0
MIK 20 January 2014 10:29 30-0
MPS 17 January 2014 22:49 330-0
MPS 18 January 2014 11:12 330-0
MPS 18 January 2014 23:00 330-0
MPS 19 January 2014 12:10 330-0

Data from net sampling during the Marine Night campaign are presented here to describe

the zooplankton community in Kongsfjorden. All net samples were collected between 16

and 20 January 2014 (full details in Table 3.1). Macrozooplankton species abundance data

were collected using a Method Isaac Kidd (MIK) net (1.5 mm mesh size, 3.15 m2 opening,

filtering cod end). Figure 3.2 shows the abundances of the macrozooplankton species in

the top 30 m, collated into six functional groups. Euphausiids and chaetognaths were

the most dominant groups in the macrozooplankton community, and both showed a diel

pattern with lower abundances in the midday samples than midnight. Both of these groups
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are known to perform DVM behaviour (Simard et al., 1986; Berge et al., 2014), suggesting

that a signal may be able to be detected during this time on the ADCP data.

Figure 3.2: Data from MIK nets at 0 - 30 m in Kongsfjorden. Data is averaged from
day (n = 5) and night (n = 4) samples from across the sampling period. All values are
in individuals per 1000 m3. Data collected and processed by Julie Grenvald, UNIS.

Mesozooplankton were sampled using a Multi Plankton Sampler (MPS, Hydro-Bios,

Kiel). The MPS has five individually closing nets (mesh size = 200 µm, 0.25 m2) open-

ing, the top two of which (0-20 and 20-50 m) were used in this analysis to make the

depths comparable to the MIK data. Copepods represented a vast majority of the meso-

zooplankton community (Figure 3.3). All three of the dominant mesozooplankton groups

(Pseudocalanus spp., Microcalanus spp., Oithona spp.) displayed DVM behaviour with

higher surface abundance at night.

The only dominant groups are copepods, euphausiids and chaetognaths. Species such as

Metridia longa are known not to enter diapause, instead feeding all year round (Pedersen

et al., 1995), but the presence of such high abundances of copepod species might be

surprising for a community generally assumed to enter diapause. It is worth noting that

the majority of Pseudocalanus and Calanus spp. seen were of stage CIII or above, which

is the life stage at which copepodites will start to perform diapause in the winter.
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Figure 3.3: Data from MPS nets at 0 - 300 m in Kongsfjorden. Data is averaged from
day (n = 2) and night (n = 2) samples from across the sampling period. All values are
in individuals per m3. Data collected and processed by Julie Grenvald, UNIS.

The shift to smaller copepod species in the winter, as described by Hirche and

Kosobokova (2011) is also seen in this data, with much higher abundances of Pseu-

docalanus spp., Microcalanus spp., and Oithona spp., than Calanus spp. and Metridia

longa.

Zooplankton abundances in Kongsfjorden are relatively high compared with other Arctic

locations, and this large abundance, specifically in Calanus spp. allows the mid trophic

levels to support successful populations of large predators such as little auks and polar cod

(Hop et al., 2002). The three Calanus species seen in Kongsfjorden (C. finmarchicus, C.

glacialis, C. hyperboreus) are the three key species that provide the link between primary

production and higher trophic levels in the pelagic ecosystems, such as Kongsfjorden

(Kwasniewski et al., 2013; Hop et al., 2006).

ADCPs are used with the intent of detecting the zooplankton seen in these nets. Following

the methods of Fielding et al. (2004), Equation 3.1 is used to determine the minimum size

of target that can be “seen” using the ADCPs.

ka =
2p
l

xa (3.1)
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where l is the frequency of the instrument, and a is the equivalent spherical radius of the

target zooplankton (Fielding et al., 2004).

In the case of 300 kHz ADCPs, zooplankton with a radius larger than 0.24 mm will be

detected. From the net samples explained above, this includes groups such as Calanus

and Metridia and the macrozooplankton. The methods outlined in the following section

have been designed to investigate the vertical movements of zooplankton in Kongsfjorden

during the Polar Night.
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3.2 Methodology

Figure 3.4: Map of Kongsfjorden showing long term (circles) and short term (star)
deployments. Six years of long term deployments are within the red box, as distribution
is too close to define between separate points.

All ADCPs were deployed on single-point moorings looking upward (as per Section 2.1

and Figure 2.1), attached between 78 and 135 m in water depth. Moorings were sited at

slightly different locations each year, shown in Figure 3.4. The key details of the ADCP

and sites are summarised in Table 3.2. All ADCP data points were created as an ensemble

from 60 individual pings over a one minute sampling period. The sampling resolution of

ensembles (4t) was usually 20 minutes in long term deployments and three minutes for

the short term deployment, full details in Table 3.2. All ADCP deployments recorded

using 4 m depth bins. All ADCP files have been processed and quality controlled using

the methods outlined in Chapter 2, Section 2.2.1.
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Table 3.2: Deployment information for all Kongsfjorden ADCP moorings. * indicates
the deployments used in this analysis.

Year
s

Lon
git

ude

Lati
tude

Wate
r Dep

th
(m

)

ADCP Dep
th(s)

(m
)

Date
Star

t

Date
End

4t (m
ins)

Long Term Deployments

2004-05 11o 49.37 E 78o 47.44 N 170 132 11-Oct-2004 14-Sep-2005 60

2006-07* 11o 56.42 E 79o 1.198 N 209 109 06-Jun-2006 25-Aug-2007 20

2007-08* 11o 49.60 E 78o 57.44 N 178 111 28-Aug-2007 21-Aug-2008 20

2008-09* 11o 20.93 E 78o 59.18 N 209 101 03-Sep-2008 22-Aug-2009 20

2009-10* 11o 45.56 E 78o 57.57 N 225 88 04-Sep-2009 16-Sep-2010 20

2010-11* 11o 45.56 E 78o 57.57 N 221 99 26-Sep-2010 02-Sep-2011 20

2011-12* 11o 45.56 E 78o 57.57 N 251 135 26-Sep-2011 03-Sep-2012 20

2012-13* 11o 48.43 E 78o 57.73 N 231 102 02-Oct-2012 04-Sep-2013 20

2013-14* 11o 48.30 E 78o 57.75 N 230 102 05-Oct-2013 09-Sep-2014 20

Short Term Deployment

Jan

2014*

12o 00.48 E 78o 56.97 N 188 95 10:26

16-Jan-2014

05:44

20-Jan-2014

3

3.2.1 Long term mooring deployments

Annual series of ADCP data from Kongsfjorden data are available from the long term

mooring campaign run by the Scottish Association for Marine Science, the University

Centre in Svalbard, and the Arctic University of Norway (Tromsø). Moorings were typi-

cally deployed in late September and recovered the following early September. Eight con-

secutive years of data (2006 to 2014) are used in this chapter. The 2004-05 deployment

has not been used in this analysis due to it having a much coarser sampling resolution
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than the other years (60 min compared to 20 min), and was removed to retain consis-

tency across the datasets. Analysis of all long term datasets starts on 05-Oct - the latest

deployment of all the years (2013).

3.2.2 January 2014 - Short term deployment

A short term (four day) mooring was also installed in January 2014 using a high resolu-

tion (three minute resolution) ADCP setup. The first 34 data points (1 hour 42 minutes)

showed noise throughout the water column, possibly due to the ship sampling overhead.

These data points were discarded and so the reliable data starts on 16-Jan at 10:26. A sed-

iment trap was installed at 55 m, which showed on the echogram of ADCP data as a bin

of continuously very high backscattering. This signal from this depth bin was discarded

and the gap in the data filled by linear interpolation of the neighbouring bins (the missing

bin of data was created using a mean of the linearised data points either side of it). For

the full cruise report, see Falk-Petersen and Daase (2014).

3.2.3 Environmental parameters

3.2.3.1 Sea ice

Sea ice is known to affect the response of zooplankton in terms of vertical migratory

behaviour (Wallace et al., 2010). The ADCPs have been used to establish the presence or

absence of sea ice using the methods described in Section 2.5.3. Only two winters (2008-

09 and 2010-11) show any sea ice presence at the mooring location, and then for only 15

and 11 days respectively. For this reason, all of the years at Kongsfjorden will be treated

as ice free and the presence and absence of sea ice will not be included as a controlling

factor on the response of the surface community.

3.2.3.2 Cloud data

Cloud cover data were downloaded from 2004-2014 from weatherspark.com. The data

were sourced from Longyearbyen airport, the closest airport to Kongsfjorden to have 24
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hour coverage of observations. Data were sampled at hourly resolution, and feature four

height levels of cloud cover (as the data is intended for aviation navigation) given as

% cover, which have been represented as one cumulative value for the purpose of this

analysis.

3.2.3.3 Solar and lunar illumination

Solar altitude and lunar altitude, phase, and overall lunar illumination are calculated at

the same time resolution (20 minutes) as the ADCP data. The method of calculating these

parameters are described in Sections 2.5.1 and 2.5.2.

3.2.4 Cessation of DVM

The dates of DVMend and DVMstart, and the resultant duration of DVMoff are calculated

for each depth available in all years of data. The full methodology of this process is

described in Section 2.4.3.

3.2.5 Plotting actograms between years

Actograms are plotted as described in Section 2.4.2. In order to compare actograms be-

tween years, the Sv data are plotted as anomalies of Sv from the mean values rather

than absolute Sv values. Mean Sv levels vary between datasets due to differences in the

backscattering community, and the difference between ADCP instruments. If actograms

are plotted on the same colour scale, the large differences in mean Sv value result in

some behaviours not being visible, but plotting each year with dataset-specific limits on

the colour scale could lead to a biased detection of behaviours. Therefore, Sv anomalies

have been used. The colour scale used is blue to red - with blue representing data below

the mean value, red representing data points above the mean value, and white for data

points of the mean value. Stronger colours represent data points further away from the

mean.

In addition to the six month double plotted actograms, 12 day single plotted actograms

have been created to investigate the depth distribution of behaviours across all depths
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recorded by the ADCP. These were created for the two full moons with the highest average

altitude in the winter (November, December, January) of each year. The time of maximum

lunar altitude in any single 24 hour period is overlaid onto the actograms to show the lunar

altitude cycle. An example of this plotting method, and the colour scale described above,

can be seen in Figure 3.5.

Figure 3.5: Example six day single plotted actogram, using red/blue colour scale: red
shows data above the mean, blue is data below the mean. Mean values are indicated by
white. Black dots show the time of highest lunar altitude each day, and the horizontal
black line indicates the date of the full moon.

3.2.6 Statistical modelling of the light environment

A Generalised Additive Model (GAM) was fitted to explain variation in the levels of Sv

data from the surface across winter. Values of Sv at the depth bin closest to 18 m were

extracted for the 60 days either side of winter solstice over the eight years of Kongsfjorden

long term ADCP data. 18 m was selected as this was the shallowest bin available across

all years. Solar altitude, lunar altitude, and lunar phase were calculated for the same

time points, and cloud data extracted from the Longyearbyen airport dataset. Overall

moonlight was calculated as a single variable from lunar altitude and lunar phase, as per

Equation 2.8. It is likely that the response of zooplankton to light might be a non-linear

one, and for this reason, the use of linear models is discounted and a Generalised Additive

Model (GAM) is the preferred choice due to the ability to allow for non-linear terms in

the model fitting.

Several combinations of the GAM were run in R™ in order to find the best combina-

tion of smoothing and inter-dependence between predictor variables. Although the data
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is only taken from mid-winter, the extreme light environment of the high Arctic varies

significantly between short periods of time. To account for this to some degree, data from

different months have been treated as independent datasets. Similarly, the data spans eight

years and it can not be expected that the environment was homogeneous throughout this

time. Because of this, all of the models included the definition of month and year as non-

independent factors. Smoothing functions were applied within the model fitting function

which used thin plate regression splines. Combined functions (i.e s(moonlight + cloud))

fitted a smoothing function to the parameters when plotted simultaneously, whilst singular

smoothing functions (i.e s(moonlight)+ s(cloud)) smoothed each term individually be-

fore combining them to fit an overall function. The former method (combined smoothing)

allows for more interdependence between terms.

The following bullet points describe the design of each GAM. The predictor variables

were overall moonlight, solar elevation, and cloud, whilst the response variable was al-

ways Sv at 18 m. Co-dependence allows for interaction between two or more variables

(i.e. moonlight and solar elevation are not necessarily independent as the moon is always

brightest and highest in December when solar elevation is at a minimum). The GAMs

have been designed to start with the most simple of the options, and end with the most

complex to investigate the increasing accuracy of describing the data with increasing com-

plexity, and in result finding out how complex the model needs to be. The model structure

of each option can be seen in Table 3.3.

• GAM1. Each predictor variable as individual smoothed terms. Assumes indepen-

dence of all three variables;

• GAM2. Moonlight and solar elevation as combined smoothed terms (allows co-

dependence of moonlight and solar elevation). Cloud as individual smoothed term

- assumes independence;

• GAM3. Cloud and moonlight as combined smooth terms (allows co-dependence

of moonlight and solar elevation). Solar elevation as individual smoothed term -

assumes independence;
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• GAM4. Cloud and solar elevation as combined smooth terms (allows co-

dependence of cloud and solar elevation). Moonlight as individual smoothed term

- assumes independence;

• GAM5. Solar elevation, moonlight, and cloud as combined smoothed terms. Al-

lows co-dependence of all three variables.

The aim is to use the simplest model available that appropriately explains the response

data. The simplicity of the model, i.e. the number of parameters compared to the good-

ness of fit, can be assessed using Akaike’s Information Criteron (AIC) (Akaike (1974);

Equation 3.2).

AIC =�2L+2K (3.2)

where L is the maximum log-likelihood for each model, and K is the number of parame-

ters used in that model (Akaike, 1974; Rhodes et al., 2009).

To choose the most appropriate model to describe the data, the AIC differences method

from Burnham and Anderson (2002) was used. The AIC for each model was calculated,

and the results are shown in Table 3.3. 4AIC shows the difference between the AIC for

each model and the smallest AIC value in all the models (GAM5). As per Burnham and

Anderson (2002), any 4AIC of > 10 demonstrates essentially no level of empirical support

for that model. For this reason, all models other than GAM5 will be omitted from further

consideration as they fail to explain substantial explainable variation in the data. From

this point forward, and in the results section, any mention of the GAM assumes reference

to GAM5 having being chosen as the most suitable.
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Table 3.3: Table to list model structure and AIC values for each GAM. 4AIC shows the
difference between the AIC for each model and the smallest AIC value (GAM5). Values
over 10 are representative of models with no empirical support, and so all models except
GAM5 are discounted for this study and variations of GAM5 will be used in analysis.

Model Model structure AIC 4AIC

GAM1 Sv ⇠ s(moonlight) + s(solar alt) + s(cloud) 456703.4 754.9

GAM2 Sv ⇠ s(moonlight + solar alt) + s(cloud) 457239.6 1291.1

GAM3 Sv ⇠ s(moonlight + cloud) + s(solar alt) 456728.7 780.2

GAM4 Sv ⇠ s(cloud + solar alt) + s(moonlight) 456519.6 571.1

GAM5 Sv ⇠ s(moonlight + solar alt + cloud) 455948.5 0
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3.3 Results

3.3.1 The cessation of synchronised DVM

A date for the theoretical time at which classical DVM ceases at the end of autumn

(DVMend) and re-initiates in spring (DVMstart) has been calculated for all depths and

years using the methods outlined in Section 2.4.3. The results of this analysis are shown

in Figure 3.6: 3.6a shows the dates of DVMend for the winter at each depth, and 3.6b

shows the dates of DVMstart. Least squares lines of best fit have been added for the pur-

pose of comparing the gradients at which the dates change with depth and to remove

variation between datasets due to the varying depth bins available.

Figure 3.6: Scatter plots for each year of DVMend and DVMstart data, as measured
using the methods in Section 2.4.3. Individual colours represent each year, and lines of
best fit have been added. Vertical grey dashed lines show the date of the winter solstice,
and the curved black dashed line shows the elevation of the sun at midnight on each
day (reversed, and on an arbitrary scale for comparison in gradient to the DVM end and
start lines only), plotted in reverse so lowest solar altitude is at ⇠ 18 m depth.
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In general, DVM ceases at a particular layer earlier with increasing depth in all years,

and begins later at depth in all years. The black dashed line shows solar altitude during

this time, though plotted in the reverse in the y-axis for clarity. Instead of representing

solar altitude directly, it is easier to interpret as the relative length of night - i.e. the

length of night increases throughout winter and decreases into spring. The lines of best

fit roughly follow the direction and gradient of the change in solar elevation, indicating

that the DVMend and DVMstart responses are solar mediated ones. This is re-affirmed by

the fact that DVMend and DVMstart are mirrored responses, centered around the winter

solstice.

Figure 3.7 shows the combined results of all eight years analysis, to compare the strength

and significance of the correlation of DVMend and DVMstart. Both DVMend and DVMstart

show a significant (p < 0.05) correlation between the date and depth, though DVMstart

seems to re-occur quicker through the water column than DVMend stops (inferred from

the R values (steepness of curve), 0.744 and 0.64 respectively).

Figure 3.7: Scatter plots for all years combined of DVMend and DVMstart data, as
measured using the methods in Section 2.4.3. A line of best fit has been added for each
figure. Vertical grey dashed lines show the date of the winter solstice.
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Figure 3.8 shows the duration of time between DVMend and DVMstart (referred to as

DVMoff) for each year at 18 m depth. The duration of time varies between four days

(2013-14) and 42 days (2011-12). Figure 3.9 shows the DVM off times at 80 m, where

although the general patterns remain (2011-12 has the longest period of DVMoff, 2013-14

has the shortest), the difference between the years is less (standard deviation of DVMoff

(relative to the mean) is 0.7 and 0.37 at 18 m and 80 m respectively).

Figure 3.8: DVMoff times are indicated by solid lines, defined as the duration between
DVMend and DVMstart. Data from 18 m (shallowest bin available in all years). Vertical
dashed line indicates winter solstice. Mean duration of DVMoff is 17.8±12.5 days

.

Figure 3.9: DVMoff times are indicated by solid lines, defined as the duration between
DVMend and DVMstart. Data from 80 m (deepest bin available in all years). Vertical
dashed line indicates winter solstice. Mean duration of DVMoff is 46.0±12.0 days.
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3.3.2 Observations of lunar responses from actograms

3.3.2.1 Lunar responses

The first thing to consider when studying the lunar responses, is the lunar cycle itself.

Details of this for a one month period (December 2006) are plotted in Figure 3.10

Figure 3.10: Calculated values of lunar phase and altitude, and overall lunar illumi-
nation for December 2006. Horizontal purple lines have been added at 0.2 and 0.5 to
correspond with the thresholds seen in Figure 3.26. Vertical dashed line shows dates of
maximum lunar illumination (06-Dec).

Lunar phase is shown in blue, altitude in orange, and the overall lunar illumination (cal-

culated using Equation 2.8). At this time of year, the phase and altitude cycles are almost

exactly in-sync, with the maximum phase occurring just a day or two before the maximum

altitude. Horizontal purple lines refer to a figure presented later in this chapter.
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Figure 3.11: Actogram plots from 2006-07. Plotted as described in Chapter 2, Section
2.4.2. From left to right: single plotted actograms of lunar altitude, lunar phase, solar
elevation, cloud cover, and double plotted actograms for Sv (dB) at 18, 50, and 94 m
depth. For solar and lunar parameters, white indicates increased altitude or phase, and
in cloud cover, white indicates clear skies whilst dark grey is 100% cloud cover.

The actograms can be used to observe winter behaviours that occur during the time that

full, synchronised DVM has ceased, on both daily and monthly time scales. Data from

a single year (2006-07) are presented at this stage, for the purpose of describing new

observations of behaviours (actograms for all years can be seen in Figures A.1a to A.1h,

Appendix A). Figure 3.11 shows single plotted actograms of lunar, solar, and cloud data,

and double plotted actograms for backscatter (Sv) data at three depths. The three depths

chosen are the shallowest available (18 m), the deepest available (94 m), and the bin

closest to 50 m. From Berge et al. (2009), 50 m was seen to be the depth at which most

activity was seen during the Polar Night, and so this was selected as depth of interest for

representation in the actograms.

An initial observation is that of the “V” shapes formed in autumn and spring - representing

the zooplankton response to the decreasing and increasing photoperiod in autumn and

spring. The duration of time that zooplankton spend avoiding the surface in the 18 m depth

layer reflects the length of daylight. Between the two “V” shapes in autumn and spring
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(referring to the space between the two Vs in the y axis), no diel behaviour is apparent.

However, if the winter were a time of continuous inactivity and hibernation, we would

expect no discernible variance at all in any of the actograms during DVMoff (between

the “Vs”). We might see varying levels of backscatter between depths, with populations

favouring certain depths at which to spend winter, but no variance through time at any one

depth. An example of this inactivity is seen in the 94 m actogram. This difference between

depths in mid-winter activity is further illustrated in Figure 3.12. Midnight and midday Sv

data have been plotted for all depths across the same time period as the actogram of Figure

3.11. At around 94 m, there is little difference at either midnight or midday throughout the

mid-winter period, whilst activity and variation occurs at shallower depths. Figure 3.12

also shows further evidence of the depth limits to which DVM occurs throughout winter

as described in Section 3.3.1. In the middle of January, zooplankton are aggregating at

⇠ 40 m at midday, but this depth increases every day until they are migrating to depths

in excess of 90 m by mid-February. During the period of apparent inactivity throughout

any of the water column in Figure 3.12 during most of December, January, and February,

it is suggested that the highest zooplankton abundance would be at the surface. Data

contamination means that Sv data from depths shallower than 18 m are not available, but

it is suggested that the lack of solar illumination has resulted in zooplankton remaining

at the surface constantly. In the first week of March, the sun has become high enough in

altitude to initiate vertical migrations into depths that are visible on the echogram (> 18

m).
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Figure 3.12: Mean midnight (± 2 hours) and midday (± 2 hours) Sv data from Kongs-
fjorden, 2006-07.

Despite the mid-winter inactivity in the 94 m actogram, there is variation between the

“Vs” in the two shallowest depth layers (18 m and 50 m, Figure 3.11), and whilst the

variations are seen in the short term time period (on the horizontal axis) in autumn and

spring (characterized by behaviours with periodicity of ⇠24 hours), they are seen only

in the long term time period (vertically) in the winter (characterized by behaviours with

periodicities of ⇠ a few days). As an example in Figure 3.11, from 27-Nov to 04-Jan,

there is almost no variance seen in Sv within any one day, but large amounts of variance

seen from one day to the next (10-15 dB variation at 18 and 50 m). An initial observation

is the existence of a band of low backscatter (⇠ -85 dB) at 18 m, centred around 05-Dec.

In addition to this response at 18 m, there is a corresponding band of high backscatter (⇠

-70 dB) at 50 m. By comparing the timing of these bands to the actogram created for lunar

illumination, it is seen that they occur simultaneously to the occurrence of the full moon

(white bands in the lunar phase actogram). This mass migration of the surface community

appears to be an almost instantaneous response (i.e. changes from high backscatter to low
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backscatter with no evidence of a gradually reducing backscatter level). This is suggested

to be caused by an external cue such as increasing lunar phase.

Following the bands around 05-Dec, the surface population remains fairly consistent for

the remainder of the lunar phase cycle, suggesting no response to external cues. On 01-

Jan, the surface population again reduces, with a corresponding band of higher backscatter

occurring at 50 m. Again, this is at the time of the full moon. These two full moons

(05-Dec and 03-Jan) are centred around the darkest part of winter. Even outside of this

darkest period, the full moon has the effect of surface avoidance, around 07-Nov and 01-

Feb. This surface avoidance at the full moon has also caused a masking effect at the end

of synchronous DVM as described in Section 3.3.1. The “V” formed by the reduced time

of surface avoidance each day does not complete at the end of November, instead being

cut off earlier due to the full moon response at 18 m.

Despite the general inactivity on a diurnal scale during the mid-winter period described in

the previous paragraph, there does appear to be slight diurnal variations in the bands at full

moon in the 50 m actograms (Figure 3.11). Around the 05-Dec, Sv levels are lower near

midday than they are near midnight, and the same observation is made in the full moon

response of 01-Jan. This suggests a behaviour which varies diurnally, as seen by variation

in backscatter in the horizontal axis of actograms. The use of three depth bins limits

the ability to understand the variety in behaviour throughout the water column. Figure

3.13 shows a time limited double plotted actogram for each depth of Sv data available,

showing only the six days either side of the full moon on 05-Dec. In addition to the Sv

data, black dots indicate the time at which the moon is at its maximum altitude in any

24 hours, and the solid horizontal black line shows the date of the full moon (maximum

illumination). By visualising the vertical distribution with a much higher depth resolution,

four key behaviours are identified, including an explanation for the diel Sv variations seen

in the bands of high backscatter at 50 m. The depths described in the following points

refer to those seen in Figure 3.13. These behaviours have also been illustrated as idealised

schematics in Figure 3.14 to show the type of response that is being looked for to define
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as each behaviour.

Figure 3.13: Actograms for all depths of data available from the 2006-07 deployment,
limited to 28-Nov-06 to 12-Dec-06 (six days either side of full moon). Horizontal solid
black line shows the date of full moon (05-Dec-06), and the black dotted line indicates
the timing of the maximum lunar altitude each day.

(a) (b)

(c) (d)

Figure 3.14: Schematic illustrations of idealised behaviours that are being observed
for in the 12 day actograms of Figure 3.13. Red indicates high backscatter, blue is
low. Horizontal solid black line shows the date of full moon, and the black dotted line
indicates the timing of the maximum lunar altitude each day. The four behaviours that
are illustrated are: a) surface avoidance (continuous low backscatter during the full
moon); b) Lunar Vertical Migration (low backscatter during high lunar altitude, high
backscatter during low lunar altitude); c) Aggregation layer (no diel cyclicity - high
backscatter continuously during the full moon); d) Deep lunar vertical migration (high
backscatter during high lunar altitudes, low backscatter during low lunar altitudes).
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1. Surface avoidance. Figure 3.14a. At 18 m (and assumed to be all depths above

this, no data available due to surface noise in ADCP data), there is a total absence

of scatterers at full moon. This does not vary in any 24 hour period, with low Sv

values for the entire duration of the full moon.

2. Lunar vertical migration (LVM). Figure 3.14b. From 22 to 42 m, a behaviour

similar to DVM occurs, but being driven by the lunar altitude, and so on a 24.8

hour cycle. If this were solar driven, the high and low levels of backscatter would

appear at the same time everyday. Instead, the behaviour manifests itself as a sloped

pattern, caused by plotting a 24.8 hour behaviour on a 24 hour axis - the response

lags by 50 minutes each day. The lowest levels of backscatter are seen around

the time of the highest moon each day (shown by black dots), whilst the highest

levels of backscatter are seen whilst the moon is lowest (between these dots). This

behaviour is termed LVM - Lunar Vertical Migration.

3. Aggregation layer. Figure 3.14c. From 46 to 50 m. This depth layer shows the

exact opposite to the surface layers, with very high levels of backscatter around

the time of the full moon, suggesting an aggregation of zooplankton. Again with

minimal variance on the 24 hour scale, this shows a continuous presence for about

five to six consecutive days.

4. Deep lunar vertical migration (dLVM). Figure 3.14d. At 54 to 90 m, LVM is

continued, observed as a sloped response in the Sv levels. Although this is part

of the same behavioural response as LVM, it has been given a unique term as it

occurs below the aggregation layer (as opposed to LVM, which is above). Again,

this behaviour is driven by the lunar altitude cycle and zooplankton occupy these

layers when the moon is highest in altitude, and migrate into shallower depths when

the altitude of the moon is lower - i.e. at this depth, the bottom of the LVM cycle is

detected, the shallower LVM mentioned above is at the depth where the top of the

LVM cycle exists.
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Below 90 m, there is no response to the moon. This can be seen further in the original ac-

togram in Figure 3.11, where continuity in both the horizontal and vertical axis is present

for the entire winter in the 94 m actogram. At this depth, the attenuation of light by the

seawater has become so extreme that no light at all is presumed to be detectable.

3.3.2.2 Detecting differences in behaviours between years

Actograms like those in Figure 3.13 were also plotted for the twelve days of data across

two full moons for all depths available (top 20 depth bins if more than 20 bins available)

in all years. These can be seen in Figures B.1a to B.1p, Appendix B. The existence

and depth range of each of the four behaviours (surface avoidance, LVM, aggregations,

dLVM) were visually identified and are listed in Table 3.4.
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Table 3.4: Table to summarise behaviours observed in Figures B.1a to B.1p, Appendix
B, including date of full moon, depth range (if present) of each of the four behaviours
(S.A - surface avoidance; LVM - lunar vertical migration; Agg - Aggregation layer;
dLVM - deep lunar vertical migration), mean lunar altitude during the full moon, time
off the full moon from the solstice, and a count of the number of behaviours (0-4)
observed. Blank cells indicate no observation of that behaviour. S indicates surface
(assumed as surface bins not available).

Year Date
of

FM

S.A
LVM Agg

.
dLVM

Mean
lunar

alt
.

FM
fro

m
sol

sti
ce

(day
s)

N
o of

beh
av

iou
rs

ob
s.

2006-07 05-Dec S-18 22-42 46-50 5490 16.9 16 4

2006-07 03-Jan S-26 42-46 50-82 18.3 14 3

2007-08 24-Nov S - 16.5 15.4 26 1

2007-08 24-Dec S-16.5 16.7 3 1

2008-09 12-Dec S-15 19-31 31-39 43-63 16.1 8 4

2008-09 11-Jan S-15 19-39 43-63 14 21 3

2009-10 02-Dec S-18 22-30 34-78 16 19 3

2009-10 31-Dec S-14 18-22 26 30-38 14.3 10 3

2010-11 21-Nov S-13 17-25 15.3 29 2

2010-11 21-Dec S-21 41-85 15.4 0 2

2011-12 10-Nov 13.5 40 0

2011-12 10-Dec 15.7 10 0

2012-13 28-Nov S-28.5 42.5-44.5 14.6 22 2

2012-13 28-Dec S-28.5 42.5-44.5 14.1 7 2

2013-14 17-Nov 12 33 0

2013-14 17-Dec S-20 13.9 4 1

Each full moon response has been classified into one of five groups - determined by how

many of the behavioural responses (0 to 4) were seen at any depth of the water column.

This qualitative method provides the ability to differentiate between the strength of the

lunar response at each full moon. At this stage, it is important to note that not all full
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moons are equal. Before the environmental parameters that modify the response to full

moon, such as cloud, are considered, we must first account for any variation between the

years of data, due to differences in the timings of the lunar cycles. The time at which

the full moon falls (and therefore how dark it is at the full moon occurrence) changes

between years, as does the maximum altitude that the moon reaches on each full moon

due the phase relationship between the 28 day lunar altitude and 29.5 day lunar phase

cycles. The mean altitude of each full moon and the distance of that full moon from

the winter solstice (constant date between years of maximum darkness) have also been

calculated and presented in Table 3.4.

The results in Table 3.4 demonstrate a difference in the prevalence and depth extent of

behaviours between full moons. In some cases (05-Dec 2006 and 11-Jan 2008), all four

behaviours are observed. Conversely, there are also examples of no observations of a

lunar response (10-Nov and 10-Dec 2011 and 17-Nov 2013). In order to explain these

differences in the extent of a lunar response to the full moon, the number of lunar be-

haviours observed at each full moon have been plotted against i) the distance of the full

moon from the winter solstice, and ii) the mean altitude of the full moon in Figures 3.15a

and 3.15b. This accounts for the difference in the timings and phase synchronicity of the

lunar cycles. The most “lunar driven” responses (i.e. those that exhibit all four behaviour)

are generally closest to the winter solstice and have the highest altitude. The opposite is

seen in those full moons which cause no response at all, these are farther away from the

winter solstice and have a lower mean altitude over the full moon.
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(a)

(b)

Figure 3.15: Box plots showing the effect of 3.15a) number of days from winter solstice
and 3.15b) average altitude of the full moon on how many lunar behavioural responses
were seen. Circles show the median value, with the box edges defining the upper and
lower quartiles of data. Whiskers show outlying points.

The effect of timing and altitude of the full moon on the maximum depth to which a lunar

response is also investigated (Figure 3.16). This depth has been taken from Table 3.4 as

the maximum depth at which any lunar behaviour is seen. In no case is the maximum

depth equal to the deepest bin available from the ADCP, and so it can be assumed that is

the true depth limit of a behavioural response.

Figure 3.16a shows no significant correlation (p = 0.156) between distance of the full

moon from the winter solstice and the maximum depth of response, though the addition

of a line of best fit suggests weak correlation with increasing depth the closer a full moon

occurs to the winter solstice. Figure 3.16b shows significant (p = 0.027) correlation of

maximum altitude of the moon during full illumination with the maximum depth of lunar
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response.

(a)

(b)

Figure 3.16: Scatter plots to show the maximum depth at which any lunar response is
seen for each full moon plotted against a) number of days from winter solstice, and b)
average altitude of the full moon.

3.3.2.3 Summary of observed lunar response

The four behaviours described in Section 3.3.2.1 have been presented in a conceptual

model in Figure 3.17 to demonstrate their positioning within the water column. The

depths of each behaviour are not specified, as they change with different lunar conditions

as outlined in Section 3.3.2.2. However, the vertical order of the behaviours within the

water column is consistent across eight years of data in Kongsfjorden, and this is illus-

trated in Figure 3.18.

The left of Figure 3.17 indicates exemplar DVM as mediated by the sun with 24 hour

periodicity, as in autumn or spring. This synchronous behaviour ceases for a period in the

winter (demonstrated by the blank space in the figure), when no diel activity is seen. At

a certain lunar threshold, assumed to be a combination of altitude and phase, the moon
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initiates surface avoidance in the top layers. The depth extent of this behaviour varies from

no effect to 28.5 meters (specific depths illustrated in Figure 3.18). The mean depth for

the limit of this behaviour (from full moons where it exists at all) is at 19.5 m. Below this

depth, the second behaviour of lunar vertical migration (LVM) begins, with Sv reducing

at this depth during the highest lunar altitude in any 24.8 hour period, and increasing

when the lunar altitude reduces. Relative lunar altitude is represented by grey circles at

the top of the figure in relation to the horizon (grey dashed line). This behaviour has been

observed from the surface (or assumed as such as surface data not available) to 44.5 m.

Below this, aggregations occur in what is being referred to as “refuge layer” - at which

is presumed the light levels are reduced enough to remove the threat of visual predation.

The depth of this refuge layer varies from 26 to 85 m. The final behaviour is that of deep

LVM (dLVM), which sees highest backscatter when the moon is at its highest altitudes,

suggesting that this is the maximum depth range of the LVM cycle. This behaviour is

seen from 30 to 90 m. 90 m is the limit of any behaviour seen across all eight years of

data at Kongsfjorden.
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Figure 3.17: Conceptual diagram to show the order through the water column that
the four lunar response behaviours exist. Exact depths are not given, as they change
between years (range of which shown in Figure 3.18). Red indicate high Sv (location
of the sound scattering layer), blue low Sv. The grey circles at the top represent the
lunar altitude during full moon.

Figure 3.18: The range of depths that each behaviour from Figure 3.17 are seen across
eight years in Kongsfjorden. All show the minimum and maximum depths where the
behaviour exists.
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3.3.3 Using short term deployments to investigate observations

The short term data from January 2014 provided a higher time resolution dataset (see

Table 3.2) than the long term deployments. Full moon occurred on the 17-Jan, and so the

data has the potential to show any lunar mediated behaviours in the days following this.

Figure 3.19 shows the backscatter data from the ADCP (upward looking at 95 m), with

corresponding solar altitude, lunar altitude and illumination, and cloud cover.

Figure 3.19: ADCP data and supporting environmental information from the short term
deployment in Kongsfjorden, January 2014. From top to bottom, plots show: Cloud
data; Solar altitude; Lunar phase (blue) and altitude (red); and ADCP data for top 88 m
of water column.

At the start of the deployment, low levels of backscatter can be seen in the top 50 m (mean

Sv value in top 50 m up until 17-Jan 03:54 is -77.05 dB, below 50 m is -72.697). After

⇠04:00 on 17-Jan (marked as point A), the surface Sv levels (top 20 m) increase before

the vertical distribution becomes more dispersed by ⇠13:00 (B) that same day. Around

the midday of 19-Jan (C), there is what appears to be a classical DVM response. However,

the time of sinking is not fully synchronised with the sun’s maximum altitude, instead the

time at which the migration has occurred is ⇠10:00 (D), suggesting a modification of the

timing of the optimum vertical response by something other than the solar altitude.
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3.3.4 Using a generalised additive model to understand surface

avoidance behaviour

The results of the GAM are shown in three figures (Figs 3.21 to 3.23), each showing the

effect of two out of the three (sun, moon, cloud) predictor variables on surface Sv levels.

In each figure, the two predictor variables are plotted on the x and y axis of each plot, with

backscatter plotted in the z axis as coloured contours. Levels of Sv at 18 m are indicated

by labels on the contour lines. In each case, values are shown for mean levels of the

third variable (which can not be visualised in a 2D plot). This limitation is investigated in

Figures 3.20a to 3.20d. Each of the three plots show the GAM results of moonlight and

solar elevation with cloud levels at 0.5 (Figure 3.20c); mean (1.46) (Figure 3.20b); and 2.5

(Figure 3.20d). The two extra values (0.5 and 2.5) have been selected from a histogram

of the cloud data (shown in Figure 3.20a). Full ecological interpretation of these plots

follows in the coming sections. Although there are differences between the three GAM

visualisations, the broad pattern remains the same. This suggests that although a range of

values can be plotted for the third model variable, it is not necessarily essential to gain

an understanding of the ecological responses. In addition to this, during the following

sections, figures are plotted for each of the three variables in turn, so an understanding

of the response to each is gained. If this were not the case, and just two variables were

plotted (with the third being used as a predictor in the model), greater consideration for

the variability in the third variable would be more important.
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(a) Histogram of cloud data

(b) GAM visualisation for mean cloud cover (1.46)

(c) GAM visualisation for cloud cover = 0.5

(d) GAM visualisation for cloud cover = 2.5

Figure 3.20: Figures highlighting the variability shown when visualising GAMs using
a variety of values for the third parameter (in this case cloud). A histogram shows
the distribution of cloud data. GAM visualisations are shown for the mean, 0.5 and 2.5.
The 0.5 and 2.5 values were selected as being roughly near the minimum and maximum
cloud cover values, but with a reasonable number of data points to ensure appropriate
representation.
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Solar elevation and moonlight

Figure 3.21: Visualisation of modelled surface Sv (at 18 m) from the GAM, plotted
against solar altitude and moonlight. Four sections of behavioural response (A) lunar
mediated, B) lunar and solar mediated, C) solar mediated, D) no illumination control)
have been identified.

Figure 3.21 shows the response of surface (18 m) Sv values as described by solar altitude

and overall lunar illumination. The figure has been annotated with sections A-D to de-

scribe various light regimes. In section D, the sun is >�8� below the horizon, and lunar

illumination is below 0.3. Little variation occurs in the surface backscatter levels with in-

creasing solar and lunar illumination, with Sv levels varying by just 1 dB. This section of

the plot has the strongest (⇠ -70 dB) backscatter, reflecting the continued surface presence

by zooplankton when the sun and moon are at their lowest irradiance. As solar altitude

increases above >�8� (section C), sharp vertical Sv clines appear, caused by a reduction

in surface Sv levels with increasing solar altitude. At �8�, Sv is reduced to -73 dB, and

to -77 dB by �6�. The rate of decrease in Sv levels in this region is approximately 1.5 dB

per degree of change in solar altitude (dB °�1). Above �5�, the steepness of the Sv clines

reduces until a minimum of -80 dB occurs as the sun approaches the horizon.

The effect of lunar illumination is seen in a similar response in the y axis. Up to lunar

illumination values of ⇠0.3, little variation is observed. However, above this (section A),

horizontal Sv clines demonstrate reducing Sv values with a moon increasing in altitude
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and phase. Sections A and C show horizontal and vertical clines respectively, indicating

a response to only one variable (lunar or solar) at a time. Section B, however, is char-

acterized by diagonal Sv clines, suggesting reducing Sv values caused by both variables

- i.e. the sun and the moon combined causing the highest degree of surface avoidance.

This is further evidence of the sun and the moon being most effective when the cycles

synchronise in phase, as seen in the short term data and described in Section 3.3.3.

Solar altitude and cloud

Figure 3.22: Visualisation of modelled surface Sv from the GAM, plotted by solar
altitude and cloud.

Figure 3.22 shows a general increase in surface Sv as the solar elevation reduces, similar

to Figure 3.21. Above solar altitudes of -6°, the effect of the sun in terms of surface

avoidance is masked when the cloud cover is greater than a threshold of ⇠2.0, with the

surface Sv levels slightly increasing (-77 dB to -74 dB) with no change in solar altitude.

The cloud does not change the effect of the sun on the surface Sv when its altitude is

less than �6�, though it is suggested that the sun has no affect whatsoever at this altitude

irrespective of cloud presence. The cloud affects the response of zooplankton to the sun,

and the reduction of Sv levels in the -12 to -8° region is roughly half the rate than that

in Figure 3.21. In Figure 3.22, the rate of Sv decrease with increasing solar altitude is

approximately 0.75 db °�1.

At cloud levels of >3.0, and solar elevation between -30 and -25, low backscatter is
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apparent. This is suggested to be due to over-fitting of the model due to low data volume

in this area. This is evident in the histogram of Figure 3.20a. Although cloud data does

exist at levels above 3.0, it is relatively sparse, and so any model predictions in this region

could be based on sporadic data. Because of the continuous nature of solar and lunar

parameters, it is only the cloud data that suffers from this sparsity and the occurrence of

over-fitting in this way.

Lunar illumination and cloud

Figure 3.23: Visualisation of modelled surface Sv from the GAM, plotted by moonlight
and cloud.

Figure 3.23 shows the effect that cloud cover has on the response to the moon. Initially,

it can be seen that the moon only has an effect when the value of moonlight is above

0.35. Below this value, the level of surface Sv is homogeneous (similar to observations

of Figure 3.21). In cloudy skies (cloud > 1.5), the moon still has the effect of initiating

surface avoidance, but this effect is much more pronounced and occurs at much lower

values of moonlight with clear skies. The -74.5 dB contour shows that a moonlight value

of 0.6 is required to reach this low abundance of surface scatterers in cloudy skies (cloud

= 1.5), but only 0.5 in clear skies (cloud = 0). For the purpose of comparison, the lunar

environment in 2006-07 reached moonlight of 0.5 or higher in 4% of the dataset, but

reached more than 0.6 in only 0.3% of the dataset. The resultant effect of the cloud could

be very strong in the case of the surface avoidance caused by the moon.
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3.3.4.1 General comments on the GAM

The visualisation of the GAM in Figures 3.21, 3.22, and 3.23 show the small-scale

changes in illumination parameters that control the surface zooplankton population in

winter. The solar elevation plays the pivotal role, and were this study looking at data

outside of the winter period, this would be expected to be the only significant parameter.

However, in the Polar Night when we enter this unique environment of solar altitudes that

are always below 0°, other factors start to have an influence on the populations. Moon-

light is seen to have a significant effect on the surface avoidance response, but only when

it is highest and brightest (when overall lunar illumination is > 0.3), and the sun is below

-8�. It also has the greatest effect when working in conjunction with the sun, and both are

at maximum altitudes at any one time. Cloud cover has implications for the effect of both

the sun and the moon. The effect of cloud is most clearly seen on the moon, in Figure

3.23, where it modifies the lunar response at cloud levels > 1.5, whereas it only modifies

the solar response above levels of 2.

3.3.4.2 The contribution of the moon, sun, and cloud, to the overall sur-

face backscattering strength

Section 3.3.4 demonstrates that all three factors (solar altitude, moonlight, cloud) play a

contributing role to the level of surface avoidance that occurs. However, by fitting the

GAM three times, with each repetition omitting one of the three parameters, we can see

the effect that each had on the overall success of the model. The lowest residual deviance

(RD) is used to define the most accurate model to describe the data. By calculating the

4RD (i.e. the difference between the RD for each model and the lowest RD of the four

model runs), the accuracy of each model can be compared and the contribution that each

parameter has on describing the data summarised. Table 3.5 shows the results of this

analysis. The model using all three parameters is the most suitable for describing the

data (lowest RD). Interestingly, even during these four months of winter when the sun is

continuously below the horizon, the sun is still the most dominating factor (as its omission
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from the model results in the worst description of the data - highest RD). The moon and

cloud have similar contributions to the model in terms of how well it describes variance

in the data, and therefore Sv levels at the surface.

Table 3.5: Table to show the residual deviances (RD) and 4RD for each version of the
GAM (each version runs with the omission of one parameter). 4RD shows the relative
effect of each predictor variable on the overall response. Complete model structure can
be seen in Table 3.3.

Omitted parameter Residual deviance (RD) 4RD

- 1597750 0
Sun 1839775 -242025
Moon 1634230 -36480
Cloud 1629056 -31306

3.3.5 Depth variability of the zooplankton response to light

So far, all of the GAMs have been fitted to Sv data from ⇠18 m, the shallowest bin

possible over all eight years. However, it is worth investigating the impact of depth (and

therefore accounting for the attenuation of light by seawater) on the influence that the sun,

moon, and cloud have on the scattering population. A second GAM was run, this time

using data from five depths: 18, 30, 42, 54, and 66 m. Depth was included as a predictor

variable, but all other aspects remained the same as the previous GAM (GAM5, Table

3.3).

The effect of solar and lunar elevation with depth are shown in Figures 3.24 and 3.25.

Solar elevation is, as before, seen to have a limiting threshold at approximately -8� at 18

m. This becomes more accentuated with a greater depth, and the -72 dB contour that is

at -8� at 18 m, is at -5� at 55 m. This reflects the attenuation of sunlight through the

water column. The gradient of the -72 dB contour in Figure 3.24 has been calculated

(observationally using dY
dX ). From this, it is predicted that sunlight is attenuated at an

approximate rate of 0.12°m�1 in the top 75 m. Moonlight (Figure 3.25) shows a similar

response with depth, the effect becoming more attenuated with deeper samples (0.3m�1

in the top 35 m). Regions of the plot that show horizontal contour lines (at 40-60 m)

suggest no effect of increasing lunar illumination, and are only controlled by depth. The
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backscatter appears to increase slightly from -69 dB at 40 m to -68 dB at 65 m.

Figure 3.24: Visualisation of modelled Sv (all depths) from the GAM, plotted by solar
elevation and depth.

Figure 3.25: Visualisation of modelled Sv (all depths) from the GAM, plotted by
moonlight and depth.

Because of the variation seen between years, it is difficult to see the defined depth layers of

lunar behaviours that are created by the moon as discussed in Section 3.3.2.1. The GAM

has been re-run and plotted using only data from the winter of 2006-07 in an attempt to

see the depth defined behaviour more clearly. Figure 3.26 shows the results of this, with

annotations to aid the description.
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Figure 3.26: Visualisation of modelled Sv (all depths) from the GAM, using only
data from 2006-07, plotted by moonlight and depth. A black dashed line shows the
movement of the scattering layer with increasing moonlight. Red and blue lines indicate
the thresholds of low and high moonlight respectively.

The area to the left of the dashed red line represents roughly where the moon is at its

lowest in terms of overall illumination <0.2 (all thresholds have been defined by visual

inspection of the figure). During this time, the highest levels of backscatter are above

45 m, and the high levels are consistent right to the surface (18 m in this data). In the

surface layers (up to 30 m) there is no change in Sv with an increasing moon from 0 to 0.2

(contours are horizontal). Above 0.2 of moonlight, the sound scattering layer (represented

by the dashed black line) shifts to a depth of ⇠50 m. This is further evidence of the

aggregations described in Section 3.3.2.1. To the right of the blue line, defined as times of

high (>0.5) lunar illumination, a low (⇠-78 dB) Sv value is seen in the top 18 m, showing

the previously mentioned surface avoidance of zooplankton during the full moon (when

lunar illumination is >0.5, the moon is always >70% full). At 18-30 m, diagonal contours

suggest variation in the depth of zooplankton with changing lunar illumination. At this

depth, high (-74 to -76 dB) Sv levels are seen when the lunar illumination is lowest (nearer

to 0.5), compared to lower (-75 to -77 dB) Sv values when the lunar illumination is closer

to 0.6. This response to moonlight changes between 0.5 and 0.6 is suggested to be a result

of lunar vertical migration (LVM), during which the level of Sv increases with reducing

lunar altitude. At 40-60 m, the contours of Sv are again horizontal, showing no evidence
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a change with increasing lunar illumination above 0.5. The sound scattering layer has

aggregated at this depth. Below 60 m, the contours become diagonal again, though in

the opposite direction of the ones in shallower (18-30 m) water. This is evidence of the

fourth behaviour described, deep LVM - a detection of behaviours at the deeper part of the

LVM cycle. This deeper behaviour is possibly evidence of predators that exist at depth,

with zooplankton only venturing into the deeper part of the 60-80 m depth layer when the

moon is at a lower altitude.
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3.4 Discussion

Dates have been calculated for the end and start of synchronised DVM each year at 18

and 80 m. Again, it is important to state that this date is not absolute, and it is not

suggested that these dates reflect the actual date that robust, synchronised DVM ends and

re-starts in winter. It is being used, however, as a tool to show variation between years

in the duration that DVM enters the period of the true winter (i.e. a cessation of classic,

fully synchronised DVM). Generally, DVMend occurs earlier and DVMstart starts later

with increasing depth. This is due to the attenuation of sunlight by the water column,

meaning that an equal level of irradiance (isolume) arrives earlier in the autumn and later

in the spring with increasing depth. The data show much variation between years in the

duration of DVM cessation. However, the amount of variation is reduced with increasing

depth, suggesting that variation is caused by surface based processes. As discussed in

Chapter 1, the absence of a DVM signal is likely to be caused by the removal of predators

(Ohman, 1990) (or at least an absence in the threat of visual predation (Ringelberg and van

Gool, 2003)), or the absence of food (Tarling et al., 2000). Synchronised DVM ceases for

between 4 and 42 days at the surface (18 m). Whilst the longer length of 42 days might

support the hypothesis that this absence of synchronised DVM might be caused by an

absence of a food source or predators, this is not likely for cessations that last a matter

of days. Given this, it is likely that the cessation is controlled by the threat of visual

predation, mediated by illumination levels. No sea-ice was present in any of the years, and

so the variation is suggested to be caused by other factors that affect overall illumination.

This method will be continued into the pan-Arctic analysis of the following chapter, to

see whether this inter-annual variation is seen in other locations of the Arctic. With the

additional solar elevation data from different latitudes (in this Kongsfjorden case study,

the solar elevation levels are consistent between years), it will be possible to determine

how much this variation on the inter-annual data compares with inter-latitudinal datasets.

The data for DVMend and DVMstart were also combined to show the more generalised

differences between the offset and onset of synchronised DVM. From the R values of the
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lines, it is seen that DVMstart re-occurs quicker (relative to depth) than DVMend stops.

This might suggest that the light cycle is more apparent during DVMstart than DVMend,

possibly due to changes in the optical properties of the water column. However, it is

unclear what factors are responsible for this change. Interestingly, both responses show

a significant change of date relative to depth even considering the inter-annual variation.

This suggests that the analysis of DVMend and DVMstart would be of interest to investigate

on a pan-Arctic scale, and to see whether this predictability prevails on a wider spatial

scale.

The lunar driven behaviours are observed most obviously in the 18 m actogram of Figure

3.11. The main driver of the surface avoidance, and aggregation seen at depth, is thought

to be the lunar phase. At the onset of the December full moon, the moon is becoming

fuller and higher in the sky every day. At one specific point on 03-Dec or 04-Dec, the

moon has become bright and high enough (lunar illumination >0.5, lunar phase >70%

(Figure 3.26) to cause a mass response in the community behaviour and has caused the

population to avoid the surface and aggregate at 50 m, at which depth the zooplankton

no longer perceive the light levels to cause a predation threat. After five days, the lunar

illumination and altitude drops below the threshold of response, and the population returns

to the surface abruptly. After several days spent at depth, zooplankton are likely to be

hungry and underfed, and so a mass-migration to the surface is suggested to be caused by

the population feeding on remaining detritus or phytoplankton (Hirche and Kosobokova,

2011) and compensating for the time spent in starvation. After this time spent at the

surface, the Sv reduces as the community spreads out into a more vertically dispersed

distribution.

In general, the Polar Night is characterized by a shift in controlling parameters. When the

sun is the dominating factor, little else affects the surface community. However, as the

sun starts to set, the moon begins to play an important role. As it sets further, the cloud

can modify the response to the moon on an hour by hour basis. This fine tuning of the

light environment is something that has been poorly understood in current research.
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The lunar behaviours of zooplankton change with depth, and this is seen in both the

visual inspection of actograms and the GAM results. The four lunar behaviours are seen

in the GAM of 2006-07 (Figure 3.26) when lunar illumination is > 0.5. Figure 3.10

shows the changes in lunar parameters over December 2006. The dates at which overall

illumination rises above and drops below 0.5 are 01-Dec and 10-Dec respectively. Whilst

the midpoint of these dates (06-Dec, midnight) is 24 hours later than the occurrence of

the full moon, it is almost the exact timing of maximum lunar altitude, showing that the

behaviours observed in the GAM are centred around the cycle of maximum overall lunar

illumination. This same lunar centering was seen in the behaviours when observed in the

actograms (Figure 3.11).

The vertical ordering and depth distribution of these behaviours remain the same in both

the actogram and GAM analysis. This corroboration of results gives confidence in the use

of both visual inspection and statistical modelling methods.

When comparing the attenuation of light with depth from solar and lunar sources, it has

become apparent that an absence of backscatter is seen to depths exceeding 70 m when

considering solar illumination, but to ⇠ 30 m when considering lunar illumination (Fig-

ures 3.24 and 3.25). This suggests that the sunlight propagates deeper into the water

column than moonlight. Båtnes et al. (2013) found that moonlight could be detected by

Calanus spp to 120-170 m. The results in this chapter suggest maximum depths of lunar

responses of 90 m. However, the estimation from light models in Båtnes et al. (2013)

assumes clear skies and water. As shown by the cloud data in this thesis, cloudy skies are

common. In the case of cloudy skies, the depth of response by Calanus is modified to

⇠ 40 m (Båtnes et al., 2013). It is suggested that the observational data in this thesis is

at a mid-point between the clear skies of 120-170 m response, and cloudy skies of 40 m

response. The strength of the full moon response appears to be modified by cloud cover,

which will attenuate the light and therefore reduce the effect the moon has on the illumi-

nation levels in the water column. The response at 50 m is much stronger around 05-Dec

(disperse cloud) than that around 04-Jan (thick cloud), but the surface avoidance at 18 m
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remained similar at both full moons. This suggests that the population does not aggregate

in such a dense layer when cloud attenuates the lunar signal - instead becoming more

evenly dispersed over a larger depth range, yet surface behaviour remains similar. The

limitation in depth of a lunar response is also suggested to be caused by the presence of

predators at depth. If moonlight were the only variable that zooplankton are responding

to, the depth of the maximum backscatter would be suggested to increase with increasing

moonlight (as per the isolume hypothesis). However, the limitation of the aggregations to

⇠50 m suggests that this may be the optimal depth of trade off between the illuminated

surface layers, and the deeper layers of equally high predation risk. Multiple scattering

layers have been detected before (Berge et al., 2014; Tarling et al., 2014), and this could

also be the case in Kongsfjorden during the Polar Night.

The short term dataset (Figure 3.19) was used to investigate the small-scale changes in

both lunar and solar illumination, and their resultant effect on the zooplankton. During

the Polar Night, even the maximum solar altitude may not be strong enough to initiate

a vertical response. However, for a short period of time, the sun and moon together,

provide enough light to drive the population to 50 m and below. This behaviour is seen

again just before midday on 19-Jan. There is a DVM like response in the top 50 m,

but it is not centered on midday. It is possible that the behaviour has started ⇠2 hours

before midday, once the lunar and solar altitudes combined reach a threshold to trigger a

migrating response.

Just after midday on 17-Jan, a very high level of backscatter is seen in the upper 50 m.

The sun and moon altitudes at this time are similar to those just described on 19-Jan (post

midday, rising moon), and so surface avoidance would be expected. The first hypothesis

is that a greater cloud coverage has attenuated the light and meant that the overall illumi-

nation at the surface is much less on this day than in the same theoretical environment the

day after. A second hypothesis is that this is further evidence of the behaviour described

in Section 3.3.2.1, where the community migrates in mass synchronicity to the surface

as soon as the lunar illumination drops below a threshold to make up for lost feeding
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time.

2006/07 was used as an exemplar year to demonstrate lunar behaviours using actograms

(Figure 3.11). The analysis of the effect of the altitude and timing of the full moon sug-

gests why 2006-07 was such an exemplary year in displaying lunar responses. The lunar

cycles (phase and altitude) were coinciding so that these two full moons (05-Dec-06, 03-

Jan-07) were the highest in altitude of all the years. These two full moons were also

almost equidistant from the solstice (16 and 14 days respectively), and so whilst neither

one existed in the most extreme darkness, both were during the month of the least solar

influence and therefore most likely to have a significant lunar response (rather than one

full moon occurring on 21-Dec and the other on 19-Jan, for example). This suggests that

it is not only the existence of the full moon that controls behaviour, but also the time in

the winter at which it falls, and the extent of its altitude.

This discovery of a lunar driven system in the mid-winter changes the paradigms of Polar

Night understanding. Kongsfjorden is a relatively well studied and understood system,

and yet this work provides the first concise evidence of the environmental parameters

that drive zooplankton responses. Calanus spp. in particular are of importance to the

upper food web, through providing a transfer of energy via their rich lipid assimilations.

Understanding their behaviours, and the cues of these behaviours, will change the overall

view of the ecosystem in Kongsfjorden, and fundamental research such as a review of

Kongsfjorden marine ecology presented in Hop et al. (2002). Kongsfjorden, like the rest

of the Arctic, is facing change with a warming climate. This research assists in providing

a base-line understanding, and models and predictions can be adjusted accordingly to

incorporate this new paradigm of winter ecology.

3.5 Concluding remarks

• Zooplankton in Kongsfjorden display lunar behaviours responding to both the lunar

altitude and phase cycles

• A lunar response is seen to a maximum depth of 90 m, this depth becomes deeper
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when the full moon occurs closest to the winter solstice, and with increasing lunar

altitude

• The occurrence of a full moon at maximum altitude in coincidence with maximum

solar altitude can shift the timing of mid-winter DVM

• Maximum lunar responses occur for the ⇠ 10 days over the lunar phase maximum



Chapter 4

Detecting lunar responses across the

Arctic

Elements of this chapter have been included in Last et al. (2016). I am the second author

on the paper, and my contribution to the paper was data analysis, the creation of fig-

ures, writing methodology sections, and assistance in the preparation of the manuscript.

Adaptations of Figures 4.6b and 3.11 (Chapter 3) are included in the paper, but the inter-

pretation of these data and figures are independent in this thesis. Additional information

and interpretation are available in the paper (Appendix E).

4.1 Introduction

4.1.1 Summary of observations from Chapter 3

Chapter 3 used data from the panArchive from a single location (Kongsfjorden, Svalbard)

as a case study to investigate winter behaviours of zooplankton. By using eight years of

data from just one location, it was possible to describe new behaviours from the visual

inspection of actograms. Four lunar driven behaviours were seen in Kongsfjorden: i)

surface avoidance at the full moon; ii) lunar vertical migration (LVM) during the full moon

period; iii) aggregations of zooplankton at depth corresponding with surface avoidance;

iv) LVM at depth. The occurrence of these behaviours varied with depth, but they always
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occurred in the same vertical order through the water column. Behaviours i and iii can be

seen as those with 29.5 day periodicity, in line with the lunar phase cycle, whilst ii and iv

are mediated by the 24.8 hour cycle of lunar altitude. For this reason, these behaviours

are coupled into two groups, and are termed LVM-day (for 24.8 hour responses) and

LVM-month (for 29.5 day responses), as adopted in Last et al. (2016).

4.1.2 The use of a pan-Arctic dataset

The ecological and biogeochemical consequences of these lunar driven behaviours could

be significant if they exist on a pan-Arctic scale. DVM is known to cause depth variability

in the carbon flux of marine systems (Isla et al., 2015), and the existence of DVM (pre-

sumably irrelevant as to whether it is mediated by a 24 hour solar cycle, or a 24.8 hour

lunar one) in mid-winter will have the potential to increase carbon flux to the sea floor

(Steinberg et al., 2000; Ducklow et al., 2001). However, the assumption of increased ver-

tical migratory activity leading to increased carbon flux largely relies on the assumption

of material (phytoplankton, detritus) being available for ingestion by the zooplankton in

the surface layers. If this isn’t the case, and the vertical migrations are purely a predator

response, then the increased vertical flux of carbon may not be an outcome of mid-winter

DVM/LVM. The presence of carbon-based material in the surface layers during the Polar

Night is something that should be investigated in future studies to assess the impact of

continued vertical migration on the wider ecosystem.

The LVM-month cycle will likely have an impact on predator-prey interactions. Even

though it is hypothesised that zooplankton are avoiding the surface to reduce the risk of

visual predation (and the aggregations are a possible predator avoidance mechanism, in

the same way that fish school to increase safety of the population), their dense aggre-

gations at specific depth layers will likely increase the frequency of chance interactions

between them and predators (particularly non-visual ones such as chaetognaths), causing

an increase in predation rates and ultimately demonstrating that the Polar Night commu-

nity is more active than previously thought.



4.1. INTRODUCTION 124

To date, many of the studies on Arctic DVM have been restricted to single sample sta-

tions (Willis et al., 2006; Cohen et al., 2015). However, the fine-tuning of responses to

the sun and moon that have been described in Chapter 3 suggests that there may be a lot

of variation on a pan-Arctic scale. Factors such as cloud cover are seen to vary the lunar

response substantially, along with how dark the environment is when the full moon occurs

(controlled by both date and latitude). Both of these parameters will be expected to vary

across the Arctic - cloud cover will vary substantially on such a large spatial scale, and

full moons will occur, on average, during lower levels of sunlight with higher latitudes. In

addition, other parameters that will vary on a pan-Arctic scale should be considered that

may not have varied within the single station case study of Kongsfjorden. The presence

of sea-ice is known to affect DVM behaviours (Wallace et al., 2010), and the prevalence

and thickness of the sea-ice will vary throughout the Arctic (Section 1.1.4.1). Factors

affecting the attenuation of light such as sea-ice and snow cover, turbidity, and sedimen-

tation, will also vary more on a pan-Arctic scale than within the one fjord case study in

Kongsfjorden.

During the last decade, the need for a pan-Arctic understanding of ecosystems has been

well documented. Wassmann (2006) provides a selection of papers which collectively

aim to present a pan-Arctic view of contemporary food webs. Within this special edition,

themes include past glaciation, carbon budgets and fluxes, food webs, pelagic systems,

and trophic pathways. Although two of the papers included in the edition (Carmack et al.,

2006; Carmack and Wassmann, 2006) provide pan-Arctic data, the majority of them are

based on single site case studies (or with many datasets, but from one geographical re-

gion), and it is the synthesis of individual papers that provides the pan-Arctic perspective

within the special edition. Even this ambitious collection of pan-Arctic data, something

that was novel in terms of ecosystem understanding, was less representative of the Arc-

tic than originally intended due to the difficulties in accessibility of the Arctic, and the

favourable location that some parts of the Arctic Ocean exhibit, such as fjords and coastal

zones being more readily accessible, but not necessarily representative of the Arctic as a

whole. This limitation of the work highlights a key benefit of moored acoustics, and whilst
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we do not have in-depth ecosystem details of net data and biological sampling, what we

do have is a broad spatial coverage of previously unsampled locations from year-round

deployments. Wassmann (2011) introduced a more recent pan-Arctic special edition, and

raised an interesting and relevant point originally published in Dunbar (1953): that it is not

only the spatial diversity of ecosystems that must be understood, but also an appreciation

of the fact that these systems are not static and will change dramatically across time, and

so observations should be made across several years to understand how the community

changes. This provides a strong case for the value of the panArchive used in this thesis, as

the use of acoustics allows data to be collected from the same stations over several years,

so that we can understand the changes that occur in both space and time.
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4.2 Methodology

4.2.1 Detecting cycles in zooplankton

The programme Time Series Analysis Cosinor 6.3 (now referred to as TSA) was used

for all chronobiological analysis in periodicity detection. Two methods of analysis were

used: Lomb-Scargle Periodograms, and Cosinor analysis. Full details of the methodology

can be found in the following sections, but as a short introduction regarding the difference

between the two methods: Lomb-Scargle Periodograms are used to find the most signifi-

cant period within a given range, whilst the Cosinor analysis determines whether a single

discrete periodicity is significant. These methods of periodicity detection are intended

to automate the visual inspection of actograms in Chapter 3. A review of how well the

results of periodicity testing match those of manual inspection are assessed in Section

4.4.

4.2.2 Depth selection

In both the LVM-day and LVM-month analyses, three depths have been chosen for analy-

sis (30 m, 50 m, 70 m, and 20 m, 40 m, 60 m respectively). These were selected following

the depths of lunar behaviours observed in the Kongsfjorden data, which are presented in

Table 3.4 (Chapter 3). These results (also presented graphically in Figure 3.18) were

used to select depth for pan-Arctic analysis to provide the highest chance of detecting lu-

nar behaviours. The depths chosen for detecting LVM-month and LVM-day are different

to reflect the fact that LVM-month generally occurs at shallower depths than LVM-day

(Figure 3.18). Each cycle manifests itself as two behaviours: LVM-day as LVM or deep

LVM, and the LVM-month cycle is similarly observed as both surface avoidance and ag-

gregations at depth (Chapter 3). In this periodicity analysis, it is unknown which of these

behaviours (shallow or deep) are being detected in the case of both LVM-day and LVM-

month. However, this is largely irrelevant as we are looking at the prevalence of these
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behaviours, and so the use of the aforementioned depths provide the best chance of de-

tecting the responses. This is illustrated in Figure 4.1, where the three depths of each data

selection are shown (dashed lines for LVM-month, solid for LVM-day) with two examples

of LVM response - the first with a shallower LVM-month response but larger amplitude

of LVM-day, and the second with a deeper LVM-month response, but lower amplitude of

the LVM-day cycle. In both cases, at least one depth detects each behaviour.

Figure 4.1: Method of depth selection for periodicity analysis. Solid black lines show
the positioning of the sound scattering layer during the full moon in two varying LVM
responses. The top figure shows a shallow LVM-month response, but high in LVM-day
amplitude. The second shows a deeper LVM-month response, but lower amplitude of
LVM-day. Horizontal dashed and solid grey lines indicate the depth of data selection
for periodicity testing of LVM-month and LVM-day respectively.

4.2.3 24.8 hour (LVM-day) periodicity analysis

Zooplankton have been seen to shift from behavioural cycles with 24 hour periodicity to

ones closer to 25 hours during the full moon in the Polar Night (Berge et al., 2009). The

strongest periodicity was seen in the 40-60 m depth layer at Kongsfjorden throughout the

winter (Berge et al., 2009). Sv data were extracted for 60 days either side of the winter

solstice (22-Oct to 19-Feb) in each deployment from the bins closest to 30 m, 50 m, and

70 m. The exact times of the four full moons each year during this period were found,

and Sv data were extracted from the six day period covering each full moon (72 hours
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either side). If data for one depth was not available, the dataset was still used in the

analysis for other depths (i.e. datasets had to cover the complete full moon range (four

full moons across the solstice), but did not have to include all three depths). 54 out of the

58 datasets in the panArchive were used in this analysis, as four datasets did not cover the

time required. The number of data points at each full moon varied between deployments

(144 to 864 depending on original sampling resolution of the ADCP).

Following other studies that also looked at circadian and circa-lunar cycles (Mat et al.,

2012; Tran et al., 2011), a Lomb-Scargle periodogram was calculated for each of the six

day datasets described above to find the most significant period in a given range (19 -

29 hours (24 ±5 hours)). The Lomb-Scargle periodogram is based on Fourier transfor-

mations (full details in Scargle (1982)), and fits least squares of sine curves with given

periods (19 hours to 29 hours at 18 s intervals, 2000 curves in total) to the data and de-

termines which has the best fit - therefore highlighting any repetition, or rhythms, within

the dataset. A noise threshold is set at a power output equivalent to a probability level

of 95%, and only periodicities above this value are considered significant (p < 0.05).

The periodicity with the highest spectral units, if statistically significant, in a dataset was

noted.

Figure 4.2 illustrates this methodology for one dataset at one depth. Four periodograms

are created (one at each full moon), and the period with the highest spectral units is quoted

(all four periods are statistically significant in this case, as all are above the 95% confi-

dence line). Strongly lunar dominated datasets will have, in theory, periodicities closer

to 24.8 hours, whilst solar dominated datasets will have periodicities closer to 24 hours.

Any data not responding to either the sun or the moon will show asynchronicity, shown

by no statistically significant period in the defined range.
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Figure 4.2: Examples of Lomb-Scargle periodograms used in 24.8 hour analysis. Four
periodograms are produced (one for each full moon, FM1-4) for three depths in each
dataset. Just one depth (50 m) is shown as an example in this figure. The periodicity
with the largest spectral units is noted (if statistically significant - shown by peak being
above line marked as p=0.95). In this example, rhythmicity with a periodicity close
to the lunar day of 24.8 hours is seen at FM2 and FM3, whilst FM1 and FM4 show
rhythmicity close to 24 hours.

4.2.4 29.5 day (LVM-month) periodicity analysis

At around the time of full moon, a mass movement of scatterers out of the surface has

been observed, with corresponding aggregations at depth (Section 3.3.2.1). The period of

surface avoidance lasted for between three and six days in the majority of occurrences at

Kongsfjorden. As the lunar phase cycle is consistent across the Arctic (Section 1.1.3.2),

we can expect the results from this subset of data (Kongsfjorden) to be representative of

the time avoidance in the panArchive dataset. Two methods have been used to detect this

behaviour in the panArchive: statistical variance and cosinor analysis.
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4.2.4.1 Statistical variance approach

In the null hypothesis case of no surface avoidance at full moon, it is expected that the

surface backscatter levels will not change from the time just before full moon to the time

during the full moon. With this in mind, student t-tests have been used to quantify the

difference in the surface backscatter from the time just before the full moon, and the time

during the full moon. To test the null hypothesis, the same analysis has been carried out

on new moon data (when the moon has no effect of illumination).

For each dataset, values of Sv were selected for the 48 hour period over (24 hours ei-

ther side) full moon and new moon from the bin closest to 20 m. Only full moons and

new moons within 28 days of the winter solstice (21st December) were used. Although

the levels of darkness in terms of solar altitude will vary with latitude, these dates (23

November to 18 January) allow for the darkest time possible at any one latitude, and in

most cases allow the use of two full moons and two new moons per dataset (but in some

cases, only one depending on when the full moon occurred in relation to the solstice). In

order to remove any residual effect of the sun (in some datasets from the lower latitudes, a

solar response is seen right though winter), only midnight data has been used. To extract

enough data for credible statistical analysis, midnight data is defined as any data points

recorded between 22:00 and 02:00. The data extraction methodology is illustrated in Fig-

ure 4.3. For each full moon and new moon, between 8 and 96 data points were extracted

(labelled as SvFM and SvNM), depending on original resolution of data recording (varied

from five minutes to one hour). As illustrated in Figure 4.3, the midnight data could have

been extracted from two midnight periods (as at the new moon), or over three midnight

periods (as with the full moon) depending on the exact time that the full or new moon

occurred. In either situation, a total of eight hours of data (two sets of four hours) were

selected for each full or new moon. For each full moon and new moon, a second dataset

was extracted from five days prior to each full moon and new moon (labelled Svpre-FM

and Svpre-NM). Again, the data were extracted from the midnight period from a day either

side of the date.
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Figure 4.3: Visual representation of the method for data selection for statistical vari-
ance analysis. Data have been selected across the two midnight periods (22:00-02:00)
at new moon (SvNM) and the equivalent data extracted five days prior to the new moon
(Svpre-NM). The same data have been selected for the two days over full moon (SvFM),
and the two days over the five days preceding full moon (Svpre-FM).

All Sv data were linearised (using Equation 2.5), so that any variance between averaged

values were absolute and not on a logarithmic scale. A first order low pass filter was

applied to all data. The Butterworth filter had a cut off frequency of 3.472 x 10-5 Hz

(equivalent to three days), and a sampling frequency that varied from 2 x 10-4 Hz to 3.3

x 10-3 depending on original sampling rate. The filter resulted in any response that did

not last for more than three days being smoothed out. From visual inspection of datasets,

most full moon responses exceeded this time, and so any other short term variation was

smoothed.

For each lunar event (full moon or new moon), an unpaired, two sample t-test was run

on the data extracted from the lunar event itself, and from the data extracted five days

prior to the event. Initial attempts used a p < 0.05 threshold to determine a percentage

of datasets that showed significant variance at new moon, and significant variance at full

moon. It was seen that the majority of both full and new moon datasets were classified

as significantly different, but this was likely to be caused by continuous variation within

the datasets (i.e. zooplankton vary significantly across any five day period, irrelevant of

any lunar effect). However, it was noted that the p-values in the full moon comparisons

were generally much lower than those in the new moon comparison, leading to a new

direction of the methodology - to look at how different the data were, rather than enforcing
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a specific statistical value to determine whether they are different or not (i.e. p < 0.05).

To do this, the specific p-value was recorded from each t-test, to develop the hypothesis

that the p-values would be lower (and therefore assuming that this indicative of Sv levels

that show more difference over a five day period) during the full moon than during the

new moon.

Although this might appear to be a complex method of data arrangement, original attempts

to simply run t-tests between full moon and new moon data (with the hypothesis that they

were statistically different) were seen to be inappropriate. Even though the data were

significantly different, so were every other dataset extracted 14 days apart across winter. It

became apparent that this is such a dynamic system, that any analysis of comparison must

be done within a short period (in this case, five days), to avoid the results being affected

by other factors that can alter the population (advection, predation, solar illumination

changes etc.).

4.2.4.2 Cosinor analysis

In addition to the t-tests, periodicity analysis was used to detect the behaviours as biolog-

ical rhythms. As in the t-test analysis, only midnight (22:00 - 02:00) data have been used.

For each dataset, the data covering these time periods have been extracted for every day

and averaged (all data is averaged after being linearised) so that one data point is calcu-

lated for each midnight at three depths. Only datasets with continuous data from 01-Oct

to 31-Mar are used, with bin depths available at close to 20 m, 40 m and 60 m. After lim-

iting datasets to only those with these times and dates available, 31 datasets were used.

A total of 180 data points were calculated for each depth and each dataset, each averaged

from between four and 24 data points, depending on the initial sampling resolution of the

ADCP. An example of one of these 60 day datasets (from ⇠60 m) in shown in Figure

4.4.
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Figure 4.4: Example of data extracted for use in cosinor analysis. This data has been
sampled at ⇠60 m, and passed through a three day filter. Dashed vertical lines indicate
the date of each full moon occurrence.

Using the software TSA, population mean cosinor analysis was run as per Nelson et al.

(1979) and Bingham et al. (1982) for Sv data at three depths from each dataset, looking for

rhythmicity at 29.5 days (lunar phase cycle). Any datasets that showed significant (p <

0.05) periodicity at 29.5 days were noted. For any datasets that did not show significant

rhythmicity, Lomb-Scargle periodograms were plotted for the data. The methodology

for this is the same as in the 24.8 hour detection, but a range of 24.5 - 34.5 ((29.5 ±

5 days) was used, again with 95% confidence threshold and 2000 divisors (equal to 7.2

minute resolution). If a peak in rhythmicity was seen in the given range, this dataset was

specified as lunar. The period was not re-run through Cosinor analysis, as it is known

that Lomb-Scargle periodograms are much less sensitive than Cosinor analysis (Refinetti

et al., 2007), suggesting that if it was picked up in the former, it would have been detected

in the latter. This was tested using a subset of data (Kongsfjorden only at 50 m, 36

datasets). 32 of these datasets showed significant periodicity in the 24 hour range using

cosinor analysis, but only 27 when using periodograms, suggesting that the assumption

of cosinor analysis being more sensitive than periodograms is valid in this study.

The output of this analysis is a decision for each depth bin of the three selected depths in

each dataset for whether the data shows periodicity in relation to the moons lunar phase,

or not.
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4.3 Results

4.3.1 Detecting surface avoidance at the full moon

From the t-test analysis, significant (p = 0.02) variation was seen in the surface (20 m)

backscatter levels around full moon, but not (p= 0.11) around new moon. This significant

variation demonstrates that the surface population is more variable at full moon than new

moon, and this is suggested to be caused by the response of full moon surface avoidance.

This variation was seen only in the 20 m layer, investigation of other depths (30, 35, 40,

45, 50 m) did not show the same difference in variability.

Cosinor analysis was used to find whether a significant period was found around the LVM-

month cycle in midnight only data from 20 m, 40 m, and 60 m data from six months

across the panArchive. All datasets from across the Arctic Ocean showed significant

periodicity in the lunar illumination (24.5 - 34.5 day) range at least at one depth (Table

C.1, Appendix C). There was no variation between depths, with 19, 20, and 19 datasets

showing significant periodicity at 20, 40, and 60 m respectively.

The datasets were classified by station type (fjord, intermediate depth ocean, deep ocean)

and by ice cover (no ice, seasonal ice, year round ice). The percentage of datasets (all

depths included) that showed a significant lunar month periodicity was calculated. Both

location and ice cover appear to have an effect on the prevalence of the lunar response.

Fjordic stations show the most evidence of lunar surface avoidance and aggregation,

whilst deep ocean stations show the least evidence (Figure 4.5a). Sea-ice also appears

to have an effect (Figure 4.5b), where there is a lower occurrence of response to the full

moon with increasing duration of sea-ice presence. Despite this apparent relationship

between lunar response and location/sea-ice conditions, part of this response is likely to

be due to different populations of zooplankton in different regions. Cohen et al. (2015)

found that krill could detect light to 20 m, whilst Calanus could detect light to 30 m.

Communities dominated by Calanus, therefore, might be expected to show a stronger
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lunar response irrelevant of environment type/sea-ice conditions. This community struc-

ture information can not be determined using ADCP data, but variation due to species

differences should be considered.

(a) (b)

Figure 4.5: The percentage of total number of datasets (across all target depths) that
were identified as significantly lunar in the lunar month range. The data are classified
by a) location and b) sea-ice cover.

4.3.2 Shifts in the 24 hour cycle around full moon

Figures 4.6a to 4.6c show boxplots of the periodicities found at Full Moons (FM) 1 - 4

across winter throughout the panArchive. The most significant period (between 19 and

29 hours) was noted for the data extracted from each full moon at three depths. Although

the date of each full moon varies between years, and therefore is not exactly represented

in relation to the solstice in these figures, two full moons before the solstice and two

full moons after the solstice were always used in the analysis. Total data points in each

boxplot varied from 29 to 43 full moons, after datasets not covering the time, depth, or

not having significant periodicity in the 19-29 hour range were discounted.

At 30 m (Figure 4.6a), FM1, FM2, and FM4 show periodicity close to 24 hours (23.87,

24.07, 23.74 hours). FM3 shows a shift in mean periodicity towards 24.8 hours (24.39

hours). At 50 m, (Figure 4.6b) FM1 and FM4 show mean periodicity at almost exactly

24 hours (24.04 and 23.96 hours respectively), whilst FM2 and FM3 match the LVM-day
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periodicity (24.88 and 24.59 hours). 70 m data (Figure 4.6c) shows a similar response to

that at 30 m, where a shift towards a lunar response is seen only in FM3 (24.51 hours) and

not at all in FM1, FM2, and FM4 (24.12, 23.95, 23.94 hours). The most significant lunar

shift is seen at 50 m (a t-test between the periodicities at FM1&FM4 combined and the

periodicities at FM2&FM3 showed significant differences at 50 m (p = 0.039), but not at

30 m (p = 0.2815) or 70 m (p = 0.4059)).

(a) Results of Lomb-Scargle periodogram analysis on Sv data sampled at 30
m during the four full moons (FM1-4) of mid-winter across the Arctic.
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(b) Results of Lomb-Scargle periodogram analysis on Sv data sampled at 50
m during the four full moons (FM1-4) of mid-winter across the Arctic.

(c) Results of Lomb-Scargle periodogram analysis on Sv data sampled at 70 m
during the four full moons (FM1-4) of mid-winter across the Arctic.

Figure 4.6: Boxplots of periodicity analysis (periodograms) on data taken from three
depths (30, 50, 70 m) across the panArchive. Data is the most significant periodicity
found in the data covering six days around each winter full moon (FM1-4), black dots
show mean values for each full moon. Full solar (24 hour) and lunar (24.8 hour) period-
icities are shown by horizontal dotted and solid lines. Vertical black line indicates the
relative position of the winter solstice, though the date of each full moon with respect
to the solstice varies between years.
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4.4 Discussion

The two methods of analysis (statistical variance and cosinor detection of rhythms) in

Section 4.3.1 together give strong evidence that a 29.5 day cycle of LVM-month, as ob-

served in Chapter 3, occurs on a pan-Arctic scale. T-tests on data before and during full

moons, and again before and during new moons showed differences in their mean values,

with Sv data from the new moon showing much higher p-values (and therefore consid-

ered to be a more consistent level of backscatter over a five day period) than data from

the full moon. This was only evident at 20 m, and the same analysis at other depths did

not show the same difference. This depth variation provides information regarding the

consistency and variation of behaviour across the Arctic. Whilst the surface avoidance at

the full moon is seen to be almost ubiquitous at 20 m, the aggregation at depth may vary

in the depth at which it occurs, and whether it occurs at all. Although all datasets appear

to show evidence of a synchronised surface avoidance, not all show the synchronised ag-

gregations, instead the population possibly disperses itself more randomly throughout the

water column below the immediate danger zone of illumination which is common across

the Arctic Ocean.

Whilst it is suggested that the cause for this behaviour is avoidance of light and there-

fore reducing the threat of visual predation, sinking to a depth might actually increase

predation due to the higher likelihood of chance encounters. If this is the case, increased

frequency of predation might affect ecosystem interactions and resultant carbon flow. The

existence of a 29.5 day cycle was less common in deep and year round ice covered sta-

tions (though these analysis are not independent, all deep stations are ice covered and vice

versa). However, it would be expected that a significant layer of ice would cause atten-

uation of the full moon (Cohen et al., 2015) and therefore reduce the amount of surface

avoidance and aggregation at depth during this time.

DVM is known to increase the carbon flux from the surface to depth (Isla et al., 2015),
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where material does not become re-mineralised at the surface, but instead is actively trans-

ported by DVM and excreted at depth, increasing rates of sequestration. The existence

of active vertical migration throughout the Polar Night, albeit on a more ephemeral scale

when compared to classical DVM that occurs at lower latitudes or around the equinoxes,

increases the amount of carbon flux throughout the water column. Although a lunar

“shift” in midwinter towards longer periodicity was seen at 30 m, 50 m, and 70 m, this

was most apparent at the 50 m depth layer (where a full moon shift was seen in both FM2

and FM3). This is in agreement with Berge et al. (2009) who found the strongest peri-

odicity existed in the 40 - 60 m depth layer throughout winter at Kongsfjorden. In each

dataset of the panArchive, it is suggested that there will be a dominant LVM-day depth,

where the lunar irradiance is not consistently high enough to cause continuous avoidance,

or low enough to result in aggregations, but varies significantly enough over a 24.8 hour

cycle to initiate a LVM-day response. The depth of this will vary between datasets, but

the results in this chapter show that the mean depth of strongest LVM-day is around 50 m

across the panArchive. However, variability is seen in this depth via whiskers and outliers

in Figures 4.6a to 4.6c. When selecting the data for use in periodicity analysis, the same

three depths were selected from all datasets. In Chapter 3, the depths of observed LVM-

day varied from the surface to 45 m. This large variation in the depth of LVM-day was

within data from the same location. When considering the panArchive, this variation is

likely to be accentuated and so more variation in the depth existence of LVM-day might

be expected, providing an explanation for the large amounts of variability seen.

FM3 initiated a much stronger lunar response than FM2 when considering all three depths

(Figures 4.6a and 4.6c). As in Chapter 3, the details (altitude and timing with respect to

the winter solstice) of the full moons have been calculated, and it is seen that the same

variation in the lunar cycles affect the lunar response across the panArchive (Section

4.3.2). The closer a full moon is to the solstice, the darker we can assume the environment

is, and therefore the moon is seen to have a greater influence on the zooplanktons vertical

position. Similarly, a full moon that is higher in altitude will also create a more direct field

of light that will affect the zooplankton more significantly. By calculating the time from
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each full moon to the winter solstice, is seen that FM3, on average, occurs closer to the

solstice than FM2 (12.72 days compared to 14.39 days), and is also much higher in lunar

altitude (21.58 degrees compared to 16.31 degrees). Because the 50 m depth layer has

the strongest periodicity, this discrepancy between the two full moons is not seen at this

depth. It is only visible in the less lunar dominated depth layers (30 m and 70 m).

Large amounts of variation were seen in the error bars on the boxplots of Figures 4.6a

to 4.6c. Particularly with respect to very low periodicities (20/21 hours). A suggestion

for this is the presence of a biological clock, which is seen to run at periodicities equal

or lower to 24 hours in Polar zooplankton (Cohen and Forward, 2009). Alternatively,

this deviation from what might be expected (24 hours or 24.8 hours depending on the

exogenous cue) could be caused by the original resolution of the data. In most cases,

this was 20 or 30 minutes, and so slight variation may occur in the periodicity detection.

However, individual occurrences in this case are not the result of interest, it is the overall

shift of the average periodicity across the panArchive that demonstrates the lunar response

in mid-winter.

Zooplankton responses to the lunar altitude cycle (LVM-day) appears to have been previ-

ously unknown. Berge et al. (2009) made a suggestion that the periodicity in zooplankton

was shifted closer to 25 hours in Kongsfjorden winter data, but the extent of this across

an entire ocean was previously undocumented until Last et al. (2016), to which this chap-

ter made a primary contribution. The behaviour of the moon, in the fact that it under-

goes two cycles, makes it a different illumination source to the sun. Solar illumination

can be explained by only its altitude, whilst an understanding of both the altitude and

illumination is necessary when considering lunar illumination and circa-lunar cycles in

zooplankton.

In Chapter 3, methods of visual inspection of actograms were applied to define the depth

distribution of lunar behaviours. However, in order to define these behaviour across the

panArchive dataset, numerical methods of detection were required to reduce subjectivity.

In addition to this, numerical detection is more time-efficient than the production and
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visual inspection of actograms. However, it has been assumed that these two methods

(visual inspection and periodicity analysis) provide the same results. Figure 4.7 is used to

investigate this assumption further.

Figure 4.7: Comparison of observational methods of Chapter 3 with the periodicity
analysis used in this chapter. Two columns indicate data from two full moons in 2006-
07 at Kongsfjorden. Coloured bars show the periodicity as defined by periodograms for
the six days over full moon at all depth bins available. Colour scale is defined using
legend, units are hours. “Zones” have been identified from observations as regions
where we would expect a lunar response (labelled LVM-day) and those where we would
not expect a lunar response (no LVM-day), where the periodicities may be more erratic,
more solar driven, and show more total asynchronicity (indicated in grey). In general,
more blue colours define a solar dominated community, and more red colours define
a lunar dominated one. Colours out of this close range identify a randomly migrating
community.

Figure 4.7 has been created from the combination of the results from both visual detection

and periodicity analysis using Lomb-Scargle periodograms, to see how well the results

match. The periodicity analysis results for all depth bins available are shown for the

two full moons in midwinter in Kongsfjorden 2006-07. Coloured bars at each depth bin
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show the value in hours of the most significant periodicity found using Lomb-Scargle

periodicities in six days of data during the full moon period at each depth. Full results of

this analysis can be seen in Appendix C. The colour scale used is red to blue, with white

centered on exact LVM-day (24.8 hour) periodicity. Blue bars indicate depths at which

solar dominated behaviours were seen, and the palest or red bars indicate lunar dominated

behaviours. Italicised values show the mean periodicity, in hours, for each depth layer. In

addition to this, the terms “LVM-day” and “no LVM-day” have been assigned to different

depth layers using results from visual inspection. The full results that have been used in

this can be seen in Table 3.4. Depth layers assigned as “LVM-day” were defined as having

LVM behaviour in Chapter 3, and those marked “no LVM-day” showed either evidence

of LVM-month or no lunar response at all.

All depth layers that were predicted to have lunar dominated periodicities (marked LVM-

day) have bars in the white or red range, indicating a lunar influence. Mean periodicities

in these depth layers (25.3, 25.6, and 25.1 hours) are also consistent with lunar mediated

behaviours. Depths at which LVM-day is seen remain quite consistent in their periodici-

ties (shown by low standard deviations), suggesting that they are mediated by a common

driver. Conversely, depths at which LVM-day periodicity is not expected to show more

variation, suggested to be due to more erratic behaviour from zooplankton which are

not necessarily mediated by any strong signal. Depths which were predicted to have no

LVM-day periodicities are generally more blue in colour, and have lower periodicities.

Exceptions to this include the surface and deep layers of the 05-Dec full moon, which

both have lunar dominated periodicities. In the surface, this is suggested to be caused by

an underlying LVM-day cycle, which is not seen in the actograms due to the predomi-

nant LVM-month cycle. In the deep, it is suggested that LVM-day exists deeper into the

water column than is seen by visual detection - the overall Sv values at this depth are

low, and so diel variation may be more difficult to see on the actograms (as overall less

absolute difference in dB levels). As LVM-day is detected more frequently by circadian

rhythms than it is when detected by visual observation, the Lomb-Scargle periodograms

can be summarised as being a more sensitive method of detection than visual analysis of
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actograms. However, in summary, a good match between the two types of methodology is

seen, and this corroboration of results gives confidence that using periodicity analysis to

detect the behaviours found via visual inspection of actograms is an appropriate method

for analysis in the panArchive dataset.

This discovery of lunar driven cycles occurring on a pan-Arctic scale develops the single-

site observations made in Chapter 3. These lunar behaviours are predicted to change

the predation rates on zooplankton through more frequent chance encounters between

predator and prey, and this is likely to have implications on the wider food web. The fact

that these responses are detectable on a pan-Arctic scale means that lunar observations are

no longer a “phenomenological” result, occurring only in the frequently sampled region

of Kongsfjorden, but instead show a unification of the oceans zooplankton community in

their common response to the lunar cycle. The application of circadian methodologies,

usually reserved for data that is physically sampled in a laboratory, to acoustic datasets

will allow for further development of this work into the future, and hopefully on datasets

from elsewhere in the Arctic Ocean.

4.5 Concluding remarks

• Lunar mediated behaviours, both on 24.8 hour and 29.5 day cycles, are prevalent

across the Arctic Ocean

• These behaviours are not consistent with depth, with LVM showing most syn-

chronicity at 50 m, and the 29.5 day cycle most detectable at 20 m (due to more

consistency in surface avoidance than aggregation at depth)

• Variation between types of environment prevail, with fjords showing a higher oc-

currence of 29.5 day cyclicity than shelf and deep ocean, and sea-ice free region

also showing the most occurrence.



Chapter 5

Variance in zooplankton behaviours on

a pan-Arctic scale

5.1 Introduction

Previous chapters have focused on the description and quantification of new lunar be-

haviours in zooplankton, and their prevalence across the Arctic. Whilst these behaviours

are seen to be common across the Arctic Ocean, the degree of oceanographic and ecolog-

ical disparity in such a large region might suggest variation in the existence and extent of

them (this was suggested in Section 4.3.1, where a preliminary investigation was carried

out into variations between environment types). This chapter develops the work of the

previous two chapters by investigating the variation of behaviours that are exhibited by

zooplankton on a pan-Arctic scale, and attempts to explain this by the physical parame-

ters that are thought to mediate and modify zooplankton behaviours. This is carried out

using three approaches: i) the timing of cessation of synchronised Diel Vertical Migration

(DVM); ii) the variation in lunar responses; iii) the response of zooplankton at the North

Pole.

Prior to the main body of this chapter, a reminder of the illumination cycles and their

behaviour in the Arctic is illustrated in Figure 5.1, as an introduction to why the Arctic

might exhibit variability in the response of DVM, Lunar Vertical Migration with 24.8 hour
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periodicity (LVM-day), and Lunar Vertical Migration with 29.5 day periodicity (LVM-

month), all of which are fundamentally light mediated behaviours. Whilst the mean alti-

tude of the sun and the moon decrease and increase respectively closer to winter solstice,

they remain almost constant with latitude (Figures 5.1a and 5.1b). However, as illustrated

in Figure 5.1c, the amplitude of both the solar and lunar cycles reduce dramatically, from

60° at 60°N to ⇠0° at 90°N, with increasing latitude. These cycles are discussed and re-

ferred to in more detail in the sections that follow, but an awareness of these phenomena

is the background understanding for the expectation of variance in zooplankton responses

across the Arctic.

(a) (b)

(c)

Figure 5.1: Illustrations of light variation in the Arctic. 5.1a) Solar altitude (relative to
horizon (0°)) across latitudes at four dates from autumn to winter solstice; 5.1b) Lunar
altitude (relative to horizon (0°)) across latitudes at four dates from autumn to winter
solstice; 5.1c) The daily amplitude of the solar and lunar cycles at different latitudes.
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5.2 Part 1: DVM cessation

DVM cessation is investigated in this section. The date of cessation is referred to as

DVMend, the date at which it re-starts is referred to as DVMstart, and the duration of time

between these dates is DVMoff. When using terms such DVMend, DVMstart, and DVMoff,

it is important to note that each of these descriptions are relevant to a specific depth, and

any cessation of DVM relates to the behaviour being limited to the depths above it.

In Chapter 3, DVMend in Kongsfjorden during the autumn/winter was seen to occur ear-

lier with depth, and DVMoff was generally centered around the winter solstice. This led

to the hypothesis that it is a primarily illumination controlled behaviour, dominated by

solar altitude. As the solar altitude varies latitudinally, it might be expected that there

will be variation in the cessation of DVM across the Arctic Ocean. Understanding this

variation is important, since an ecosystem with a zooplankton population that performs

DVM right through winter is likely to be different to one that experiences a cessation in

DVM. The existence of a DVM cycle is known to increase vertical carbon flux within

a system (Steinberg et al., 2000; Ducklow et al., 2001), and so its prevalence across the

Arctic, its duration, and the depth to which DVM occurs in winter, is important to our

general understanding of Arctic ecosystems. Berge et al. (2009) showed the existence of

a diel cycle during the Polar Night in zooplankton, but also found a difference between

the stations of Kongsfjorden and Rijpfjorden. This chapter aims to discern whether this

difference is extended to changes on a pan-Arctic scale.

5.2.1 Methods

Dates for DVMend and DVMstart were calculated using actograms from the panArchive,

as described fully in Section 2.4.3. Lines were drawn manually along the edge of the “V”

shapes that are formed in actograms during autumn and spring. These shapes are caused

as a result of the photoperiod decreasing through autumn and increasing in spring, with

the time spent avoiding the surface by zooplankton decreasing and increasing each day

respectively to reflect this. The points at which these lines cross in autumn and spring are
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defined as the dates of DVMend and DVMstart at each depth. This analysis was carried out

on actograms for all deployments from the panArchive, using data bins closest to 20 m,

40 m, and 60 m, if these depths were available, and if the deployment covered the dates

of DVM cessation.

5.2.2 Results

Full results of the DVM cessation analysis at all three depths are available in Table C.1,

Appendix C. Figure 5.2 shows the mean date of DVMend and DVMstart (and the earliest

and latest occurrence of each) across all panArchive datasets which showed a period of

cessation in synchronised DVM. In general, the DVM ceased later and started earlier in

shallower waters, though there is a lot of variation in the specific date (shown by wide

ranging error bars). The mean date of DVMend was Dec-11, Dec-05 and Dec-03 at 20 m,

40 m, and 60 m respectively. The mean date of DVMstart was 06-Jan, 10-Jan, and 12-Jan

at each of the three depths. This results in mean durations of DVMoff of 27±14, 36±8,

and 40±13 days at the three depths.

Figure 5.2: Effect of depth on the cessation date (DVMend) and the date on which
synchronised DVM re-starts (DVMstart). The edge of shaded boxes indicate mean dates
of DVMend and DVMstart for the panArchive, error bars show the earliest and latest
dates. The shaded boxes represent the time at which DVM is active. A vertical dashed
line indicates the date of the winter solstice.

As seen in Figure 5.2, the attenuation of light with depth affects the cessation of DVM,

a solar controlled behaviour. In addition to this, the overall irradiance reaching the zoo-

plankton is altered by consistent parameters such as latitude, and other more variable

parameters that modify the illumination such as clouds and sea-ice. In the following
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sections, the variation in DVM cessation is investigated in the context of latitudinal and

sea-ice variation using data from the 20 m depth layer.

Seasonal DVM behaviours have been classified into three groups: i) DVM continues

all year; ii) DVM ceases for a period in winter; iii) DVM does not exist at all. Figure

5.3 shows the classification into these three groups of all datasets in the panArchive from

analysis at 20 m, plotted by latitude and the duration of sea-ice cover at each station.

Figure 5.3: The distribution of stations classified as continuous DVM, seasonal DVM,
and no DVM at 20 m, plotted by latitude and duration of sea-ice cover.

In general, at latitudes south of 77°N, DVM did not cease in winter (DVMoff = 0). How-

ever, there are two exceptions to this seen by two red data points at around 74-75°N.

Between 77°N and 82°N, all datasets experience seasonal DVM, which showed a period

of cessation in the winter. No data are available from 81°N to 89°N, but at 89°N there is

no DVM behaviour at any time throughout the year (DVMoff = 365).

Attempts have been made to describe the specific date of DVMend by latitude, but the

relationship is more complex than is initially apparent (i.e. latitude alone does not explain

the differences in DVMend date). The presence of sea-ice is expected to reduce the overall

illumination levels in the water column, meaning that data from the same latitudes (but
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different sea-ice conditions) are unlikely to show the same DVM behaviour if DVM is

light controlled. This is seen in the two red dots in Figure 5.3 at 74-75 °N, which show

a cessation of DVM due to the longer duration of sea-ice cover. The datasets that show

a cessation of DVM (red dots in Figure 5.3) have been divided into two groups: ice-

covered and ice-free. The dates of DVMend are plotted for each of these datasets by

latitude in Figure 5.4. Only stations with ice formed before 31-Dec have been classified

as ice-covered. If sea-ice is present at a station, but does not form until after 31-Dec, the

station is classified as ice free for the purpose of this analysis as the sea-ice is not expected

to affect the cessation of DVM at DVMend.

(a)

(b)

Figure 5.4: The effect of latitude on DVMend. a) stations where sea-ice is formed
before 31-Dec; b) sea-ice forms after 31-Dec or is not existent at station.

Figure 5.4a shows the effect of latitude on the date of DVMend in ice-covered stations.

Only five datasets have the characteristics required (DVM that ceases in winter and a

seasonal sea-ice presence), but they are at a range of latitudes. In general, a negative

(though not significant, p = 0.11) correlation is seen, with increasing latitude resulting

in an earlier cessation of DVMend. In Figure 5.4b, more datasets are available, but only

at three discrete latitudes. Most of the data comes from repeated moorings in the same

location: Kongsfjorden and Rijpfjorden, two fjords in the Svalbard archipelago. The

range of dates in DVMend between datasets from the same location suggests that inter-

annual variation in localised conditions may be a large component in the explanation of
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such a wide range of results. If there was no annual variation, and latitude/solar altitude

were the only controlling factors, these replicate data points would be expected to show

more consistency.

Kongsfjorden and Rijpfjorden are investigated as a case-study into inter-annual variation,

the results of which are seen in Figure 5.5. There are seven years in total during which

deployments were made at both stations, from 2006 to 2014 (no data from 2008-09). In

general, DVMend occurs earlier and DVMstart occurs later at Rijpfjorden. Exceptions to

this include 2011-12 where the behaviour ceases simultaneously between the stations, yet

returns earlier at Rijpfjorden, and 2012-13 where the behaviour lasts longer into winter

in Rijpfjorden than it does at Kongsfjorden, despite its higher latitude. For the first four

years of data, the same pattern prevails: DVM in Kongsfjorden persists for 4 - 10 days

longer than it does in Rijpfjorden. The years following this (2011 onwards) show much

more variation in this response. Figure 5.5 highlights that there is variation between years

that cannot be directly attributed to sea-cover and latitude as both of these stations have

moorings in a consistent locations and under sea-ice free conditions.

Figure 5.5: Inter-annual variation in the DVMend and DVMstart dates for seven years at
two stations: Kongsfjorden (79°N) and Rijpfjorden (80°N). Winter solstice is indicated
by a dashed black line.
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Following the analysis of Kongsfjorden and Rijpfjorden, two specific stations with long

time coverage, it can be summarised that in general, DVM ceases earlier (in 5/7 years)

and restarts later (in 6/7 years) at higher latitudes, but that there is a lot of variation

between years which suggests that the response of DVMend and DVMstart to latitude may

be weak, or that latitude is one of a number of factors that control the dates of DVMend and

DVMstart. Ultimately, DVM cessation is controlled by day and night length, but this can

be affected by parameters other than latitude. In addition to this, the latitude difference

between Kongsfjorden and Rijpfjorden is relatively small (when considering the Arctic

Ocean) at 1°. The following section uses a wider variety of latitudes to investigate the

effect of a changing light regime on DVM cessation.

Figure 5.6: Map to show to distribution of datasets as used in the five site case study.
LS = Laptev Sea, BS = Bering Strait, KF = Kongsfjorden, RF = Rijpfjorden, NP =
North Pole.

In order to investigate the pan-Arctic variation in DVMend within the same year but with

large spatial variation, five datasets have been selected as a case study from across the

Arctic in 2006-07. Figure 5.6 shows the distribution of these datasets across the Arctic.

Data have been taken from two fjords in Svalbard (Rijpfjorden (RF) and Kongsfjorden

(KF)), from a station north of the Bering Strait (BS), a station in the Laptev Sea (LS)



5.2. PART 1: DVM CESSATION 152

area, and one from near the North Pole (NP). The stations have a wide range of latitudes,

cover a representative area of the Arctic Ocean, and have different sea-ice conditions. The

location of these stations within the Arctic Ocean are shown in Figure 5.6.

Figure 5.7 shows the results of the DVMend analysis on these five stations. All datasets,

bar the North Pole, show a synchronous DVM signal in the autumn, and cessation of

this signal at some point in autumn/winter. Synchronous DVM ceases earliest at LS (19-

Nov). RF and BS cease simultaneously (15-Dec), and KF three days later (18-Dec).

The NP station shows no evidence of a synchronous DVM signal throughout autumn.

The presence of sea-ice varies between the stations. KF has no sea-ice, RF experiences

seasonal sea-ice, but this forms after the cessation of the DVM signal. BS and LS have

longer sea-ice seasons which begin before the cessation of DVM, and the NP has year-

round sea-ice.

Figure 5.7: Results of DVMend analysis with five stations at 20 m. The date of DVMend
is plotted as a vertical red line. The period of synchronised DVM is marked as a contin-
uous horizontal red line. Sea-ice presence is shown by black bars. All data are plotted
by latitude of the station.

To investigate the effect of sea-ice, a station has been selected that has multiple deploy-

ments across years with varying ice cover conditions - the Bering Strait at 20 m. Figure

5.8 shows the DVMend and DVMstart dates and sea-ice cover for four deployments from

two locations in the Bering Strait. Location A (74° 06’ N, 168° 48’ W) has data from
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2006-07 and 2007-08, and location B (75° 06’ N, 176° 59’ W) has data from 2005-06 and

2006-07. Both locations can be used to show the effect of changing ice formation date on

the behaviour of DVM. At station A (2006-07), ice formed on 21-Oct and DVM off lasted

for a period of 12 days. In 2007-08, the sea-ice did not form until 19-Dec, and DVM did

not cease at all, but continued to show a synchronous response right through winter at 20

m. This change, suggested to be caused by the earlier onset of sea-ice, is also seen at Sta-

tion B. Sea-ice formed on 06-Nov in 2006-07 compared to 26-Oct in 2005-06, and a short

(two day) cessation of DVM was seen in the year with the earlier sea-ice formation.

Figure 5.8: Results of DVMend and DVMstart analysis for a case study location in the
Bering Strait at 20 m. The date of DVMend is plotted as a vertical red line. The period
of synchronised DVM is marked as a continuous horizontal red line. Sea-ice presence
is shown by black bars. The winter solstice is shown by a dashed black vertical line.
Data are taken from either Station A (74.6°N 167.2°W) or B (75.1°N 166°W), indicated
by brackets after the year.

5.2.3 Discussion

The change in the duration of DVM cessation with depth in Figure 5.2 has been primar-

ily attributed to the attenuation of light by seawater, leading to the assumption that the

environment gets darker earlier and lighter later in autumn and spring respectively with

increasing depth. However, this theory assumes that the population is constant with depth.
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Studies such as Berge et al. (2014) and Tarling et al. (2014) have found evidence of mul-

tiple scattering layers throughout the water column which change in community compo-

sition. It is possible that a similar paradigm exists in this study, and a varying community

composition has led to a difference in the scattering signal seen in the actograms. How-

ever, the consistency of the reduction of DVM cessations appears to provide evidence

for a light-determined regime, as the dates of DVMend and DVMstart appear to linearly

change with depth - suggesting a constant cue. The relative differences in backscatter

between day and night (and so an inferred DVM cycle) would also be seen in populations

of different composition, even if the absolute levels of SV between depths changed. For

this reason, it is summarised that the change in DVM cessation with depth is a primarily

light controlled response.

The seasonal cycle of DVM is here classified into three groups: i) DVM continues all

year; ii) DVM ceases for a period in winter; iii) DVM does not exist at all. The preva-

lence of these three behaviours is controlled primarily by solar altitude, and hence latitude,

with modification by the presence of a sea-ice cover, providing that it forms before the

DVM would have ended (late autumn/early winter). The control of these behaviours was

initially identified using a case study of five locations, using data from the same year

(2006-07) (Figure 5.7). By focusing on pairs of these locations, the effects of latitude,

ice presence, and ice timing can be discussed. Initially, take the Bering Strait (75° N)

and the Laptev Sea (78° N). Both stations experience the early onset of ice (21-Oct and

18-Oct respectively), but the DVM ceases 26 days earlier in the Laptev Sea compared to

the Bering Strait. This is a result of the increasing latitude, and caused by the equivalent

light environment occurring earlier at the Bering Strait than the Laptev Sea. The mean

altitude of the sun during the 24 hour period over the date of DVMend is similar (-22° at

the Bering Strait, and -19° at the Laptev Sea). The second pair of stations to consider

is the Laptev Sea and Kongsfjorden. They are almost identical in latitude (78.4° N and

79° respectively), but Kongsfjorden is completely ice free, whereas the Laptev Sea expe-

riences ice cover from 18-Oct. This ice layer has attenuated the light to make the Laptev

Sea station appear “more northerly” than one might expect in terms of DVMend, as DVM
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at the Laptev Sea ceases 29 days earlier than at Kongsfjorden. The final pair to consider is

Kongsfjorden and Rijpfjorden, separated by just 1.3° in latitude, but with sea-ice present

in Rijpfjorden. This might suggest an attenuation of light, and for Rijpfjorden to exhibit

seasonal DVM behaviour much different to Kongsfjorden, but the results show that they

differ by only three days. The reason for this is the timing of the ice onset in Rijpfjorden.

Because the ice does not form until 09-Feb-2007, it has no effect on the DVMend date.

So although this might be considered an “ice covered” station, in the context of DVM

behaviour, it should be regarded as ice-free. These five stations have provided a subset of

data to investigate the effects of parameters that govern the panArchive, such as latitude

and sea-ice, whilst attempting to account for some of the inter-annual variation that is seen

to occur. From this, it is summarised that sea-ice cover causes DVMend to occur 29 days

earlier at 79°N (seen between data at Kongsfjorden and the Laptev Sea), and an increase

of 3° in latitude causes DVMend to occur 26 days earlier (seen between data at the Bering

Strait and the Laptev Sea). As a caveat to these results, it is important to note that it is not

only sea-ice and latitude that vary between these locations. A variation in the zooplank-

ton community means that some locations might be “more favourable” DVM conditions

because they are dominated by species which are more likely to migrate. A change in

the type and abundance of predators is likely to alter migratory response (Ohman, 1990;

Bollens et al., 1992; Dale, 2000), as is a change in the prey field. These variations in the

ecosystem have not been assessed in this study, but might be an interesting focus of work

in the future.

The Bering Strait moorings of 2005 - 2008 provided a case study on the effect of sea-

ice (Figure 5.8). An earlier occurring and longer lasting ice cover in location A 2006-07

caused a cessation of DVM for a period of 12 days at 20 m. A cessation of just two

days was seen when ice cover formed 11 days later (2005-06 B), and a cessation was not

seen at all in the two deployments with the latest forming ice cover (2007-08 A, 2006-07

B). The delay of the onset of ice has in the winter of 2006 caused a cessation of DVM

where it would normally have continued with early ice onset. This dataset is the only

one available in the panArchive to facilitate a direct investigation into the effect of the
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timing of ice formation on the cessation of DVM. However, if we are to assume that this

is representative of the Arctic Ocean, it would be expected that the prevalence of DVM

continuing right throughout winter would increase with a reducing sea-ice extent. Given

the extent of sea-ice reduction predicted in the Bering Strait (Woodgate et al., 2010), it is

likely that DVM will propagate further each year. 2007-08 (location A) provides a good

example of this, as the year experienced extremely low sea-ice cover (Woodgate et al.,

2010).

However, it is not possible to make simple broad statements from single datasets, as so

much variation is seen to be existent between years of data. This was seen using the

stations of Kongsfjorden and Rijpfjorden, which had seven years of data at both stations

from 2006 - 2014 (Figure 5.5). From 2006-07 to 2010-11, little variation was seen, and

DVM at Kongsfjorden always ended 4-10 days later it did at Rijpfjorden. However, in

2011-12, DVM at both stations ceased much earlier, and at the same time (27-Nov at KF,

28-Nov at RF). It is proposed that conditions which govern the wide regions of Svalbard

(such as temperature, rainfall etc.) resulted in a common factor causing the early ces-

sation of DVM in both of these fjords. Likely causes include a complete loss of food

source (and so no driver to perform DVM due to the removal of a proximate cue), or

the light becoming attenuated by something other than sea-ice, such as turbidity, which

has reduced the irradiance to a point at which visual predation no longer is a threat, and

so synchronised DVM is no longer the most optimal option. Causes for this attenuation

increase might be from increased rainfall or increased atmospheric temperatures causing

glacier melt, both of which will likely result in larger amounts of run-off from the land

and therefore more turbidity in the surface waters (as seen in Wallace et al. (2010)). Tem-

perature data from Longyearbyen airport provides an overall insight into the atmospheric

temperature on Svalbard over the years. Figure 5.9 shows hourly recorded temperature

from 2006 to 2013. The highest temperature recorded at any time in this time series was

on 17-Aug-2011, marked by a red dot. The mean temperature in August of this year was

the second warmest of the dataset (7.0 °C). If we are to assume that these factors com-

bined are representative of a warm year in Svalbard, extra glacial melt, land run-off, and
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rainfall may have contributed to generally more turbid fjords, removing the strong solar

signal at the end of autumn that drives DVM, and so resulting in an early occurrence of

DVMend at both Kongsfjorden and Rijpfjorden.

Figure 5.9: Atmospheric temperature recorded at Longyearbyen airport, hourly data
from January-2006 to January-2014. Data from www.weatherspark.com
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5.3 Part 2: Lunar responses

Lunar responses, both LVM-day on a 24.8 hour cycle and LVM-month on a 29.5 day

cycle, were seen to be prevalent throughout the panArchive in Chapter 4. However,

the occurrence of LVM-day and LVM-month varied between depths and the type of

environment/sea-ice conditions. The existence of a LVM-day response changes percep-

tions of a quiescent Arctic in the Polar Night, and the effect that it is likely to have on

ecosystem interactions and carbon flux means that the factors that facilitate or inhibit the

response should be fully understood. The same applies to LVM-month cycles. The ag-

gregations are thought to affect carbon flux by an active displacement of biomass to depth

(Hernández-León et al., 2010), and the understanding of how these aggregations vary in

depth and prevalence with changing physical parameters (i.e. illumination sources, sea-

ice cover, cloud) is essential if we are to comprehend the ecosystem response to a climate

change in the Arctic.

Lunar cycles are not consistent across the Arctic, and are described thoroughly in Section

1.1.3.2. In summary, the lunar phase remains consistent across latitudes, but the altitude

cycle (both 24.8 hour and 29.5 day) has larger amplitude at lower latitudes. The 24.8

hour cycle reduces in amplitude to the extent of almost not existing at 90°N (Figure 5.1c).

This variation in the amplitude and altitude of the lunar cycle suggests that there might be

variation in the zooplankton response to the moon across the Arctic.

5.3.1 Methods

5.3.1.1 Investigating the depth of aggregations during LVM-month

The depth at which zooplankton are found to aggregate during the full moon, termed Zagg,

is defined as the depth at which the maximum backscatter was found during the two days

over the full moon in the depth range from 20-80 m (illustrated in Figure 5.10). Sv data

at each depth were calculated as two day averages. A General Additive Model (GAM)

was fitted in an attempt to explain the depth of Zagg using mean solar altitude and mean
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lunar altitude over the same time period (Equation 5.1). The terms solar altitude and

lunar altitude were defined as co-dependent, as maximum lunar altitude can only occur at

minimum solar altitude and vice versa due to the reducing amplitude of both cycles with

increasing latitude.

Figure 5.10: Outline of how Zagg is measured. The blue line shows mean Sv at each
depth for 48 hour period over full moon. Zagg is defined as the depth at which the
maximum Sv occurs. In this example it is at 50 m, shown by red dashed line.

GAM = gam(Zagg ⇠ FMalt +Solalt +FMalt : Solalt) (5.1)

where FMalt is the mean altitude of the moon; Solalt is the mean altitude of the sun, and :

indicates a factor of co-dependence.

5.3.1.2 Investigating the strength of LVM-day

In Chapter 4 (Figure 4.6), it was seen that there was a “shift” in the mean periodicities

of zooplankton migrations during the full moons over winter. At the autumn-winter and

the winter-spring transition, surface Sv data over the full moon had mean periodicities

close to 24 hours (solar driven DVM). The Sv data from the two full moons in central

winter had periodicities closer to 24.8 hour (lunar driven LVM-day). In this chapter, this

“shift” in the periodicities has been developed to investigate how close each dataset is to
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this summarised shift, and to look at how this varies across the panArchive. How close

each dataset follows this lunar shift, and therefore the assumed strength of the LVM-day

response, is termed SLV M.

For each full moon, the difference between the periodicity detected using the methods

outlined in Section 4.2, and the idealised periodicity from the lunar shift (FM1 = 24

hours, FM2 = 24.8 hours, FM3 = 24.8 hours, FM4 = 24 hours) was found. The cumulative

difference across the four full moons of winter in each dataset of the panArchive, SLV M,

was calculated as a descriptor of how well that dataset followed the lunar shift. This is

illustrated in Figure 5.11, where the two blue lines (solid and dashed) illustrate datasets

that show strong lunar shift (example 1, low difference) and weak lunar shift (example

2, high difference) respectively. The red line indicates the ideal lunar shift. Full results

of the periodicity analysis in detecting LVM-day can be seen in Table C, Appendix C.

Only datasets with significant results from the four full moon occurrences in winter were

used in this analysis (23, 15, and 19 (out of 58) datasets in total at 30 m, 50 m, and 70

m respectively). This was decided upon as a selection methodology so that the variance

could be calculated across the complete winter with confidence in the original periodicity

analysis.

Figure 5.11: Examples of how SLV M represents the lunar shift. The red line represents
the ideal lunar shift from 24 hour periodicity (shown by solid black horizontal line)
to 24.8 hour periodicity (shown by dashed black horizontal line) in mid-winter. The
blue solid line shows a dataset which exhibits strong SLV M, the blue dashed line shows
a dataset that does not. SLV M values are 0.6 and 1.5 for the solid and dashed lines
respectively.
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5.3.2 Results

In Chapter 4, it was shown that the 29.5 day surface avoidance cycle was detectable using

periodicity analysis and prevalent across the Arctic Ocean, though showing some level

of variability. Figure 5.12 shows the variation in depth at which zooplankton aggregate

during the full moon (Zagg). Zagg has been found for the two full moons closest to the

winter solstice for all datasets in the panArchive, along with the mean lunar and solar

altitude during that full moon. The depth of Zagg has then been modelled using a GAM as

a function of the solar and lunar altitudes.

Figure 5.12: Results of a GAM fitted to the depth of zooplankton aggregation (Zagg), as
predicted by mean solar altitude and mean lunar altitude during the full moon. Zagg (m)
is represented by red contours. GAM calculated using Equation 5.1, 23.4% deviance
explained.

At low lunar altitudes (< 15°), changes in the depth of Zagg are primarily solar driven,

with the depth of aggregations increasing by around 10 m with every 5° less of solar

altitude. Above 15° of mean lunar altitude, increasing lunar altitude caused the deepening

of the aggregation layer. The lunar influence is more pronounced (steeper gradients of

contours) at higher lunar altitudes and higher solar altitudes.

To see whether variation in the amplitude of the lunar altitude cycle has an effect on the

strength of lunar day periodicity, the difference between the “ideal” periodicities of 24

hours for FM1 and FM4 and 24.8 hours for FM2 and FM3 have been calculated, and

then averaged across all four full moons for each dataset at each depth as an indication
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of variance from the ideal behaviour. The results of this are shown in Figure 5.13. At 30

m (Figure 5.13a), significant positive correlation is seen between latitude and the amount

of variance from the “idealised full moon response”. This correlation is not seen at 50 m

(Figure 5.13b) or 70 m (Figure 5.13c).

(a)

(b)

(c)

Figure 5.13: The mean difference from the “idealised” shift in periodicities during the
full moon across winter for all datasets in the panArchive at a) 30 m, b) 50 m, and c) 70
m. The ideal behaviour is defined as FM1 and FM4 = 24 hour, FM2 and FM3 = 24.8
hour. Differences between these values and the observed ones are averaged for each
dataset).

5.3.3 Discussion

Evidence of lunar responses in zooplankton, both on 29.5 day (LVM-month) and 24.8

hour (LVM-day) time scales, was seen across the panArchive in Chapter 4 and published

in Last et al. (2016). However, the variation in the amplitude of the altitude of the lunar

cycles with latitude led to the hypothesis that there might be variation in the prevalence

of a lunar cycle in zooplankton throughout the Arctic. The aggregation of zooplankton

in response to the full moon became deeper with increasing lunar altitude and decreasing

solar altitude (Figure 5.12). Attributing this to specific latitudes poses some difficulties
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due to the sun and the moon both having lower altitudes in higher latitudes, which have

opposing effects in the aggregation depth. A likely real scenario of the combination that

provides the deepest aggregations would be at a low latitude (the moon only reaches

maximum altitude at low latitudes) close to the winter solstice (when mean solar altitude

is low). The shallowest aggregations are seen during low lunar altitudes and higher solar

altitudes, which might occur at higher latitudes during full moons at the beginning and

the end of the Polar Night, during the transition from and to autumn and spring.

In terms of the 24.8 hour lunar altitude cycle, the amplitude of the cycle is again greatest at

the lowest latitudes. This is reflected in the results of the zooplankton periodicity analysis

(Figure 5.13). At 30 m, stations of a lower latitude showed more similarities (seen by

lower differences) from the ideal lunar shift response. This suggests that both the 24 hour

solar response and the shift to the 24.8 hour lunar response are both stronger at lower

latitudes: in agreement with the fact that both these cycles have greater amplitudes. The

variance from the ideal lunar shift is less apparent with depth, and a significant (p < 0.05)

increase with latitude is only seen at 30 m. This, however, appears to be mostly caused

by the data points at low latitudes (< 72°N), which show very low differences at 30 m,

but this is increased at 50 m and 70 m, suggested to be due to the attenuation of the lunar

altitude cycle with increasing depth.

The existence of lunar responses to the moon on this scale were previously unknown, and

this investigation into how they vary throughout the Arctic develops our understanding

further. The existence of 24.8 hour cycles are suggested to have a similar effect on carbon

flux as classical DVM (per day, at least, although LVM-day exists for shorter periods of

time (up to six days) than DVM which is prevalent for weeks or months at a time) (Last

et al., 2016), and so the variation of their prevalence raises questions into variations in

the wider ecosystems across the Arctic Ocean. A stronger LVM-day cycle, and deeper

aggregations during LVM-month at the lower latitudes suggests that mid-winter vertical

movements will be greater at lower latitudes. It is also possible to speculate about the

effect of sea-ice presence, with regard to reducing sea-ice extent, on the prevalence of
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these lunar behaviours. Sea-ice was seen to reduce DVM in the cessation study part of

this chapter, by causing an attenuation of light which made any ice-covered station appear

more “northerly”. If we assume that this knowledge of sea-ice affecting solar illumination

can be applied to lunar illumination, a reduction in the sea-ice and northerly migration of

the winter ice edge would likely increase the depth of LVM-month aggregations, and

increase the strength of the LVM-day cycle.
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5.4 Part 3: The North Pole

The North Pole region, in the context of this thesis, is defined as the datasets that were

collected from moorings north of 89°N. The North Pole is an extremity within the panAr-

chive in terms of its light cycles. Whilst the lunar phase cycle, and the mean altitude of

the sun and the moon are consistent with the rest of the Arctic (Figures 5.1a and 5.1b), the

amplitude of the 24 hour solar cycle and 24.8 hour lunar cycle are reduced in amplitude

to a daily range that is almost negligible (Figure 5.1c). The solar cycle amplitude reduces

to ⇠0 (0.39° range), meaning that there is effectively no diel solar cycle at all at the North

Pole. However, the lunar altitude cycles reduces in amplitude, but does not disappear

completely - instead becoming limited to ⇠3° range each day above 88°N. At the North

Pole, an extremely limited 24.8 hour lunar altitude cycle prevails.

Using periodicity analysis in Chapter 4, a LVM-month response was seen to prevail at

the North Pole. However, just a sporadic occurrence of LVM-day behaviour was seen,

assumed to be due to the reduced amplitude in the lunar altitude cycle (which is further

attenuated by thick sea-ice cover). The full results of this analyses can be seen in Table

C, Appendix C. No evidence of DVM was seen in the actogram analysis (Appendix D).

The North Pole datasets will be further investigated in this section for any response to the

illumination cycles.

In much of the previous analysis in this chapter, the North Pole datasets (2001-2009) were

noted as “outliers”, particularly when considering DVM cessation in winter. The primary

reason for this is that it exhibits such an extreme solar cycle that it is difficult to compare

easily to locations at lower latitudes, in terms of how behaviours change with increasing

latitude. In addition to that, the panArchive features a data-gap between 82°N and 89°N,

meaning that there is no possibility of looking at the gradients of change between these

two locations. However, the North Pole datasets offer a unique opportunity to understand

the response of zooplankton where no diel solar cycle exists, and in a region which is

largely under sampled in Arctic ecology due to its inaccessibility.
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5.4.1 Methods

In order to investigate any evidence of DVM not visible in the actograms, methods from

Wallace et al. (2010) were applied. Data were extracted from the week surrounding 21-

September (autumn equinox) each year, as this is the time which exhibits the strongest, if

any, solar amplitude cycle. Corresponding data points in time from each of the seven days

were averaged (after linearising, Equation 2.5) to create a single data point. This resulted

in the seven days of data being condensed into one 24 hour period of data that represents

behaviours across that week.

Periodicity analysis was used to investigate any cycles in the complete North Pole dataset.

Data were concatenated to create one continuous dataset for the entire seven years, and re-

sampled to six hour resolution (the highest resolution possible to allow for restrictions in

number of data points for periodicity analysis). A Lomb-Scargle periodogram was created

using TSA-Seriel Cosinor 6.3 for Sv data extracted from i) 20 m; ii) 40 m; iii) 60 m; and

iv) averaged data from the top 60 m. Periodograms were created for a range of possible

periodicities using a range of 315-415 days at 2000 intervals (72 min resolution).

5.4.2 Results

The weekly-averaged Sv data are plotted in Figure 5.14. The first seven plots show data

from seven years of North Pole data. The eighth plot uses data from Rijpfjorden in 2007-

08 as an example of a strong DVM cycle for comparison. A diel cycle is not seen in any

of the years of North Pole data. Differences between the mean values of Sv at midnight

(23:00 - 01:00) and midday (11:00 - 13:00) are 0.23±0.56 dB in the North Pole datasets,

whereas the difference between midday and midnight Sv means at Rijpfjorden is 10.0 dB,

showing a much stronger diel cycle.
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Figure 5.14: Seven plots, one representing the week over the autumn equinox for each
year of Sv data at the North Pole. Each plot contains one week of data, with data from
equal time points each day averaged into a single data point to create a representative
24 hour echogram. The bottom right hand plot uses data from Rijpfjorden, 2007-08 to
demonstrate how a strong diel cycle in zooplankton appears in this type of plot.

Despite the lack of a 24 hour solar cycle, Sv data from the North Pole still demonstrate

a response to the seasonal solar cycle. This annual cycle of zooplankton is likely to be

governed by the hibernatory phase of populations known as diapause. However, as the

timings of zooplankton diapause is related to the timing of phytoplankton and sea-ice

algae blooms, and the timing of which depends on the sea-ice cover and resulant sunlight

in the water column (Søreide et al., 2010), the timing of the zooplankton cycle is likely

to be related to the solar cycle and how it changes between years. The seven years of

data have been concatenated and weekly averages of Sv data have been calculated at each

depth bin (averaged to reduce noise in the data, and so to provide a clearer overview

of long term patterns). These results are plotted in Figure 5.15. A pattern is apparent

across the years, with higher backscatter seen in the top 60 m over the winter than during
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the summer. There is also a common occurrence of particularly high backscatter (> -

72 dB) around the time of 01-Aug (indicated each year by a black dot at the top of the

figure).

Figure 5.15: Echogram of concatenated Sv data from seven years of deployments at
the North Pole mooring location. Black dots indicate 01-Aug each year.

This pattern can be investigated further by calculating depth averaged Sv data to give a

single data value at each time point that is representative of the entire top 60 m (data from

20 to 60 m are available across all years). This shows the level of occupancy of the top

60 m across time. The results of this are seen in Figure 5.16. In the majority of years, a

low Sv value is seen in the first half of the year, followed by a peak in the second half.

The date of the minimum varied from 10-Apr to 16-Jun, whilst the date of the peak varied

from 01-Jul to 10-Sep. Solar altitude has also been plotted to investigate the timing of the

zooplankton in relation to that of sunlight. In general, backscatter levels increase during

lower solar altitudes (as observed in Figure 5.16). In some cases, the Sv response is well

synchronised with the solar cycle (i.e. they show opposing behaviour), but in others there

is a less obvious responses, suggesting that other factors may influence the timing of the

peak in Sv values in the top 60 m.
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Figure 5.16: Mean values of Sv for top 60 m plotted for all seven years of North Pole
Sv data. Solar altitude is also plotted for reference.

The years of synchronicity with the solar cycle suggests surface avoidance during high

solar altitude, and surface aggregations during low solar altitudes (i.e. zooplankton avoid

illuminated waters during high solar altitude and remain at depth, as in DVM). This hy-

pothesis can be tested by plotting the mean Sv in the top 60 m against solar altitude for

each year (Figure 5.17). The years of 2004-05, 2006-07, 2007-08, and 2008-09 show

significant negative correlation of Sv values with solar altitude, suggesting a direct solar

response. However, this is not seen in 2001-02, 2002-03, 2003-04, and 2005-06.

Periodicity analysis (using Lomb-Scargle Periodograms) was carried out on Sv data from

22, 42, and 62 m bins, along with averaged Sv data from the top 60 m. Significant peri-

odicity (p < 0.05) of 369.85 days was observed at 22 m (Figure 5.18), but no significant

periodicity in the given range (365 ± 50 days) was seen at 42 m or 62 m. The averaged

data from the top 60 m showed significant (p < 0.05) periodicity at 378 days.
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Figure 5.17: Individual plots for each year of Sv data at the North Pole plotted against
solar altitude. More negative correlation suggests a tighter coupling with the solar cycle,
or a stronger response to solar altitude.

Figure 5.18: Lomb-Scargle periodogram fitted to North Pole data at 20 m over seven
years. Periodicity was tested from 315 to 415 days using 2000 intervals (72 minute
resolution). Peak significant periodicity is seen at 369.85 days.

5.4.3 Discussion

The North Pole offers a unique case study into the behaviours of zooplankton. Fundamen-

tally, it provides a “null hypothesis” scenario for the control of solar and lunar altitude
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cycles on the diel behaviour of zooplankton. Whilst a LVM-month response is seen, as

is LVM-day sporadically (Chapter 4), no evidence of DVM is seen in either actograms

or Figure 5.14. What is interesting, however, is that although zooplankton do not follow

typical vertical migratory behaviour as seen elsewhere in the panArchive, there is still

evidence of changes on an annual scale (Figures 5.15, 5.16 and 5.18). This takes the form

of something like an elongated DVM (Annual Vertical Migration, or AVM), with higher

backscatter in the top 60 m during the winter (likened to the night in regions with a diel

solar cycle), and lower backscatter in the summer (likened to the day). Whilst some years

(2004-05, 2006-07, 2007-08, 2008-09) show extremely strong negative correlation of Sv

with solar altitude, others do not, suggesting a delayed responses, or modification of the

AVM cycle by parameters other than the sun (such as the timing of sea-ice breakup) rather

than a direct response to the solar altitude cycle. It seems as though roughly half of the

years are out of phase with the solar altitude cycle (shown by weak correlation in Figure

5.17), though still maintain a yearly cycle. This is most likely due to the interaction of

both ultimate (sunlight) and proximate (food availability) cues that interact at the North

Pole. This AVM cycle is likely to be driven by populations entering diapause, particularly

the lower levels of backscatter in the winter. However, the reduction in backscatter during

the highest levels of solar altitude also suggests a modification of the diapause response

which changes in relation to the illumination levels in the surface waters.

The following paragraph describes the changes in backscatter levels throughout the year,

according to Figure 5.16. In addition to this, Figure 5.19 provides an illustration of the

depth of the sound scattering layer through the year in a “normal” bloom time of Au-

gust (top figure), and an early bloom (due to early sea-ice break up) in July (bottom

figure).

In midwinter, Sv is generally at around -75 dB, which is a mid-level abundance compared

to the rest of the year. As this time, it is expected that any non-diapusing zooplankton

are taking advantage of grazing on leftover phytoplankton detritus at the surface. Though

there may not be a high abundance of food, there is no threat of visual predation (due to
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the sun being at its lowest altitude) and so there is little experienced threat through occu-

pying the top 60 m if lipid levels have not allowed diapuase. This changes around March,

however, when the sun rises above the horizon. At this time, it is suggested that there is no

gain to be had in remaining in the surface in the context of a present food source, but the

rising sun means that the threat of visual predation is now increasing (Ringelberg, 1995).

For this reason, Sv levels in the top 60 m reduce to ⇠-80 dB, reflecting a reduction in

abundance due to populations migrating out of these layers. However, following this, and

whilst solar altitude levels are still high (usually just after the peak in solar altitude), Sv

values increase in the top 60 m to a mean of ⇠-70 dB. This peak varies between years, but

always starts in June or July and ends in August or September. Following Falk-Petersen

et al. (2007), who showed that the phytoplankton bloom at the North Pole occurred in

August and early September, this increase in surface backscatter is attributed to the large

influx of a food source at the surface due to the phytoplankton bloom causing any dia-

pausing individuals to become active. The pressure to feed has driven the zooplankton

to migrate up, and they remain at the surface for 1-2 months. Because there is no diel

solar cycle, there is no optimum time to feed, and so zooplankton remain in the top 60

m consistently for this time. However, it is likely that while there is no displacement of

the whole population on a diel basis (as would be observable in an acoustic signal such as

in Figure 5.14), there maybe vertical migrations taking place by individuals, though not

with any detectable cyclicity (as described in Cottier et al. (2006)). Once the bloom con-

ditions have finished, in late August or September, backscatter levels reduced to ⇠-75 dB

in the top 60 m, suggesting the migration of many individuals to deeper waters. During

this time, the sun is still just above the horizon meaning that visual predation remains a

threat, but the lack of food has resulted in there being no fitness advantage of remaining

in the surface. This level of backscatter continues until the cycle re-starts in early spring.

This annual zooplankton cyclicity is something previously unrecorded at the North Pole

on such a long time scale with seasonal coverage. It supports timings of the August bloom

period as suggested by Zenkevitch (1963) and Falk-Petersen et al. (2007).
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Figure 5.19: Schematic diagrams to show the affect of the timing of sea-ice cover on
the phytoplankton bloom and therefore zooplankton feeding. The solar altitude cycle
is shown by a yellow line, sea-ice is represented by blue blocks (ranging from thick,
consistent sea-ice to thinner and more broken pancake style ice), phytoplankton bloom
is shown in green, and the distribution of the sound scattering layer is indicated by a
black line.

Annual periodicity was seen in the 20 m layer at 369.85 days, suggesting an annual

zooplankton cycle. This annual vertical movement has also been observed by Grainger

(1985), who found a higher biomass of zooplankton (Calanus spp.) in the top 100 m

during late summer than other times of the year. The slight difference in the observed pe-

riodicity (369.85 days) from the expected 365.25 days (which would be a perfect annual

cycle) is likely to be caused by variation in sea-ice and resultant timing of the phytoplank-

ton bloom between the years, as shown by the two scenarios in Figure 5.19. Whilst the

behaviour is linked to the solar cycle, it is seen that it is not always directly related to
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the solar altitude (Figure 5.17). The positioning of zooplankton in the water column is

controlled by not only solar illumination, but also by factors such as the timing of the

phytoplankton bloom, which in turn is related to the timing of sea-ice thinning. Because

of this, the behaviour is not fully coupled with the solar altitude cycle, and it is not im-

plausible that it varies slightly as such. In addition, the data have been averaged with

interpolation applied to fill the data gaps between deployment recovery and installation,

and not all bins are exactly equal to the stated depths (i.e. some samples in the “22 m”

bin might be from 19 m, some from 24 m.), and so detecting periodicity be difficult due

to the inherent variability between years.
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5.5 Summary of findings

This chapter has been divided into three sections, focusing on DVM cessation, the lu-

nar response and the North Pole. However, the three sections were contributing to the

central aim of investigating pan-Arctic variation in zooplankton behaviour. To this end,

the following sections act to synthesise the findings into a more complete summary of

pan-Arctic behaviours. It is divided into two sections: the solar response and the lunar

response.

5.5.1 Summary of the solar response

Figures 5.20a to 5.20e are illustrative figures, but are based on real data, to explain and

summarise the behaviours in DVM cessation that are seen at a variety of latitudes and ice

cover scenarios in the Arctic Ocean. One exemplar deployment has been used to represent

each scenario, and each figure shows the progression from DVM to 60 m ! DVM limited

to 40 m ! DVM limited to 20 m ! total DVM cessation ! onset of DVM at 20 m !

onset of DVM at 40 m ! onset of DVM at 60 m. Not all of these behaviours exist at all

location in all years.

At the “least” Polar station (i.e. 75°, no sea-ice cover), DVM is restricted to 20 m for ⇠

25 days a year, but continues right throughout the Polar Night (Figure 5.20a). Sea-ice is

considered in Figure 5.20b. DVM is restricted to 20 m for a similar amount of time (26

days), but the addition of a sea-ice layer has caused a full cessation of DVM at all depths

for two days.

Increasing latitude to 80° (but without sea-ice cover) changes the vertical distribution of

DVM - it is limited to 40 m, 20 m, and ceases completely for period of 43 days, 33 days,

and 10 days respectively (Figure 5.20c). Adding ice cover increases these periods to 52,

34, and 23 days (Figure 5.20d).

Figure 5.20e shows the DVM behaviour at a 90° station which is permanently ice-covered:

there is no DVM behaviour at all.
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(a)

(b)

(c)

(d)

(e)

Figure 5.20: Conceptual figures (made using real data from the panArchive) to show
idealised behaviours of DVM, and the cessation of DVM at three depths (20 m, 40 m,
60 m) for five scenarios that occur across the Arctic Ocean: a) low latitude (75°N),
sea-ice free; b) low latitude (75°N), sea-ice forms before 31-December; c) mid latitude
(80°N), sea-ice free; d) mid latitude (80°N), sea-ice forms before 31-December; e) high
latitude (90°N), permanent sea-ice.



5.5. SUMMARY OF FINDINGS 177

5.5.2 Summary of the lunar response

The variance in the lunar response exhibited by zooplankton can be described using the

schematic in Figure 5.21. Two parameters are defined: the distance of the migration

during the full moon, that leads to aggregations (Zagg), and the strength of the full moon

response in terms of a 24.8 hour cycle (SLVM). The factors that affect the lunar response

include solar altitude, lunar altitude, and the attenuation of the signal by turbidity, sea-ice,

and cloud cover.

Figure 5.21: Conceptual figure illustrating the general response by zooplankton to the
full moon, and the two parameters that have been created to quantify this response: i)
Zagg (depth of aggregations), and ii) SLV M (strength of the shift in periodicity in mid-
winter). The black lines represents the depth at which the majority of the scatterers are
present, and the red dashed line indicated the depth of Zagg at the mid-depth of the LVM
cycle.)

A factor to consider is that not all of these parameters are independent. This is illustrated

in Figures 5.1c to 5.1b. For example, increasing the latitude decreases both the amplitude

of both the solar and the lunar cycles. Whilst the lunar cycle has the highest amplitude in

lower latitudes, the overall amplitude of the lunar illumination cycle is masked by a simul-

taneously higher amplitude in the solar altitude cycle. It is impossible to separate these

factors due to their intrinsic coupling. For this reason, solar and lunar altitude specifically

are mostly considered as the controlling variables, rather than trying to attribute responses

to specific latitudes.

The effect of solar altitude

Increasing solar altitude generally reduces the depth of Zagg. The deepest migrations and
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aggregations occur at the lowest values of solar altitude. It might have been expected

that the deepest migrations occur when the sun is at its highest, and so the moon and

the sun are causing illumination in combination (as seen in Chapter 3). This alternative

interpretation may be explained by the fact that the aggregations are generally caused by

an instantaneous onset of illumination (such as the presence of a full moon), rather than

being a vertical positioning response that changes gradually over a month in response to

small changes in the solar and lunar illumination.

Increasing solar altitude is seen to decrease the strength of the LVM-day cycle in zoo-

plankton. The strongest lunar response (close to 24.8 hour cycle) was seen in the full

moons closest to the winter solstice (i.e. lower solar altitude) (Chapter 4) - suggesting

that darker environments increased the effect of the moon and created a stronger lunar

cycle in zooplankton during the full moon.

The effect of changes in the lunar cycles

Increasing the altitude of the lunar cycle (i.e. during full moons closer to the winter

solstice, Figure 5.1b) causes a more significant LVM-day response (as seen in Figure

4.6). In addition to this, Zagg are seen to occur to deeper depths during higher lunar

altitudes (again, in the middle of winter) (Figure 5.12). The variation in lunar amplitude

means that the LVM-day response is more prevalent at lower latitudes (Figure 5.13), but

this experiences some masking due to the increased amplitude of the solar cycle that also

occurs at lower latitudes.

Modification by other parameters

Although not analysed on a pan-Arctic basis, clouds have been seen to cause a reduction in

the lunar response (both in aggregation depth and strength of LVM cycle at Kongsfjorden)

in Chapter 3. The clouds are suggested to attenuate light, meaning that full moons during

cloud cover are effectively similar to full moons with lower amplitude (and therefore at

higher latitudes). Sea-ice cover is seen to do the same, by attenuating the strength of

the lunar signal. It is expected that turbidity (although not measured) will have a similar

impact (Wallace et al., 2010).
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These parameters, due to their attenuating effect, are seen to not only reduce the depth

to which populations aggregate, but also the densities at which they aggregate. When

illumination is attenuated, populations tend to be more evenly dispersed over 10’s of

meters, rather than densely occupying tight depth layers (Chapter 3).

Conclusions of lunar variations

The challenge of attributing the lunar response in zooplankton to either lunar or solar al-

titude is that they are intrinsically coupled. Whilst one (amplitude of the solar altitude

cycle) inhibits the lunar response through masking of the changes in the lunar illumi-

nation cycle, the other (amplitude of the lunar altitude cycle) increases it, yet these two

parameters decrease in a parallel fashion with increasing latitude (Figure 5.1c).

5.6 Concluding remarks

• The cessation of DVM is primarily latitudinally controlled, but modified by sea-ice

cover

• There is variation between years of data at some stations, suggesting localised con-

ditions affect DVM cessation

• The depth of lunar aggregations increases with increasing lunar altitude and de-

creasing solar altitude

• Zooplankton at the North Pole display annual cyclicity, despite the total lack of a

DVM behaviour at any time of the year



Chapter 6

General discussion

6.1 Introduction

This final chapter brings together the main results of the thesis, and discusses them in the

context of existing research. A summary of thesis findings is given before the main dis-

cussion. Following this, conclusions are made along with recommendations for future re-

search in relation to developing and applying the discoveries made within this work.

6.2 Summary of thesis findings

Chapter 3 used Kongsfjorden as a case study to investigate new behaviours of zooplankton

behaviour in the Polar Night. Zooplankton were seen to respond to both the lunar altitude

and phase cycles, for a period of up to 10 days during the occurrence of a full moon. The

depth of maximum response increased when the full moon occurred closer to the winter

solstice, and with increasing lunar altitude, up to a maximum response depth of 90 m.

Cloud cover was found to reduce the effect of zooplankton migration from both solar and

lunar illumination. In Chapter 4, methods were developed to detect and quantify migra-

tory behaviours detected visually in Chapter 3 on a pan-Arctic/oceanic scale. Analysis

of the full panArchive dataset was carried out to investigate the prevalence of these be-

haviours on a larger spatial scale. Lunar Vertical Migration (LVM) was seen throughout
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the Arctic Ocean, with both 24.8 hour (LVM-day) and 29.5 day (LVM-month) period-

icities. These behaviours were not consistent with depth, with LVM-day showing most

synchronicity in the 50 m depth layer. The LVM-month cycle was strongest at 20 m: this

was suggested to be caused by a more consistent behaviour between datasets at this depth

(surface avoidance). The depth at which populations aggregate showed more variation

between datasets, resulting in a less frequent detection of LVM-month at any specifically

targeted depth other than 20 m. An initial investigation into the variability of the LVM-

month response between environment types showed that the strongest response was seen

in fjords and in sea-ice free regions when compared to the shelf, open ocean, and sea-ice

covered areas. The causes of this variability were investigated in Chapter 5, which looked

at the variation that occurs in both DVM and LVM across the Arctic. The seasonality of

DVM was seen to be mostly latitudinally controlled, with modification by sea-ice. At low

latitudes (< 75°N), DVM continues all year, between 75° and 82°N, DVM ceased for a

period during the Polar Night, and at the North Pole stations of latitudes >89°N, DVM

did not exist at all. The date of DVM cessation (DVMend) was linked to sea-ice pres-

ence, but showed variability between years (up to 26 days at Kongsfjorden). The depth

of aggregations during the full moon were seen to increase with lunar altitude and with

decreasing solar altitude. The LVM-day cycle was seen to be most prevalent at lower

latitudes. Zooplankton at the North Pole showed no DVM or LVM-day response, but did

show evidence of LVM-month (results of cosinor analysis, Appendix C) and a yearly cy-

cle (⇠365 day periodicity) responding to the annual solar cycle. This annual cycle at the

North Pole was shown to vary between years, thought to be controlled by the timing of

sea-ice thinning and the resultant phytoplankton bloom.

6.3 Main discussion

6.3.1 What drives winter vertical migration?

In Section 1.1.2.3, it was seen that light, visual predators, and a food source must be

present for DVM to be an advantageous behaviour that is worth the energy expenditure
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of active vertical migration (Ringelberg, 1995). For any vertical migratory response to

occur, be it DVM, LVM-day, LVM-month, it is assumed that these common proximate

drivers (food, predation risk, light) must be prevalent at high enough levels to initiate a

response. The existence of these behavioural cycles throughout the Polar Night raises

three points about zooplankton: i) they are extremely sensitive to changes in light levels,

and are able to perceive these to very low values, ii) there must be a presence of visual

predators throughout the Polar Night in order to drive these behaviours, and iii) a food

source must be available to drive individuals to the surface outside times of illumination.

These three conditions are reviewed and discussed in the following sections.

In terms of predation risk, Polar cod (Boreogadus saida) have been seen to feed on cope-

pods during the Polar Night (Benoit et al., 2010). In addition to this, seabirds such as

the Little Auk (Alle alle) and guillemots (Uria lomvia) have been seen to predate on zoo-

plankton (such as Calanus spp. and Thysanoessa spp.) during the Polar Night (Berge

et al., 2015a). Although these results are from two specific locations (Beaufort Sea and

Kongsfjorden, Svalbard), the existence of these predators across the Arctic Ocean (Lønne

and Gulliksen, 1989; Bakken, 1990; Boertmann and Mosbech, 1998; Weslawski et al.,

1999; Mehlum et al., 2001; Gradinger and Bluhm, 2004; Arndt et al., 2009; Benoit et al.,

2010; Parker-Stetter et al., 2011) suggests a prevalent predation threat elsewhere. Preda-

tory zooplankton (chaeogonaths) were seen at both fjord and shelf stations in Svalbard

during the Polar Night (Grigor et al., 2015), though they contribute a far higher proportion

in the shelf region (74% of mesozooplankton biomass) than in fjords, where 88% of the

mesozooplankton biomass was comprised of herbivorous species (Błachowiak-Samołyk

et al., 2015), suggesting that the predation risk, by chaetognaths at least, might be higher

on the shelf that in the fjords.

Chlorophyll a in fjords and regions north of Svalbard is not found at concentrations high

enough during the Polar Night to support a herbivorous zooplankton population, suggest-

ing that Calanus depend on the lipid reserves that they gained from the spring bloom

for energy (Błachowiak-Samołyk et al., 2015). However, it has also been suggested
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that copepods might feed on remaining algae and detritus throughout winter (Hirche and

Kosobokova, 2011). Throughout this thesis, populations have been observed to spend

time at the surface outside of times of lunar illuminations. This suggests that a food

source may be prevalent at the surface, which makes the energy expenditure of vertical

migration worthwhile, and also that there might be a presence of non-visual predators at

depth which would make surfacing in the dark advantageous.

In order for light to be considered a proximate driver for vertical migration, it must be

assumed that it is at a perceptible level to zooplankton. In the analysis of Chapter 5, the

mean depth at which zooplankton aggregate during the full moon was 54 m, although

this varied from 9 to 101 m. Two key papers are available to compare this result to

existing literature: Cohen et al. (2015) and Båtnes et al. (2013). The focus of the first

study was the measurement of irradiance from the night sky in Kongsfjorden during the

Polar Night. At the time the sampling was conducted, the moon was below the horizon,

and so the ambient night sky (residual solar illumination and starlight) was the topic of

focus. The levels of light recorded are thought to be detectable to 20 m and 30 m for

Calanus and Meganyciphanes norvegica respectively (using sensitivity results from other

papers). This is difficult to compare with the results of this thesis, as the shallowest

data bin available was commonly around 20 m. However, observations of actograms in

Kongsfjorden showed that the highest backscatter levels were seen in the shallowest bins

(⇠20 m) during times other than during the full moon, and the t-tests between surface

Sv data at the new moon and five days before the new moon of Section 4.3.1 suggested

that the backscatter levels remain consistent during times outside of the full moon. This

suggests that most of the population is continuously occupying the 25 m depth layer. It

may be that the depths shallower than this have lower backscatter, in agreement with

Cohen et al. (2015) (zooplankton avoiding the top 20-30 m), but this is unfortunately

not possible to assess with the dataset available. The fact that aggregations were seen

deeper than 20-30 m during the full moon period provides further evidence of the effect

of lunar illumination, i.e. a source of light other than ambient sky must be causing these

movements of zooplankton.
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The second study, Båtnes et al. (2013), found that Calanus spp. from the high Arctic could

detect and respond to the equivalent of full moonlight penetrating to 120-170 m in clear

water. Were this to have been observed in the panArchive, aggregations at the full moon

would have been seen to occur deeper than this, where the illumination threat is com-

pletely attenuated. This, however, is not the case, and the results seen in the zagg analysis

(zagg is the depth to which zooplankton migrate and aggregate at during surface avoidance

at the full moon) suggests that populations are aggregating at depths where moonlight is

still theoretically perceptible. The results cited in Båtnes et al. (2013) are the maximum

depths of a possible response, which are unlikely to be matched in observational data once

sea-ice, cloud, and turbidity are considered. Evidence for this is the effect that cloud was

seen to have on the depth of moonlight response in Section 3.3.4. It is also possible that

zooplankton are merely migrating to the depth at which illumination no longer facilitates

visual predation, rather than one where it is no longer perceptible. The results of this

thesis provide observational evidence of the lab-based study of Båtnes et al. (2013), and

finds that a lunar response to 120-170 m is unlikely in natural conditions.

The dates of DVMstart as found in Chapter 5 do not fully agree with the results of depth

perception as found by Cohen et al. (2015). Using the observed irradiance data on 21-

Jan and 22-Jan, it was predicted that the perceptible depth on this date was 20 and 30

m for krill and copepods respectively. However, in the analysis of DVMoff dates, DVM

was seen to be prevalent at all eight years in Kongsfjorden to 60 m by this date. A

suggestion for this disparity is that the zooplankton are seen to reside near the surface

when not performing DVM, and so even though they are migrating to depths in excess of

60 m by 22-Jan, the response is initiated from perceiving light levels at shallower depths

(similar to the cascading migrations described in Ochoa et al. (2013) as an explanation

for migrations seen to depths of imperceptible light levels in the deep ocean). The reason

for migrating to depths deeper than those that can be perceived is a possible reaction to

predator avoidance. Zooplankton may be migrating deeper in response to the presence of

fish, which can generally perceive light at lower levels (Blaxter, 1970; Båtnes et al., 2013;

Cohen et al., 2015). It is also possible that sunlight, even at low levels, has acted as a
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zeitgeber during the Polar Night (as per Ringelberg (1995)), entraining a biological clock

that is triggered once the solar altitude reaches a threshold level.

The evidence presented suggests that a vertical migratory response in the Polar Night is

consistent with the driving factors described by Ringelberg (1995) as required for vertical

migration behaviour.

6.3.2 Aggregations during LVM-month

In Chapter 4, it was suggested that the pan-Arctic prevalence of aggregations at ⇠50 m

might increase predation rates on zooplankton. It is unlikely that this is through active

visual predation, as the driver for migrating to depth is presumed to be to reduce the risk

of visual predation. However, the risk of chance encounters or non-visual predation are

likely to be increased due to higher densities of prey. Chaetognaths are seen to actively

feed during the Polar Night, and gut contents consist of mostly Calanus spp (Grigor et al.,

2015). Inter-annual variation in the gut fullness of chaeognaths was seen in Grigor et al.

(2015), where empty guts of chaetognaths were seen more frequently in Kongsfjorden and

Rijpfjorden in 2013 (80-90% of occurrence) than they were in Isfjorden and Rijpfjorden

in 2012 (40-60% occurrence). From the results of this thesis, it is proposed than an

explanation for this difference between years is the timing of the sampling in relation

to the full moon. In both years, sampling occurred at Rijpfjorden (the only comparable

station) on 12-13 January (Berge et al., 2015b; Webster et al., 2015). In 2012, the full

moon occurred on the 9th of January (3-4 days from sampling), and in 2013 the full moon

occurred on 27th January (13-14 days from sampling). The full moon is suggested to have

caused a dense aggregation layer in 2012, which could have increased predation rates by

the chaetognath Paragasitta elegans and led to fuller gut contents in 2012 sampling than

that of 2013.

In addition to increased likelihood of chance encounters, aggregations of bioluminescing

species (such as Metridia longa) could cause a depth layer that is not only dense in prey,

but also of increased ambient biological light. Bioluminescence has been observed during
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the Polar Night (Berge et al., 2012a), and it might be expected that aggregations of lumi-

nescing individuals might increase the localised light field. However, these bioluminscent

signals do not show evidence of any diel cycle (Johnsen et al., 2014), suggesting that the

predation rates during LVM-month would remain constant.

6.3.3 The three hypotheses of light

Cohen and Forward (2009) summarised three hypotheses describing the role of light in

driving DVM of zooplankton: (1) the isolume hypothesis, (2) the rate of change hypoth-

esis, and (3) the circadian clock hypothesis. This section discusses how the results from

this thesis support each of these hypotheses in different ways.

The 29.5 day surface avoidance response is proposed to be an example of the rate of

change hypothesis, where a threshold of irradiance initiates migration. Although the orig-

inal hypothesis was made with solar irradiance in mind, in this case it is being discussed

in the context of lunar illumination. The responses seen in the actograms of Chapter 3

suggest that the zooplankton response to increasing lunar phase is almost instantaneous

and initiated when some illumination threshold has been reached. If the response fol-

lowed the isolume hypothesis, it might be expected that the maximum backscatter levels

would be seen at deeper depths across several hours/days with increasing lunar phase,

with thin bands of high backscatter at the 18 - 50 m depth layers preceding and following

maximum lunar phase. However, this is not that case. The high levels of backscatter at

the surface coincide with an appearance of high backscatter at ⇠50 m, with little evidence

of populations spending any time at intermittent depths. This response suggests a thresh-

old level of lunar illumination that causes the population to simultaneously migrate to a

depth layer in avoiding visual predation. However, the 29.5 day aggregations also show

evidence of the isolume hypothesis as the depth at which the zooplankton aggregate is al-

tered by environmental conditions, even at the same location where lunar altitude remains

consistent. During the full moon of 05-Dec (cloud free) in 2006-07 at Kongsfjorden, zoo-

plankton were seen to aggregate in high densities at 50 m as soon as the moon reached

70% illumination, and did not return to the surface until the moon had dropped to 80%
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illumination. Conversely, during the full moon of 04-Jan (cloudy), zooplankton did not

aggregate in such high densities, suggesting a more even dispersion over a wider depth

range, and although the population also left the surface layers once the moon reached 70%

illumination, they returned to it whilst the moon was still almost fully illuminated. This

difference shows the following of specific isolumes, and the cover of cloud, has resulted

in surface layers that are darker, and therefore considered “safer”, earlier in the lunar cycle

than in cloud free conditions. The LVM-month response as a result of following isolumes

is challenged by the depth limitation of the behaviour to about 50 m. If it were a true

following of the isolumes, zooplankton might be expected to travel deeper as the moon

becomes even brighter. This suggests a presence of predators at depth which limit the

depth range considered safe, and demonstrates that the response to light can be limited by

other factors that drive vertical migration.

LVM (24.8 hour cycle) provides further evidence in support of the isolume hypothesis.

The amplitude of the LVM cycle is directly related to the amplitude of the lunar altitude

cycle (as seen in Section 5.3.2), which increases with reducing latitude. The migratory

behaviour is observed to adopt a sinusoidal-type curve of behaviour over time in the water

column. This is also seen in Chapter 3 (Figure 3.12), where the response is visible as a

gradual movement through the water column. Although an initial threshold of lunar phase

may have to be reached to initiate the LVM cycle, it is proposed that the existence of it for

several days at a time is governed by the isolume hypothesis, following the lunar altitude

cycle.

When considering these two hypothesis, it is suggested that the most likely scenario is one

of a combination. In summary, the lunar illumination appears to need to reach a certain

threshold in order to initiate a migration out of the surface. The extent of this migra-

tion can be modified by other environmental parameters such as cloud cover, suggesting

that populations follow a specific level of light within the water column - an isolume. In

addition to this, small changes in the lunar altitude (which affects overall lunar illumi-

nation) causes vertical movement within the water column, which is further evidence of
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the isolume hypothesis. This isolume hypothesis becomes challenged as there is a depth

limitation of the response (i.e. depth of zooplankton is not directly related to lunar illu-

mination), suggesting that predators at depth may cause a limit on how deep populations

are willing to migrate to avoid the illuminated surface layers.

The final hypothesis to address is that of migration cued by a circadian rhythm. The

concept of the Arctic zooplankton responding on such a wide spatial scale on the basis

of an endogenous clock is mostly rejected in favour of control by exogenous cues using

the data from this thesis. The external cues that initiate behaviours, such as moonlight

and sunlight, have been shown to be perceptible to zooplankton at the depths studied in

this thesis (Båtnes et al., 2013), providing evidence that a vertical response to exogenous

cycles is plausible. With specific reference to the process of LVM, zooplankton are seen to

revert to free running cycles of less than or equal to 24 hours (Cohen and Forward, 2009),

suggesting that the shift to 24.8 hour cycles is controlled by an exogenous source rather

than internally controlled by a biological rhythm, which would free-run in the absence

of a solar cycle (such as during the Polar Night). A second argument in support of this,

is that individuals of Calanus finmarchicus at the North Pole are seen to originate in

Atlantic waters (Kosobokova and Hirche, 2000). If the LVM were to be controlled by

a biological rhythm, these individuals would be expected to show the same behaviours

in both the Svalbard regions and the North Pole datasets. However, this is not the case

and a latitudinal decline in the strength of the LVM cycle was seen. This suggests that

control of LVM is almost certainly controlled by an exogenous cue. However, it is likely

that biological clocks underpin these responses (Last et al., 2016), but the responses to

moonlight in particular are likely to be driven by external cues. The only biological clock

detected in Polar zooplankton so far is in the Antarctic krill Euphausia superba (Gaten

et al., 2008; Teschke et al., 2011), but a recent study has shown that there is a strong

indication of a functioning biological clock in overwintering C. finmarchicus in Svalbard

(Hafker et al. (2016) and pers. comms).
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6.3.4 The modification of irradiance by attenuation and albedo

6.3.4.1 Sea-ice

When sea-ice is present, it is seen that the date of DVMend occurs earlier, and the duration

of the non-migrating period (DVMoff) has a longer duration (Section 5.2.2). In addition

to this, a 29.5 day cycle is detected less frequently, and at fewer depths, with sea-ice cover

(Section 4.3.1).

Reduced sea-ice leads to less attenuation of light, and so a stronger illumination signal

in the water column (both solar and lunar) (Figure 6.1). The increase in sub-surface

illumination is predicted to increase with the effects of sea-ice decline. At 60°N, annual

average irradiance is expected to increase from ⇠ 10�15Wm�2 to ⇠ 40Wm�2 by 2100,

with the most dramatic increase starting at around 2040 (Varpe et al., 2015). Figure 6.1

demonstrates this in relation to the reducing sea-ice extent, age, and thickness. It can

therefore be predicted that a reduction in sea-ice cover will increase vertical migratory

behaviour in terms of both DVM and LVM. Predictions vary, but in extreme cases, the

Arctic Ocean could be ice-free in September (sea-ice minimum) by 2050 (IPCC, 2014).

It is difficult to predict the effect that this will have on zooplankton behaviour in the Polar

Night. However, if we are to assume that a sea-ice free September might lead to the Arctic

Ocean remaining sea-ice free until at least December, then many ice-covered stations

should be treated as ice-free in the context of DVM cessation. From the conceptual figures

explaining DVM cessation in Section 5.5.1, it can be assumed that the behaviours would

shift from the sea-ice covered scenario to the sea-ice free scenario at each latitude (ice-

free scenario not available for 90°N location). It is anticipated that reducing sea-ice extent

will have the following effects on pan-Arctic zooplankton behaviour:

1. Depth amplitude of DVM will be greater

2. At certain latitudes, where DVM ceased for a period, it will now continue through-

out the winter; the duration of DVMoff at higher latitudes will reduce
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3. LVM during the full moon will become more prevalent, with greater vertical extent

4. Aggregations of zooplankton during the full moon will become deeper

5. This overall increased activity is likely to increase the transport of carbon to be-

low the pycnocline,where it can not be re-mineralised (therefore increasing carbon

sequestration)

The concept of reduced sea-ice leading to increased carbon sequestration is an idea that

needs to be researched more thoroughly. For an active flux to depth to occur, the as-

sumption that there is a food intake in the surface by zooplankton is required to be true.

More studies on the food sources to zooplankton during the Polar Night should be carried

out before any estimation of the affect of increased activity on the flux of carbon can be

made.

Figure 6.1: Figure from Varpe et al. (2015). Predicted values of ice area, ice age,
and ice thickness at 60°N from the NorESM model, and the resulting average annual
irradiance at the sea surface later in the same region.
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6.3.4.2 Cloud cover

Cloud cover has been observed to increase in areas of sea-ice loss in early autumn (Kay

and Gettelman, 2009). Though the sea-ice reduction is expected to create a higher preva-

lence of continued synchronous DVM throughout winter, an increase in cloud cover might

mitigate against this by causing attenuation of light and having the opposite effect to sea-

ice melt. An additional effect of increasing cloud cover might be a more vertically sparse

aggregation during the full moon (as seen in examples at Kongsfjorden in Chapter 3),

reducing the predation rates as hypothesised in Section 6.3.2. This is likely to have impli-

cations for the more general ecosystem. Whilst increased cloud cover might decrease the

density of aggregations, and so reducing chance encounters and the predation rates of non-

visual predators, a generally lighter water column might increase visual predation. The

balance between these two routes of energy through the food web should be considered

thoroughly in future research when investigating the future of the Arctic Ocean.

6.4 Using Kongsfjorden to represent the Arctic

Because of the proximity of Kongsfjorden to Ny Ålesund, and the fact it remains sea-ice

free despite its high latitude, this fjord has become a common research area for high Arctic

studies in the field of zooplankton and many others. It is frequently used as a case-study

site, from which assumptions about the Arctic Ocean are inferred (Berge et al., 2009; Cot-

tier et al., 2006; Wallace et al., 2010; Willis et al., 2006). Rijpfjorden is also commonly

used as a case-study when considering the affects of sea-ice (Weydmann et al., 2013;

Søreide et al., 2010). The observations of Chapter 3 and the detection of the behaviours

observed across the Arctic in Chapter 4 provides validation of the use of Kongsfjorden in

representing the Arctic. In papers such as Berge et al. (2009), new observations of con-

tinued zooplankton migratory activity during the Polar Night were made at Kongsfjorden.

However, it was unclear whether this was representative of pan-Arctic behaviours, or

simply a unique response. The results seen in this thesis suggest that Kongsfjorden is
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representative of the wider Arctic ecosystem. However, limiting research to single lati-

tudes does not allow for the understanding of how factors such as illumination change and

what the implication of this is on behavioural ecology. Widening the sampling to multi-

latitude regions is advantageous for a full understanding of the response of zooplankton

to external cues, and allows for generalisations to be made.

6.5 Limitations of study

This section addresses limitations in the data used in this thesis. This is divided into two

sections, one on light attenuation, and one on the data sparsity north of 82°N.

6.5.1 Defining light attenuation

Chapter 1 (Figure 1.8) showed that different thicknesses and types of sea-ice (includ-

ing snow cover) result in different attenuation coefficients/albedo. This has not been

accounted for when investigating zooplankton responses in the panArchive, and a pres-

ence/absence approach using data from the ADCPs has instead been applied. This ap-

proach has potentially led to limitations within the results, as the effect of sea-ice cover

was assumed to have been consistent whether it was newly formed thin ice, or multi-year

ice with several centimetres of snow cover. As discussed in the introduction (Section

1.1.4), changes in ice and snow thickness can exponentially change the overall irradi-

ance reaching the surface of the water column, and consideration of this is something that

would be useful to address in future studies.

In addition to sea-ice cover, turbidity is seen to attenuate the propagation of light through

the water column (Cottier et al., 2006). This has not been measured and/or accounted

for in this thesis, and the installation of turbidity sensors would be beneficial to fully

understanding the light environment at various locations. Cloud cover was applied to

analysis in Chapter 3, but comparable data series were not available at close proximities

to all mooring locations in the panArchive. Gaining this data for further studies would be

of value.
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The development and installation of sensitive light meters would be an appropriate way

of addressing many of the problems highlighted here. Having direct measurements of the

underwater light field would remove the need to try and predict the irradiance levels from

environmental parameters.

6.5.2 A lack of data between 82° and 89°N

The data in the panArchive features a “gap” in mooring locations between 82° and 89°N.

In many cases, this means that descriptions of zooplankton behaviours cannot be pro-

jected onto the entire Arctic Ocean. However, we have a good representation of data from

latitudes lower than 82°N, and again a good understanding of zooplankton behaviours at

the extreme of 90°N. From Section 5.2.2, we know that at 82°N a seasonal diel cycle

in zooplankton exists, but at 90°N it does not exist at all. At some point between these

locations, a diel cycle in zooplankton migration can be hypothesised to stop completely.

Below 82°N, DVM occurs to at least 60 m depth outside of the Polar Night. It is an-

ticipated that this amplitude will reduce with increasing latitude, and therefore reducing

amplitude of the solar altitude cycle (as seen in Figure 1.6d). At some latitude between

82° and 89°N, the amplitude of the DVM signal will become shallow enough to disappear,

as is seen in the North Pole data (Section 5.4).

Unfortunately, it is not only the panArchive that suffers from a lack of data at these lat-

itudes. Research into the zooplankton community (including community composition

studies and behavioural research) above 82°N is rare, primarily due to the remoteness

and inaccessibility due to the presence of sea-ice. Zooplankton community composition

studies exist for wide areas of the central Arctic Ocean (Grainger, 1985; Brodskiy and

Pavshtiks, 1977), but research into DVM of these populations are limited, and most high-

Arctic research is focused around the summer/autumn due to sea-ice extent and resultant

accessibility.

Calanus glacialis are shown to make diel migrations in spring and autumn at 85°N, but

not in summer or winter (Kosobokova, 1978). These diel migrations are also seen to be
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very short in their depth range. Copepodite stages of C. glacialis are not seen to migrate

all, and neither are any individuals of C. hyperboreus (Kosobokova, 1978). This disparity

in DVM activity between species and life-stages suggests that a reduction in the DVM sig-

nal is beginning to occur at this latitude, but that 85°N should be included in the“seasonal

DVM” classification as used in Section 5.2.2. The data for the Kosobokova (1978) paper

were sampled when this area had year round sea-ice cover, and so the extent of DVM

(both in depth and duration through the year) would be expected to increase with reduc-

ing sea-ice cover, particularly the migrations seen in September. The mention of “small

distances covered” supports the previously mentioned hypothesis that the amplitude of

DVM reduces in line with the amplitude of the solar altitude cycle. Despite the paucity

of research in the extreme high Arctic (northwards of 82°), this single study has at least

provided a stepping stone in knowledge of DVM between 82° and 89°N.

The latitude at which DVM stops at any depth is thought to be between 85° and 89°N, and

is likely to be related to a threshold of solar altitude range that creates a diel solar cycle

with enough variation to drive a DVM response. The fact that even small diel migrations

exist at 85° (Kosobokova, 1978) shows that Calanus spp. can detect solar altitude changes

limited to a 10° range, as measured from data in Figure 1.6d.
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6.6 Recommendations for future work

1. Efforts should be made to acquire ADCP data from a wider range of latitudes

(specifically within the 82-89°N range.) Data from these moorings could be added

to the panArchive dataset and analysed in the same way as the data in this thesis to

widen our perspective of winter vertical migration in the Arctic Ocean.

2. Specific focus should be given to regions of varying sea-ice cover, such as north of

the Bering Strait. By focusing on one location with different sea-ice conditions, a

more robust view of the effect of sea-ice on the lunar response and DVM cessation

would be possible.

3. Several of the moorings in the panArchive had no net data available. Seasonal net

samples, or the use of multifrequency acoustics, is recommended so that ecosystem

interactions can be accounted for, and to gain an understanding on how the vertical

migration response changes between types of zooplankton.

4. A key limitation in this analysis was having to estimate the illumination levels from

solar and lunar altitude, which does not allow for variation in the parameters that

attenuate and reflect light such as cloud cover and turbidity. The addition of light

sensors to moorings would be advantageous in making stronger conclusions about

the role of light in seasonal DVM.

5. A lot of variation was seen between years in the panArchive. More long-term moor-

ing programmes in wider regions of the Arctic Ocean are recommended in order to

gain a better understanding of the inter-annual variability.
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6.7 Final conclusions and contribution to knowledge

This thesis intended to fill a gap in knowledge regarding Arctic marine ecology. Activ-

ity in the Polar Night has been recently reported (Berge et al., 2009, 2012a; Båtnes et al.,

2013; Berge et al., 2015a,b; Cohen et al., 2015; Webster et al., 2015; Last et al., 2016), but

a thorough understanding of zooplankton behaviour during the Polar Night did not exist.

This thesis has contributed to these gaps in knowledge by describing an Arctic-wide re-

sponse to moonlight. Whilst the response to a lunar phase cycle was previously reported

(albeit not on this spatial scale), the existence of Lunar Vertical Migration is a new finding.

Following this thesis, there is also a much better understanding of how zooplankton be-

have at the North Pole, in one of the most geographically inaccessible locations on Earth.

The classic assumption of a “quiescent” Polar Night has been challenged, and DVM is

often seen to continue throughout the winter, challenging expectations. The use of the pa-

nArchive provides a baseline study of how zooplankton behave in ice-covered and ice-free

environments, and allows the predictions of how these behaviours might change in the fu-

ture. Kongsfjorden has been used as a location for numerous Arctic zooplankton studies

(Cottier et al., 2006; Berge et al., 2009; Wallace et al., 2010), and there has always been

uncertainty as to whether this single location represents the Arctic well. The argument for

this has been addressed in this thesis, and the behaviours observed at Kongsfjorden are

seen to occur across the Arctic (though an appreciation for the variation in illumination

cycles should be applied). In some respects, the use of this novel and extensive dataset has

raised new questions. The effects of sea-ice reduction should be considered thoroughly if

a true understanding is to be gained of how climate change is to affect important processes

such as carbon flux and ecosystem interactions.

This study provides the first evidence of how zooplankton behaviours prevail across such

a wide, and extremely variable, spatial scale, and describes a new kind of migratory be-

haviour cued by lunar altitude (LVM-day). From this work, it is clear that a pan-Arctic
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methodology should be recommended for other fields of Arctic research for an under-

standing of behavioural ecology at the Arctic scale. Using data from across the Arc-

tic Ocean, a new contribution to our understanding of Diel Vertical Migration has been

gained on a truly pan-Arctic perspective.
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habitats of Brünnich’s guillemots (Uria lomvia) breeding in the High-Arctic. Journal
of Zoology, 255(3):413–423.

Miller, C. B. (2004). Biological Oceanography. Blackwell Science, Oxford.

Mougeot, F. and Bretagnolle, V. (2000). Predation risk and moonlight avoidance in noc-
turnal seabirds. Journal of Avian Biology, 31(3):376–386.

Mundy, C. J., Gosselin, M., Ehn, J., Gratton, Y., Rossnagel, A., Barber, D. G., Martin,
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Kongsfjorden actograms for all years
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(a) 2006-07

(b) 2007-08
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(c) 2008-09

(d) 2009-10
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(e) 2010-11

(f) 2011-12
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(g) 2012-13

(h) 2013-14

Figure A.1: Actogram plots from all years at Kongsfjorden. Plotted as described in
Chapter 2, Section 2.4.2, with individual days of data “stacked” on top of each other.
From left to right: single plotted actograms of lunar altitude, lunar illumination, solar
elevation, cloud cover, and double plotted actograms for Sv (dB): shallowest, approxi-
mately 50 m, and deepest available depth. For solar and lunar parameters, white indi-
cates higher or brighter data, and in cloud cover, white shows clear skies whilst dark
grey is very cloudy. For Sv values, all data have been subtracted from the mean Sv
value in the actogram. Red indicates values above the mean (high Sv), blue is values
below the mean (low Sv) and both become stronger colours the further from the mean.
White show data points close to the mean.
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Twelve day actograms from
Kongsfjorden
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(a) Full moon 05-Dec-06

(b) Full moon 03-Jan-07
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(c) Full moon 24-Nov-07

(d) Full moon 24-Dec-07
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(e) Full moon 12-Dec-08

(f) Full moon 11-Jan-09
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(g) Full moon 02-Dec-09

(h) Full moon 31-Dec-09
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(i) Full moon 21-Nov-10

(j) Full moon 21-Dec-10
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(k) Full moon 10-Nov-11

(l) Full moon 10-Dec-11
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(m) Full moon 28-Nov-12

(n) Full moon 28-Dec-12
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(o) Full moon 17-Nov-13

(p) Full moon 17-Dec-13

Figure B.1: 12 day actograms centred around the two highest (in altitude) full moons
of each dataset from Kongsfjorden. Black dots indicate the time at which the moon is
highest in the sky in any 24 hour period, and black horizontal line is the date of the full
moon. Blue indicates Sv values below average, red above average, and white equal to
the average.
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Full periodicity analysis results

Table C.1: Table of results for all periodicity analysis. Blank cells indicate that the file was not used, - shows no signficiant period in the required
range. 24.8 hour section is the most significant period found using Lomb-Scargle periodograms. In 29.5 day results, a ellcontaining 29.5 means this
was found to be significant using Cosinor analysis. Any other value has been found using periodograms, and is significant.

Dataset 24.8 hour lunar vertical migration Surface avoidance Environment
30 m 50 m 70 m 20

m
40
m

60
m

BB 97 99A mid-depth
BB 97 99B 23.457 25.503 22.151 23.946 24.072 23.842 24.339 24.045 25.206 25.362 22.191 24.03 29.5 - - mid-depth
BB 98 99A mid-depth
BB 98 99B 28.67 19.874 25.468 23.905 23.589 23.663 25.474 23.719 mid-depth
BE 02 04A 25.189 20.567 23.174 24.268 22.005 24.13 23.941 23.925 24.786 25.515 24.188 24.077 mid-depth
BF 08 09A - 24.273 26.826 22.666 26.8 22.545 - 22.036 23.195 19.885 25.316 24.009 29.5 - 29.5 fjord
BF 10 11A 23.812 27.176 - - 22.731 28.019 24.697 24.505 24.418 28.646 26.083 - fjord
CA 03 04A 23.76 23.668 24.193 24.222 23.735 24.456 - 24.332 26.465 19.682 23.522 23.967 mid-depth
CA 03 04B 23.822 23.957 23.432 23.467 25.264 - 24.082 22.717 22.82 28.9 24.188 23.936 mid-depth
CA 03 04C 25.604 24.462 - 23.77 23.962 27.129 24.316 22.877 23.357 24.418 23.264 23.755 mid-depth
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Dataset 24.8 hour lunar vertical migration Surface avoidance Environment
30 m 50 m 70 m 20

m
40
m

60
m

CA 03 04D 23.899 23.507 - 23.638 24.67 26.139 - 23.377 23.735 23.699 23.73 23.827 mid-depth
CA 03 04E 24.066 24.538 - 25.597 25.006 19.852 23.273 23.962 - 23.837 - 24.093 mid-depth
CA 03 04F 23.822 23.75 - 24.311 23.951 24.709 24.593 23.633 - 23.663 - 24.544 mid-depth
CA 03 04H - 23.04 - 23.323 23.447 24.262 - 22.573 24.257 25.166 - 23.602 mid-depth
CA 03 04I 23.806 23.781 24.898 23.613 23.879 - 24.354 23.205 23.689 23.853 23.663 24.252 mid-depth
CA 03 04J 23.972 23.889 - 23.76 23.899 - 24.066 23.873 23.059 23.497 24.893 24.014 mid-depth
CA 04 05A 23.367 19.812 - 23.547 23.765 - 24.692 - 22.494 25.235 22.792 23.562 29.5 - - mid-depth
CA 04 05C 23.977 26.046 24.616 23.73 25.017 24.714 - 24.659 24.003 24.62 24.22 23.755 - - 25.575 mid-depth
CA 04 05D 19.491 24.236 24.109 24.467 24.429 25.1889- 24.305 - 24.156 23.745 23.842 mid-depth
CA 04 05E 22.901 23.812 23.582 23.936 23.724 26.465 23.224 23.658 23.602 24.199 23.234 19.931 29.5 - 29.5 mid-depth
CA 05 06A 23.884 23.832 23.842 23.76 24.77 - 25.991 23.512 - 25.707 25.575 mid-depth
CA 05 06C 23.608 23.592 23.962 23.899 23.532 24.019 23.648 24.045 29.5 29.5 - mid-depth
CH 05 06B 24.119 23.796 24.278 23.75 23.786 - - 24.009 24.337 19.689 23.776 23.946 mid-depth
CH 06 07A 23.91 28.8 23.848 24.056 23.694 24.024 - 25.48 23.602 22.869 23.377 23.045 mid-depth
CH 06 07B - 20.675 24.418 20.769 21.646 - 23.185 23.472 22.476 24.11 25.887 22.877 mid-depth
CH 07 08A 24.035 26.376 24.109 23.582 23.889 27.284 28.7 29 23.998 - 26.78 23.822 - - 29.5 mid-depth
KF 03 04A fjord
KF 04 05A 23.372 - 23.653 28.679 24.764 25.148 27.365 - 25.04 22.04 28.571 - fjord
KF 06 07A 23.542 25.444 24.145 22.33 23.636 24.003 25.64 - - 25.392 24.994 23.343 26.596 29.5 29.5 fjord
KF 07 08A 27.786 - 27.392 22.031 26.383 25.456 21.469 - 26.567 - 21.574 23.983 - 26.667 27.584 fjord
KF 08 09A 23.161 28.89 22.137 22.536 - 28.87 26.37 23.998 - - 26.015 23.988 33.784 29.5 29.5 fjord
KF 09 10A 23.638 21.961 25.177 - 23.879 - 26.427 24.402 27.605 23.352 23.62 24.664 - 27.473 - fjord
KF 10 11A 23.957 20.239 22.164 22.458 24.268 26.232 - - 23.552 26.787 - 28.534 29.5 29.5 29.5 fjord
KF 11 12A - - 22.417 24.887 26.845 - 24.96 - 25.304 23.016 24.8 22.299 29.5 29.5 - fjord
KF 12 13A 24.14 27.433 - 21.091 23.75 21.063 - - 23.765 23.259 - 23.95 fjord
KF 13 14A 19.731 19.456 23.984 21.16 21.672 28.351 24.183 - - 28.322 24.135 fjord
NB 04 05A 24.273 - 28.453 - 23.988 - - - mid-depth
NB 04 05B 24.983 - - - 24.056 - - - 24.429 - - - 26.24 27.248 33.333 mid-depth
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Dataset 24.8 hour lunar vertical migration Surface avoidance Environment
30 m 50 m 70 m 20

m
40
m

60
m

NB 05 06A - - - - - - - 23.806 - - - 24.009 29.5 29.5 29.5 mid-depth
NB 05 06B - - - - 23.39 25.04 - 25.688 mid-depth
NB 06 07A - - - - 24.284 - - 27.176 mid-depth
NB 06 07C mid-depth
NB 07 08A 23.915 25.486 24.904 27.406 23.899 27.003 24.648 - 24.14 - - - mid-depth
NB 07 08B mid-depth
NP 01 02A - 27.016 - - - - - - - - - - - 26.178 - deep
NP 02 03A - 19.059 - - - - - - - - - - - 31.056 29.5 deep
NP 03 04A - - - 19.364 - - - - - - - - - - 26.882 deep
NP 04 05A - - 25.114 - - 25.023 23.858 - - - - - 29.5 29.5 - deep
NP 05 06A - - - - - - - - - - - - 29.5 - deep
NP 06 07A 21.477 - - - - - - - - - - - - - - deep
NP 07 08A - - 22.797 - - - - 22.934 - - - - - 29.5 - deep
RF 06 07A 23.868 25.497 23.298 19.003 24.04 24.994 23.941 - 23.832 21.913 - 24.082 29.5 - 29.5 fjord
RF 07 08A 24.582 27.92 27.661 27.043 23.704 26.878 26.395 22.439 24.077 20.552 28.38 23.437 - 29.5 29.5 fjord
RF 09 10A 23.195 25.784 27.123 26.265723.573 26.288 19.003 - 23.74 25.22 - - 29.5 29.5 26.042 fjord
RF 10 11A 23.946 20.963 23.951 25.929 24.114 25.345 24.391 25 24.188 25.515 24.489 22.949 29.5 30.581 - fjord
RF 11 12A 24.359 - - 23.73 25.574 24.273 25.339 21.299 22.675 - 24.642 26.282 29.5 29.5 29.5 fjord
RF 12 13A - 27.237 23.684 21.075 23.704 26.484 - - 23.972 23.025 23.837 - 29.5 29.5 - fjord
RF 13 14A 23.714 23.26 23.796 25.875 22.638 21.887 21.481 24.543 - 24.386 23.582 23.582 29.5 - 32.787 fjord



Appendix D

DVM cessation results

Table D.1: Table of DVM cessation results from the panArchive. Ice start and stop dates are provided, along with the result classification of ice
cover. DVMend and DVMstart are given for analysis at 20 m, 40 m, and 60 m depths. “All year” indicates that DVM does not cease in winter, and “No
DVM” indicates that no signal of DVM was found.

Dataset Ice start Ice stop Ice classifi-
cation

20 m 40 m 60 m

DVMend DVMstart DVMend DVMstart DVMend DVMstart
BB 97 99A Ice-free No DVM No DVM - - - -
BB 97 99B 07-Oct-97 03-May-98 Seasonal All Year All Year All Year All Year 10-Dec-97 27-Dec-97
BB 98 99A Ice-free - - - - - -
BB 98 99B 16-Oct-98 28-May-99 Seasonal All Year All Year 11-Dec-98 25-Dec-98 12-Dec-98 30-Dec-98
BE 02 04A Ice-free - - All Year All Year All Year All Year
BF 08 09A 29-Dec-08 29-Jun-09 Seasonal 18-Dec-08 06-Jan-09 25-Nov-08 02-Jan-09 29-Nov-08 11-Jan-09
BF 10 11A 18-Nov-10 05-Jun-11 Seasonal 10-Dec-10 02-Jan-11 11-Dec-10 14-Jan-11 01-Dec-10 22-Jan-11
CA 03 04A 19-Jan-04 24-Apr-04 Seasonal All Year All Year All Year All Year All Year All Year
CA 03 04B 24-Jan-04 25-Apr-04 Seasonal All Year All Year All Year All Year All Year All Year
CA 03 04C 25-Dec-03 19-May-04 Seasonal All Year All Year All Year All Year All Year All Year
CA 03 04D 19-Jan-04 25-Apr-04 Seasonal All Year All Year All Year All Year All Year All Year
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Dataset Ice start Ice stop Ice classifi-
cation

20 m 40 m 60 m

DVMend DVMstart DVMend DVMstartt DVMend DVMstart
CA 03 04E 19-Jan-04 16-May-04 Seasonal All Year All Year All Year All Year All Year All Year
CA 03 04F Ice-free All Year All Year All Year All Year All Year All Year
CA 03 04H Ice-free All Year All Year All Year All Year All Year All Year
CA 03 04I 24-Jan-04 17-May-04 Seasonal All Year All Year All Year All Year All Year All Year
CA 03 04J 06-Jan-04 21-May-04 Seasonal All Year All Year All Year All Year All Year All Year
CA 04 05A Ice-free All Year All Year All Year All Year All Year All Year
CA 04 05C 29-Jan-05 10-May-05 Seasonal All Year All Year All Year All Year All Year All Year
CA 04 05D 28-Nov-04 19-Apr-05 Seasonal - - All Year All Year All Year All Year
CA 04 05E Ice-free All Year All Year All Year All Year All Year All Year
CA 05 06A 10-Nov-05 03-Jul-06 Seasonal All Year All Year All Year All Year All Year All Year
CA 05 06C 01-Jan-06 29-Jun-06 Seasonal All Year All Year All Year All Year All Year All Year
CH 05 06B 26-Oct-05 28-May-06 Seasonal 21-Dec-05 23-Dec-05 04-Dec-05 03-Jan-06 28-Nov-05 24-Dec-05
CH 06 07A 21-Oct-06 30-Jul-07 Seasonal 14-Dec-06 26-Dec-06 22-Dec-06 10-Jan-07 23-Dec-06 02-Jan-07
CH 06 07B 06-Nov-06 07-Jun-07 Seasonal All Year All Year All Year All Year 08-Dec-06 27-Dec-06
CH 07 08A 19-Dec-07 19-May-08 Seasonal All Year All Year 05-Dec-07 04-Jan-08 03-Dec-07 28-Dec-07
KF 03 04A Ice-free - - - - - -
KF 04 05A 22-Feb-05 11-Mar-05 Seasonal 04-Dec-04 16-Jan-05 26-Nov-04 27-Dec-04 30-Nov-04 28-Dec-04
KF 06 07A Ice-free 23-Dec-06 03-Jan-07 05-Dec-06 08-Jan-07 29-Nov-06 11-Jan-07
KF 07 08A Ice-free 21-Dec-07 06-Jan-08 05-Dec-07 12-Jan-08 05-Dec-07 14-Jan-08
KF 08 09A 13-Apr-09 28-Apr-09 Seasonal 08-Dec-08 03-Jan-09 01-Dec-08 05-Jan-09 30-Nov-08 07-Jan-09
KF 09 10A Ice-free 19-Dec-09 03-Jan-10 01-Dec-09 10-Jan-10 27-Nov-09 09-Jan-10
KF 10 11A 12-Feb-11 24-Feb-11 Seasonal 15-Dec-10 31-Dec-10 08-Dec-10 07-Jan-11 05-Dec-10 07-Jan-11
KF 11 12A Ice-free 27-Nov-11 17-Jan-12 03-Dec-11 13-Jan-12 01-Dec-11 09-Jan-12
KF 12 13A Ice-free 07-Dec-12 02-Jan-13 04-Dec-12 08-Jan-13 28-Nov-12 19-Jan-13
KF 13 14A Ice-free 12-Dec-13 04-Jan-14 05-Dec-13 01-Jan-14 20-Dec-13 01-Jan-14
NB 04 05A Ice-free 22-Nov-04 05-Jan-05 04-Dec-04 03-Jan-05 - -
NB 04 05B Ice-free 22-Nov-04 06-Jan-05 09-Dec-04 11-Jan-05 23-Nov-04 24-Jan-05
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Dataset Ice start Ice stop Ice classifi-
cation

20 m 40 m 60 m

DVMend DVMstart DVMend DVMstartt DVMend DVMstart
NB 05 06A Ice-free 03-Dec-05 31-Jan-06 10-Dec-05 30-Jan-06 01-Dec-05 28-Jan-06
NB 05 06B Ice-free - - - - 10-Dec-05 11-Jan-06
NB 06 07A 18-Oct-06 23-May-07 Seasonal 05-Dec-06 27-Jan-07 04-Dec-06 29-Dec-06 - -
NB 06 07C Ice-free - - - - - -
NB 07 08A Ice-free 05-Dec-07 08-Feb-08 03-Dec-07 19-Jan-08 - -
NB 07 08B Ice-free - - - - - -
NP 01 02A 09-Apr-01 20-Apr-02 Year-round No DVM No DVM No DVM No DVM No DVM No DVM
NP 02 03A 23-Apr-02 21-Apr-03 Year-round No DVM No DVM No DVM No DVM No DVM No DVM
NP 03 04A 19-Apr-03 26-Apr-04 Year-round No DVM No DVM No DVM No DVM No DVM No DVM
NP 04 05A 20-Apr-04 17-Apr-05 Year-round No DVM No DVM No DVM No DVM No DVM No DVM
NP 05 06A 21-Apr-05 20-Apr-06 Year-round No DVM No DVM No DVM No DVM No DVM No DVM
NP 06 07A 25-Apr-06 31-Mar-07 Year-round No DVM No DVM No DVM No DVM No DVM No DVM
NP 07 08A 01-Apr-07 10-Apr-08 Year-round No DVM No DVM No DVM No DVM No DVM No DVM
RF 06 07A 09-Feb-07 06-Jul-07 Seasonal 13-Dec-06 05-Jan-07 11-Dec-06 14-Jan-07 14-Dec-06 18-Jan-07
RF 07 08A 26-Jan-08 12-Aug-08 Seasonal 17-Dec-07 07-Jan-08 06-Dec-07 11-Jan-08 28-Nov-07 14-Jan-08
RF 09 10A 15-Feb-10 19-Jul-10 Seasonal 11-Dec-09 07-Jan-10 07-Dec-09 03-Jan-10 04-Dec-09 11-Jan-10
RF 10 11A Ice-free 08-Dec-10 11-Jan-11 06-Dec-10 09-Jan-11 03-Dec-10 10-Jan-11
RF 11 12A Ice-free 28-Nov-11 07-Jan-12 24-Nov-11 23-Jan-12 07-Dec-11 27-Jan-12
RF 12 13A 19-Feb-13 01-Jul-13 Seasonal 12-Dec-12 07-Jan-13 03-Dec-12 14-Jan-13 25-Nov-12 14-Jan-13
RF 13 14A 01-Apr-14 10-Jul-14 Seasonal 09-Dec-13 13-Jan-14 05-Dec-13 16-Jan-14 30-Nov-13 18-Jan-14
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SUMMARY

In extreme high-latitude marine environments that
are without solar illumination in winter, light-medi-
ated patterns of biological migration have historically
been considered non-existent [1]. However, diel ver-
tical migration (DVM) of zooplankton has been shown
to occur even during the darkest part of the polar
night, when illumination levels are exceptionally low
[2, 3]. This paradox is, as yet, unexplained. Here,
we present evidence of an unexpected uniform
behavior across the entire Arctic, in fjord, shelf,
slope and open sea, where vertical migrations of
zooplankton are driven by lunar illumination. A shift
from solar-day (24-hr period) to lunar-day (24.8-hr
period) vertical migration takes place in winter
when the moon rises above the horizon. Further,
mass sinking of zooplankton from the surface waters
and accumulation at a depth of !50 m occurs every
29.5 days in winter, coincident with the periods
of full moon. Moonlight may enable predation of
zooplankton by carnivorous zooplankters, fish, and
birds now known to feed during the polar night [4].
Although primary production is almost nil at this
time, lunar vertical migration (LVM) may facilitate
monthly pulses of carbon remineralization, as they
occur continuously in illuminated mesopelagic sys-
tems [5], due to community respiration of carnivo-
rous and detritivorous zooplankton. The extent of
LVM during the winter suggests that the behavior is
highly conserved and adaptive and therefore needs
to be considered as ‘‘baseline’’ zooplankton activity
in a changing Arctic ocean [6–9].

RESULTS AND DISCUSSION

Migrations by Arctic zooplankton persist during the winter and
are driven not by sunlight but by moonlight. Data from moored
acoustic instruments, deployed cumulatively for >50 years,

show that wintertime lunar vertical migration (LVM) is modulated
by both the moon’s altitude above the horizon and its phase and
that this response occurs across the entire Arctic Ocean. We
infer that moonlight plays a central role in structuring predator-
prey interactions and possibly carbon sequestration during the
Arctic winter.
Diel vertical migration (DVM) of zooplankton occurs in virtually

all water bodies and is possibly the largest daily migration by
biomass in the natural world [10]. DVM provides metabolic and
demographic advantages to the migrants [11] and enables
them to avoid predation by visually hunting near-surface preda-
tors [12, 13]. Understanding the magnitude and timing of DVM is
essential for balancing oceanic carbon budgets [5, 14–16]
because the daily migrations are an important step on the lad-
ders of migration transporting surface-fixed carbon into the
ocean interior.
The most important proximate factor driving DVM is the

change in underwater light climate over the course of a day
[17]. High-latitude environments have discrete day/night light re-
gimes during the spring and autumn, and at this time ‘‘classical’’
highly synchronized DVM occurs [18]. However, during mid-
summer andmid-winter in polar regions, light regimes are almost
invariant day to night (known as the midnight sun and the polar
night), at least to the human eye. During the polar night for
example, when the sun is 6–12 degrees below the horizon
(nautical twilight), only a faint glow may be perceived at midday,
becoming almost imperceptible when the sun sinks R12 de-
grees (astronomical twilight) below the horizon (depicted graph-
ically in Figure S1).
During these times, the Arctic seas can be considered similar

to the mesopelagic zone (200–1,000 m) elsewhere in the world
ocean where even small variations in light have been shown to
provide the necessary stimulus for DVM [19, 20]. It is therefore
important to understand the possible effect of moonlight on ver-
tical migration of polar pelagic marine organisms, which, in
winter, inhabit an otherwise permanently dark ocean.

Zooplankton Migrations during the Polar Night
Acoustic Doppler current profiler (ADCP) datawere obtained from
locations across the Arctic (see Figure 1) and cataloged in an
archive (the ‘‘pan-Archive’’). The derived acoustic mean volume
backscattering strength (MVBS) from thepan-Archivewasdouble
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plotted as actograms and used as a proxy for changes in
zooplankton abundancewith an example shown in Figure 2 (three
central panels). Thedataarecenteredapproximatelyon thewinter
solstice when the sun is continuously below the horizon (in this
example 79"N, Kongsfjorden, Svalbard) for several months. In
the autumn and spring when there is ‘‘normal’’ day/night variation
in the solar altitude above the horizon, a classical pattern of syn-
chronized DVM is observed with lower MVBS values (shown in
light/dark blue) during the day versus higher values during the
night (shown in orange/red). Further, higher MVBS values, repre-
sentinghigherbiomass,areseen fora fewhoursat dawnanddusk
asmore intensebands,especially at 58mdepth in theautumnand
spring, which implies active synchronized vertical migrations,
where populations are moving through these layers, but not re-
maining in them for long periods of time.

As the autumn progresses toward winter and the days
become shorter (decreasing photophase), the DVM signal be-
comes constrained in a ‘‘V’’ shape in that there is more nocturnal
activity over the diel cycle. This mirrors the solar altitude acto-
gram in Figure 2 (far right panel). DVMpersists beyond the period

when the sun is above the horizon at local noon and is seen to
occur, in the case illustrated here, until the beginning of
December. This is due to reflected sunlight still visible at noon
until the sun falls R12 degrees below the horizon. At this time,
classical DVM is not manifested but is re-initiated at the start
of January when the sun is still only 11 degrees below the hori-
zon. The pattern of DVM initiation is that of an inverted V with a
reduction in backscatter initially centered near noon, then pro-
gressively tracking the increasing photophases into spring with
reducing nocturnal activity over the diel cycle, again as in the
autumn, mirroring solar altitude (Figure 2, far right panel).
The autumn/spring pattern of backscatter depicted in Figure 2

is replicated across the pan-Archive in line with solar altitude and
conforms to what is already a well-described behavior of
zooplankton [17, 21] and some of their predators, such as polar
cod [22].

Lunar-Month Vertical Migrations
Across the DVM pattern shown in Figure 2 (three central panels)
are regular ‘‘bands’’ of consecutive days where there is a

Figure 1. ADCP Mooring Locations across the Arctic Ocean
(A–D) Maps showing the following: locations of the ADCP stations across the Arctic Ocean; all mooring sites areR 69"N spanning a wide range of latitudes and

levels of solar illumination during the polar night (A) (see also Figure S1). Increased scale is shown for those centered around; the North Pole (B); the Beaufort

Sea (C); and the Svalbard archipelago (D). ADCP stations colored as green dots were used for period analysis of both the LVM-day and LVM-month, while red

stations were used for LVM-day analysis only as deployment times at other stations were too short for chronobiological analysis or did not incorporate the depths

required.
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disruption of the DVM signal, both in the autumn and the spring,
i.e., the timing of dusk/dawn DVM migrations are disrupted.
Further, in December and early January, there are bands of
reduced (seen as blue) backscatter in surface layers (18 m) but
with increased backscatter at depth (38 and 58 m) (yellow/
orange/red). The timing of these bands coincides precisely
with the time of the four winter full moon (FM1–4) periods, the pe-
riods with greatest lunar illumination (Figure 2, right box). How-
ever, this ‘‘lunar banding’’ within the ADCP data is only apparent
for !6 consecutive days over the full moon period when the
moon is typically between waxing and waning gibbous (20% of
time over the lunar month). Occurrence of lunar-month period-
icity within the pan-Archive was determined by averaging
MVBS data across midnight to remove any residual effect of
the solar cycle (in this example from 58 m depth) between
22:00 and 02:00 over 6 months, shown in Figure 2, right box.
Data for period analysis have been collected from stations in Fig-
ure 1 (red dots only, see Supplemental Experimental Proce-
dures). Significant periodicity in the lunar-month range (between
24.5 and 34.5 days) spanning the sidereal and synodic lunar
month was detected at any one or more depths (depth bins

closest to 20, 40, and 60 m) at all locations (Table 1). We term
this behavior lunar-month vertical migration (LVM-month) and
highlight that LVM-month cannot be explained by increased tidal
flow as a result of the spring/neap cycle since there is no corre-
sponding behavior at new moon spring tides.
Although a number of studies have recognized the response of

zooplankton to moonlight or moon phase, accounts have been
from discrete locations. Dietz [23] showed that zooplankton
migrate upward after the setting of a full moon at night, while Gli-
wicz [24] demonstrated that freshwater copepods have different
nocturnal vertical positions in the water column depending on
the relative timing of moonrise and sunset. Some species such
as the sergestid shrimp, Acetes intermedius, show migratory re-
sponses to changing lunar phase [25], and Benoit-Bird et al. [26]
showed fortnightly vertical and horizontal (away from shore) mi-
grations correlated with lunar phase in micronecton off Hawai’i.
In very clear oceanic water, the lunar signal has been shown to
drive migrations to bathypelagic depths (!1,000 m) with the
suggestion that this is a cascade response, with deeper-living
organisms responding to movements of shallower-living, sur-
face-synchronized populations [27]. The findings presented

Figure 2. Methodological Approach to Determine the Lunar Influence on Zooplankton Migrations
The three central panels show double-plotted actograms of mean volume backscatter (MVBS) at three depths representing data over 6 months (10/01/2006–03/

31/2007), from Kongsfjorden, Svalbard at 79"N (see also Figure S2). The actograms are centered about the winter solstice as highlighted by the solar altitude

actogram in the far right panel where the outer contour lines represent sun at 0 degrees, and inner contours represent sun at #12 degrees below horizon. MVBS

data were extracted from the actogram to analyze for LVM-month (right box) and LVM-day (left box) periodicity. The right box contains a single plotted actogram

of lunar phase (as a proxy for lunar illumination) as grayscale, where white equates to full moon and black equates to new moon, with the four periods of the full

moon (FM) over the winter labeled (FM 1–4). Data were extracted from 58mwhere MVBSwere calculated from data 2 hours either side of midnight. It can be seen

that with increasing lunar illumination, there is corresponding increase in MVBS, i.e., increased backscatter at this depth especially at FM 2–4. The left box

focused on only a single full moon event, in this case on 12/05/2006 to determine LVM-day periodicity. Here, lunar altitude cycles are presented 3 days either side

(12/02/2006–12/07/2006) of full moonwithMVBSdata extracted at three depths.When themoon is at its lowest altitude, there is a brief increase inMVBS at 18m,

at least for the first two lunar-day cycles. Similarly, at 38m there is an increase inMVBS as themoon sinks, and as it rises, the two cycles are in antiphase. At 58m,

the MVBS cycle is once again in phase with lunar altitude. Using this approach of data extraction, it is possible to carry out a chronobiological analysis to

determine the most significant periods that explain any cyclic activity within the MVBS pan-Archive data. All times are local (corrected for longitude).
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here are not isolated but ubiquitous across the Arctic Ocean and
typically under a sea ice cover, where the influence of the sun has
been reduced and the importance of the moon in structuring
populations identified.

As with classical DVM, we suggest that the adaptive reason
behind LVM-month is in the avoidance of light-mediated visual
predators. Moonlight has been shown to increase nocturnal
hunting in some terrestrial predators [28] and will influence
zooplankton capture success of freshwater predatory fish [12].
Indeed, both Gliwicz [24] and subsequently Hernández-León
et al. [29] demonstrated that changes in zooplankton density
were correlated with lunar phasewheremoonlight was attributed
to driving predatory grazing. Recent observations have shown
that birds and fish can forage successfully during the polar night
[4], and behavioral modeling has shown that foraging success, at
least in fish, is likely to increase with retreating sea ice cover and

increased light penetration onto the water column [30]. Although
it is not well understood how important visual predation is at high
latitudes during the winter, some evidence indicates that the
planktonic amphipod predator Themisto libellula is able to detect
its calanoid prey even at 80"N during the darkest part of the polar
night [31].

Lunar-Day Vertical Migrations
Analysis of MVBS data have further revealed 24.8-hr periodicity,
which is synchronized to the altitude of daily lunar cycles as illus-
trated in Figure 2, left box. We term this new behavior of
zooplankton lunar-day vertical migration (LVM-day). When data
are combined from the pan-Archive for stations from Figure 1
(green and red dots; see Supplemental Information) and
analyzed for significant periodicity, we can identify a shift of
mean periodicity centered at 24 hr during the autumn and spring

Table 1. Summary Table for Data from the Pan-Archive ADCP Moorings Used to Analyze for LVM-Month

Geographical Area

Geographical Coordinates

Analysis of ADCP Data for Lunar-Month

Periodicity (Days) at Three Depths

Latitude Longitude 20 m 40 m 60 m

Canadian Archipelago 71" 00.410 N 126" 04.460 W 29.5* 29.5*

Canadian Archipelago 71" 04.810 N 133" 37.750 W ns 25.71 25.58

Canadian Archipelago 71" 05.150 N 133" 43.270 W 29.5*

Canadian Archipelago 71" 32.270 N 127" 01.460 W ns 25.58

W. Greenland 76" 17.380 N 071" 56.370 W 26.53 29.5*

W. Greenland 76" 17.600 N 071" 55.630 W 29.5*

Laptev Sea 78" 27.990 N 125" 40.910 E 29.5* 29.5* 29.5*

Svalbard 78" 39.760 N 016" 11.250 E 29.5* 29.5*

Svalbard 78" 57.440 N 011" 49.600 E 26.67 27.58

Svalbard 78" 57.750 N 011" 45.550 E 27.47

Svalbard 78" 57.750 N 011" 45.560 E 29.5* 29.5* 29.5*

Svalbard 78" 57.750 N 011" 45.560 E 29.5* 29.5*

Svalbard 78" 59.180 N 011" 20.930 E 33.78 29.5* 29.5*

Svalbard 79" 01.200 N 011" 46.420 E 26.60 29.5* 29.5*

Laptev Sea 79" 55.100 N 142" 21.150 E 26.24 27.25 33.33

Svalbard 80" 16.890 N 022" 18.900 E 29.5* 29.5*

Svalbard 80" 17.030 N 022" 18.150 E 29.5* 29.5* 26.04

Svalbard 80" 17.220 N 022" 15.450 E 29.5* 30.581

Svalbard 80" 17.600 N 022" 18.800 E 29.5* 29.5*

Svalbard 80" 18.010 N 022" 17.660 E 29.5* 29.5* 29.5*

Svalbard 80" 18.080 N 022" 17.440 E 29.5* 32.79

Svalbard 80" 18.420 N 022" 17.500 E 29.5* 29.5*

N. Pole 89" 15.170 N 064" 41.510 E 29.5*

N. Pole 89" 20.810 N 077" 07.210 E 34.48

N. Pole 89" 23.340 N 046" 01.150 W 26.88

N. Pole 89" 27.290 N 089" 19.740 E 29.5* 29.5* ns

N. Pole 89" 27.460 N 053" 31.260 E ns 29.5*

N. Pole 89" 33.410 N 066" 38.820 E ns 26.18

TSA Cosinor analysis of 6 months of data at the closest depth bin to 20 m, 40 m, and 60 m and spanning the polar winter was used to detect 29.5-day

lunar-month periods. Initial tests were run at this period and if significant are defined as 29.5*. Otherwise, the most significant period was found using

periodogram analysis and displayed if within the lunar-month range, defined as 24.5–34.5 days in line with analysis for the circadian range (±16%of the

lunar-month period). All results are at the p < 0.05 level unless stated as non-significant (ns). Empty cells represent results outside of the lunar-month

range.
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full moon times (FM 1 and FM 4) to mean periodicity centered
close to 24.8 hr during the two full moons either side of the winter
solstice (FM 2 and FM 3) as depicted in Figure 3. The implication
of this is that vertical migrations are driven by the changes in
lunar irradiance over the course of (approximately) a day. This
is manifested as a slope in the actograms, i.e., MVBS data are
not centered on 24 hr (as with classical DVM), but, instead, the
data ‘‘slant’’ to the right where the periodicity is > 24 hr, implying
lengthening of period from 24 hr. This is illustrated in Figure 2 for
the full moon period approximately between 01/01/2007 and 01/
05/2007 at 38 m and 58 m depth (FM 2), with greater detail and
further examples shown in Figure S2. To our knowledge, this
response, cued directly by changes in lunar altitude and hence
illumination, has never been described for any migratory
behavior other than that controlled by the interaction between
the tidal and day/night cycles, usually in intertidal inhabitants
[32, 33]. At the proximate level, zooplankton are responding to
subtle changes in light level, presumably to avoid predation,
where the migratory response is exogenously driven, and this
behavior remains intact over the winter period.
Astronomical constants are such that lunar phase is consistent

across all latitudes. Lunar altitude, however, is not, and it is

apparent that the rising or setting of the moon, even when not
full, can play a significant role in driving vertical migrations.
Closer investigation of the central panel actograms in Figure 2
(see also magnification of actograms in Figure S2) between 11/
02/2006 and 11/11/2006 at all depths reveal phase disruption
to the DVM migratory pattern due to the rising of the moon. At
this time, the moon is just rising above the horizon and provides
sufficient moonlight to delay the ascent of zooplankton to the
surface from 18 m, but not from deeper layers. Since the rising
of the moon above the horizon occurs earlier each day, the
time that zooplankton initiate the upward dusk migration to the
surface layers is delayed until such a time when the moon is
bright, or high enough, to suppress DVM completely, which, in
this example, occurs from 11/06/2006 onward. Indeed, changes
in the light field and the disruption of migrations have been docu-
mented for both lunar [34] and solar eclipses [35], the suggestion
being that even subtle changes of light, such as the 77% eclipse
documented by Strömberg et al. [35], were sufficient to trigger
migrations in krill, even at!80m depth. Changes in light climate,
such as from the masking effect of clouds, may explain the sub-
tle variation in the lunar migrations between months and years
seen within the pan-Archive. However, since cloud cover is

Figure 3. Period Analysis of Zooplankton Migrations across the Winter Full Moons
Mean significant periods over 6 days across four full moons (FM 1–4) where FM 1–4 refer to the four full moons seen in the 60 days either side of winter solstice

(absolute dates vary between years). The central solid vertical line shows the relative timing of the winter solstice (on average, at the midpoint of FM 2 and FM 3).

24-hr (solar-day) periodicity is defined by the horizontal dashed line, and 24.8-hr (lunar-day) periodicity is defined by the horizontal solid line. The mean period for

each full moon is shown by solid circles andmedian period by targets. The 25% and 75%quartiles are defined by the box edges, with data points within ± 50% of

this range included in the whiskers. Crosses show all individual data points outside these boundaries. Number of data values for each full moon varied (FM 1 = 40,

FM 2 = 30, FM 3 = 28, FM 4 = 29).
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spatially and temporally highly variable and meteorological (ra-
dar) data are limited in this region, it was not deemed appropriate
to assess as part of this broad-scale study.

Mechanisms, Consequences, and Summary of
Zooplankton LVM during the Polar Night
There is limited information on the visual acuity of Arctic zoo-
plankters. Radiative transfer modeling has shown that in the
top 75 m, solar irradiance in January exhibits a maximum wave-
length at 485 nm, which, for the commonly occurring krill
Thysanoessa inermis, means limited detectability to only 20–
30 m depth [36]. For Calanus spp., a phototactic response was
determined at 455 nm with an intensity of only 10#8 mmol pho-
tons m#2 s#1, suggesting that bright moonlight (!10#2 mmol
photons m#2 s#1) would be of biological relevance down to
120–170 m with highest sensitivity to blue and green light [37].
Copepods, the main constituents of zooplankton communities,
are therefore likely to be well adapted to perform LVM during
the polar night, when intensity and diurnal variation of ambient
solar irradiance is low.

It is probable that zooplankton migrations (DVM, LVM-month,
and LVM-day) are ultimately underpinned by biological clocks
[38], though the responses to moonlight described here are
probably exogenously driven. As argued by Berge et al. [2], the
spontaneous onset of strict 24-hr DVM observed during January
requires an exogenous trigger, or Zeitgeber. Since most candi-
date triggers are either continuous (e.g., tides) or do not match
the circadian period (e.g., temperature), the suggestion by the
authors was that migrations were triggered by ‘‘imperceptible’’
variations in illumination. Although our understanding of non-
circadian ‘‘enigmatic clocks’’ remains limited [39], a recent study
has demonstrated that a dedicated lunar clock, entrained by
moonlight, appears to be operating, at least in the polychaete
Platynereis dumerillii [40], and it remains to be determined, with
laboratory studies, whether this is also evident in zooplankton.

The moon’s influence on zooplankton migrations results in
monthly accumulations of animals at !50 m across the Arctic.
At such times there is insufficient irradiance at this depth for
many predatory species to detect their prey and vice versa
[4, 36, 37]. In this respect, an analogy can be drawn between
the polar night pelagic ecosystem and the North Atlantic meso-
pelagic (twilight) zone, in that primary production is absent, and
for much of the winter, predator-prey interactions become influ-
enced by bioluminescence and non-visual tactic, chemosen-
sory, or chance encounters [41, 42]. The consequences of
LVM-month to carbon sequestration is unknown, but DVM has
been shown to significantly enhance the gravitationally mediated
flux of material into the deep ocean by up to 53% [15] with esti-
mates ranging from 0.5 to 1.5 g C m#2 y#1 [16] and increased
provision of organic carbon to marine bacteria, considered cen-
tral to the carbon pump [43]. Further, it has been shown that that
lunar-induced migration exports carbon to depth by the con-
sumption and transport of epipelagic zooplankton and that this
is on the order of the mean gravitational export [9]. It remains
to be tested whether there is increased carnivory within the
zooplankton community associated with LVM-month, thereby
potentially enhancing the transport of particulate organic carbon
(POC) and dissolved organic carbon (DOC) to depth due to the
respective production and breakdown of fecal pellets [44].

In summary, we present compelling evidence of zooplankton
migrations during the polar night across the Arctic Ocean, in
fjords, on the shelf, slope, and open sea across 21 degrees of
latitude. This finding is consistent at all locations of the pan-
Archive. The LVM-month behavior is coincident with the time
of the full moon and typically involvesmovement to deeper water
for a few days, the reason for which is hypothesized to be avoid-
ance of visual predators capable of utilizing the lunar illumination
to hunt. In addition, we describe LVM-day behavior, which is
coincident with lunar elevation above the horizon near the time
of the full moon. Both LVM-month and LVM-day can disrupt or
mask classical DVM migrations when the sun is still just above
or just below the horizon. Collectively, these data show that there
is a robust zooplankton response to what might be considered
very subtle changes in illumination, a response that was until
now unexpected but alluded to in single-site observations in
the Arctic [2, 4]. As with the hunting behavior of mythical
werewolves that is driven by moonlight, our data reveal a moon-
light-driven reality withmajor implications to real-world predator-
prey relations [30, 31], zooplankton phenology [45], fish/seal
foraging patterns [22], and avian predation [4]. Finally, the impli-
cations of LVM on carbon sequestration [5, 46] need to be quan-
tified with field data, which may then inform the budgeting of
Arctic biogeochemical models.

EXPERIMENTAL PROCEDURES

A standard chronobiological toolkit was used to visualize and quantify migra-

tory periodicity (time series analysis [TSA] Cosinor 6.3 package) of

zooplankton. Details of study areas, moorings, environmental parameters,

and statistical approaches and magnified details of LVM-day actograms are

given in the Supplemental Information.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures

and two figures and can be found with this article online at http://dx.doi.org/

10.1016/j.cub.2015.11.038.

AUTHOR CONTRIBUTIONS

K.S.L. handled the study design, methodological approach, interpretation, and

manuscript preparation. L.H. performed data analysis, interpretation, and

manuscript review. A.S.B. performed interpretation and manuscript review.

J.B. was a principle investigator (Circa: 214271) and carried out study design,

interpretation, and manuscript review. F.C. was a principle investigator (Pan-

archive: NE/H012524/1) and pan-Archive custodian and handled the study

design, interpretation, and manuscript review.

ACKNOWLEDGMENTS

The creation of the pan-Arctic archive of ADCP data was supported by the UK

Natural Environment Research Council (NERC) (Panarchive: NE/H012524/1

and SOFI: NE/F012381/1) as was mooring work in Svalbard (Oceans 2025

and Northern Sea Program). Moorings were also supported by the Research

Council of Norway (NFR) projects: Circa (214271), Cleopatra (178766), Cleopa-

tra II (216537), andMarine Night (226471). J.B. was financially supported by the

NRC and ENI Norge AS (EWMA: 195160). We wish to thank the following in no

particularorder for providingADCPdata foranalysis: JamesMorrisonandRoger

Anderson (Polar Science Centre), who provided the data source from the North

Pole Environmental Observatory, National Science Foundation (NSF) (http://

psc.apl.washington.edu/northpole/Mooring.html); Knut Aagaard,whoprovided

the North Pole ADCP data funded by NSF (OPP-9910305, OPP-0352754, and

ARC-0856330); Humphrey Melling (Institute of Ocean Sciences - Fisheries and

6 Current Biology 26, 1–8, January 25, 2016 ª2016 The Authors

Please cite this article in press as: Last et al., Moonlight Drives Ocean-Scale Mass Vertical Migration of Zooplankton during the Arctic Winter, Current
Biology (2016), http://dx.doi.org/10.1016/j.cub.2015.11.038



Oceans, Canada), whoprovideddata fromChukchi Plateau,CanadaBasin, and

Baffin Bay, supported by the Canada Action Plan 2000 on Climate Change, the

Canada Program on Energy Research and Development, the Canada National

Science and Engineering Research Council, the USA NOAA Arctic Research

Program, and the Canadian Coast Guard; Igor Polyakov and Vladimir Ivanov

(International Arctic Research Center, University of Alaska Fairbanks), who

provided data from the Nansen and Amundsen Basins Observational System

(NABOS) funded by the NSF (1203473); and Bill Williams and Eddie Carmack

(Institute of Ocean Sciences).

Received: September 23, 2015

Revised: November 16, 2015

Accepted: November 17, 2015

Published: January 7, 2016

REFERENCES

1. Fischer, J., and Visbeck, M. (1993). Seasonal variation of the daily

zooplankton migration in the Greenland Sea. Deep Sea Res. Part I

Oceanogr. Res. Pap. 40, 1547–1557.

2. Berge, J., Cottier, F., Last, K.S., Varpe, Ø., Leu, E., Søreide, J., Eiane, K.,
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35. Strömberg, J.-O., Spicer, J.I., Liljebladh, B., and Thomasson, M.A. (2002).

Northern krill,Meganyctiphanes norvegica, come up to see the last eclipse

of the millennium? J. Mar. Biol. Assoc. U.K. 82, 919–920.

36. Cohen, J.H., Moline, M.A., Berge, J., Sørensen, A.J., Last, K., Falk-

Petersen, S., Renaud, P.E., Leu, E.S., Grenvald, J., Cottier, F., et al.

(2015). Is ambient light during the high Arctic polar night sufficient to act

as a visual cue for zooplankton? PloS ONE 10, e0126247.

Current Biology 26, 1–8, January 25, 2016 ª2016 The Authors 7

Please cite this article in press as: Last et al., Moonlight Drives Ocean-Scale Mass Vertical Migration of Zooplankton during the Arctic Winter, Current
Biology (2016), http://dx.doi.org/10.1016/j.cub.2015.11.038
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Figure S1. Related to Figure 1. Differences in light regimes according to the angle of the sun: civil twilight at 

latitudes between the polar circle and 72°N, civil polar night at latitudes between 72° and 78°N, nautical polar 

night at latitudes above 78°N. When moving from south to north, the duration of the polar night as well as the 

level of solar radiation, change. Image modified from Berge, et al. [S1]. 

  



 

 

Figure S2. Related to Figure 2. Magnification of actograms extracted from Figure 2 (three central panels) 

highlighting the occurrence of lunar-day vertical migrations (LVM-day) of zooplankton and lunar induced 

migratory phase disruptions. The four rows depict the four full moon periods (FM 1-4) during the polar winter at 

three depths (18, 38 and 58 m). Horizontal lines represent the day of the full moon during each 14 day actogram. 

Vertically slanting dots represent times of maximum daily lunar elevation.  Note how LVM-day is manifested 

during the FM 2 period at 38 m as decreased backscatter (light/dark blue), where data are slanting vertically left 

to right tracking the time of maximum daily lunar illumination. Note also how migratory phase disruption 

during the afternoon DVM ascent is seen over the FM 1 period at all depths. 
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Supplemental Experimental Procedures 

Study area  

300 kHz ADCP data had been collected by numerous international groups (see Acknowledgments section) at 

sites around the Arctic (Figure 1) as part of specific observational programs. The selection of sites within the 

Arctic was principally on the availability of data and the agreement of the data originators in contributing their 

data to the ADCP archive.  However, effort was made in the creation of the archive to include ADCP data from 

a variety of sectors around the Arctic, a variety of bathymetric domains (eg fjords, coasts, shelves, shelf slope 

and deep basin). The sites also covered a large latitudinal gradient (69o N to the North Pole) encompassing the 

areas representing civil, nautical and astronomical twilight (when the sun is between 0-6o, 6-12o and 12-18o 

below the horizon respectively) during the polar night, here exemplified in Figure S1. 

 

Acoustic ADCP moorings 

Acoustics have been shown to be a powerful tool for identifying vertical migration in zooplankton [S2].  

Calibrated echo-sounders are the primary instrument for marine bioacoustics but their use in the Arctic is 

primarily confined to ships [S3].  To identify seasonally varying behaviours it is necessary to use moored 

instrumentation.  The most prevalent acoustic instrument used on Arctic moorings is the ADCP which is 

primarily used for measuring current velocities.  However, these instruments have been used increasingly to 

identify zooplankton behaviours [S4-7], despite not being calibrated for use in biological observations.  To 

maintain comparability between data sets we limited our selection of instruments to the RDI Workhorse 300 

kHz ADCP.  These are in widespread use on Arctic moorings and have the advantage that backscatter is 

recorded explicitly in the data file and is easily transformed into mean volume backscattering strength (MVBS 

measured in db re m-1) and that their deployment is generally limited to a maximum of 300 m and so provides a 

level of consistency in the depth of water being sampled. Only ADCPs moored at <120 m were used so that the 

entire water column to the surface was ensonified.  

Finally all ADCP data were checked for quality using the RDI correlation index (a measure of signal to noise 

ratio) recorded at the instrument. Absolute volume backscatter (SV, measured in decibels, dB) was integrated 

over a finite volume to derive MVBS from echo intensity following the method described in Deines [S8] and 

later employed by Tarling, et al. [S9], Brierley, et al. [S10], Cottier, et al. [S11] and Berge, et al. [S4]. 

 

Visualisation and analysis of ADCP data 

MVBS data were arranged in the form of “actograms”, a common method of data display in chronobiological 

research. Single depth, winter (defined here as 1st October – 31st March, the time period covering the greatest 

number of datasets) data were extracted from each dataset. Each 24 hour period of data is transposed into a 

single row, and 24 hour periods are stacked on top of each other to create a MVBS data matrix. This is 

duplicated in the x-axis dimension, to create a double plotted actogram that represents 48 hours of data on each 

row such that the transition across both midnight and midday can be readily observed. The values of MVBS are 

plotted in the z-axis in a red to blue colour pallet with an example of such a plot depicted in Figure 2. Diel 

changes on any single day can be viewed by looking horizontally across the plots. Long term changes across the 

winter period can be seen by the vertical variation in the plots.  For each data set, three actograms of backscatter 

were created at the ADCP data bins closest to 20 m, 40 m and 60 m. The 20 m bin was selected as this allowed 

the best compromise between visualizing surface behaviour and having the most datasets available (in many 

cases, bins shallower than this were not available due to the depth of the ADCP installation, and/or 

contaminated by the sea/air density interface at the surface).  Data on lunar illumination have also been arranged 

as actograms, although they are single plotted for clarity. 

 

  



Environmental parameters 

The altitude and illumination of the moon were calculated for each dataset using the longitude and latitude of 

the ADCP mooring position and local time.  Values were calculated for the same time points as the ADCP data 

(and so resolution varies between deployments). All data is calculated at sea level. Astronomical values were 

calculated using an astronomy and astrophysics package for Matlab 

(http://adsabs.harvard.edu/abs/2014ascl.soft07005O) where full moon times were defined as the maximum value 

of illumination in any 29.5 day period. These data were cross-checked against several online sources to confirm 

accuracy. Solar altitude data were calculated using a series of functions written for Matlab, for full details see 

http://stjarnhimlen.se/comp/tutorial.html#5.  

 

Lunar-month (29.5 days) period analysis 

Three depths layers were selected for analysis, guided by the results of Berge, et al. [S4] to identify those depths 

where winter activity was expected. Data from 20 m, 40 m, and 60 m were used (or closest ADCP data bin). If 

all three depths were not available, the dataset was not used. MVBS values were calculated from the midnight 

period for each day between 22:00 and 02:00, when the moon was at its highest and brightest. All data points 

recorded between these times were extracted, linearized (using Equation 1) and averaged from the 1st October to 

31st March resulting in one data point per 24 hours (n = 180). 28 datasets were used in the subsequent analysis 

after datasets that did not fit the time and depth requirements were excluded. 

!" = 10
&'
()    (Eq. 1) 

 

Where Sv is the volume backscattering strength in decibels (dB), and sv is the same parameter in the linear 

domain. 

Population mean TSA Cosinor analysis [S12, 13] was used to test all datasets for 29.5 day periodicity at 95% 

certainty. If valid, the single depth sub-dataset was defined as “lunar”. If not, a Lomb-Scargle periodogram was 

generated to find the most significant period. If this returned a significant value in the lunar-month range, 

between 24.5 and 34.5 days (in line with analysis for the circadian range (±16%) [S14]), the sub-dataset was 

determined to be “lunar”. If the most significant period was outside of this range, or not significant when 

analysed with TSA Cosinor or periodogram analysis, the sub-dataset was defined as having no significant LVM-

month periodicity.  

 

Lunar-day (24.8 hours) period analysis 

The four full moons times (FM 1 – 4) over winter (60 days either side of winter solstice) were used in this 

analysis. Exact full moon times were calculated (as above), and the data from three days either side of this were 

extracted (varied from n = 144 to n = 864 depending on original sampling resolution of dataset). Data were 

extracted from the ADCP depth bin closest to 50 m (as this was the depth of the strongest mid-winter DVM 

signal in Berge, et al. [S4]). Any datasets without a depth bin close to 50 m, or not encompassing the full time 

period which was required were discounted (number of ADCP stations used: N=49). Lomb-Scargle 

periodograms were created for each sub-dataset to find the most significant period in the range of 19 to 29 hours 

which covers both the circadian (24 hour) and circalunar or lunar-day (24.8 hour) range. 
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Appendix F

Guide to actogram production

Actograms have been used throughout this thesis as a method of displaying both short
term and long term behaviours on the same figure. The following steps list the basic
steps that should be undertaken to create actograms with other data. In this example, it
is assumed that multi-depth ADCP data is used. However, the method is applicable to
observational data of many sorts. The actograms in this thesis were created in Matlab, but
the overall method shown below is transferable to other data management software.

Step 1: Limit data to single depth/single sample. A single row of data which only varies
in the time variable should be used.

Step 2: Create a corresponding time variable, with a time stamp associated with the
data. This should be the same size of variable as the backscatter data. The sampling, and
therefore time variable, should have regular time intervals.

Step 3: Limit both the time and backscatter data to start after the first occurrence of
midnight, and end before the last. Only complete days of data should be used, and so any
fractions of days of sampling should be removed.

Step 4: Calculate the number of samples in each 24 hours (Samples In Day, SID) using
the time resolution of sampling. For a time resolution in minutes, use Equation F.1.

Samples In Day (SID) =
60

time resolution (minutes)
⇥24 (F.1)

Step 5: Extract single periods of 24 hours worth of backscatter data (for example, if SID
= 72, each single period will be 72 data points). These periods of data should be stacked
vertically, to form a matrix. The resultant number of rows should be equal to the number
of complete days of sampling. The following section of script demonstrates how this
would be conducted in Matlab, where Sv = the single depth backscatter data, time = time
variable, SID = the number of samples in a 24 hour period:

for i = 1:length(time)/SID %calculates number of rows
actogram data(i,:) = Sv(((i-1*SID)+1):i*SID)
end

Step 6: Copy and paste this matrix in the x-axis. The width of the matrix should now be
SID*2, the length should remain the same (at the number of sampling days).
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Step 7: Create a new time variable for the x-axis. A midnight time stamp on an arbitrary
day should be the first point, and then the following time stamps following the original
time resolution of sampling for a 48 hour period. The size of this variable should be 1 by
SID*2

Step 8: Create a new time variable for the y-axis. Each time stamp should be the midday
time of each date of sampling. The length of this variable should be the same as the
number of days of sampling.

Step 9: The matrix can be projected as an image. The z-axis (colour) shows the observa-
tional data, in this case backscatter. If using Matlab, “imagesc” is an appropriate function
to use.
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