


























where ! iy, accounts for the absorption by water vapour and ozone and the factor 0.5

expresses that only half of the radiation is scattered towards the sea surface, while half the
radiation is scattered back to space (Drange and Simonsen 1996).

In this study, we are only interested in light at 486 nm, because this wavelength is presumably
most relevant to the visual system of myctophids (Turner et al. 2009; De Busserolles et al.
2015) and because light in the green-blue spectra penetrates deepest in ocean water. Norheim
et al. (2016) have measured surface irradiance during a cruise across the Norwegian Sea at
486 nm. Multiplying the modelled irradiance by a factor of 0.00205 resulted in the best fit
with the field measurements by Norheim et al. (2016) and was consequently used consistently
to derive irradiance in at 486 nm from full-spectra irradiance.

Astronomical quantities
Irradiance calculations are based on the sun’s position in the sky throughout the year. We
calculate the declination angle of the sun § [radians] and the eccentricity correction factor of
the earth g, [dimensionless] accounting for variation in the distance between the sun and earth
over the course of the year as described by Spencer (1971) in e.g. Duffie and Beckman 1991
or Vignola et al., 2012:
6 = 0.11"#3%

+ 0.I"I#$"  sin(I") — 0."""#$ cos(I) (21)

+0.M"1%#  sin(I") — 0.1"#$% cos(2I)

+ 0.1M"#$!  sin(IT) —0.1"#$% sin(1I")

g, = 1.00011 + 0.001280 sin(I") + 0.034221 cos(I") (22)
+0.000077 sin(2I") + 0.000719 cos(2I)

where the day angle I', is derived for a given day 1 < d <365:
r 2n(d — 1) (23)
- 365

The zenith angle 8; (radians) for a given a latitude @ (radians) can then be calculate as
follows because the declination angle & is known:

cos(8z) = sin(®) sin(d) + cos(®) cos(d) - cos(! ) (24)
where ! 1" I"# hour "#$%(!"#$"%&:

P (25)
I = 27'[?

For every ! I"# of the day the hour angle, i.e. the angular motion of the sun in the sky,
changes by 15° or = 0.263 radians because the earth completes a full revolution during a 24-
hour period.

The elevation angle a; (degree), also used interchangeably with altitude angle, is the height of
the sun above the horizon at a particular time of year:

I"# (26)
a, = sin"![cos(8,)] 5



Light transmission and light at depth
We calculated the ambient light I, ; at depth z and time ¢ in dependence of the reflective loss
1 at the water surface, and light attenuation K (m™):

I = {Iqb,t -y - e~ (#Kupr) ,forz < 100m (27)
z,t —

Ips Yy - e~ (100-Kupr + (21000 Kiwr)  for z > 100 m

here, we assume different attenuation coefficients for the upper 100 m K, and all depth
below 100 m K.

The reflective loss 1 caused by reflection and refractionis calculated using Fresnel equations
and Snell's law (Kirk 1994; Mobley 1994). Reflective loss only occurs when the sun is above
the horizon, i.e. when the solar elevation angle o > 0.
1= (1 . s?n(Hz — )’ + 1 tan(0; — 9W)2> Jfora >0 (28)
Yo = 2 sin(67 +6,,)?> 2 tan(67 + 6,)>
1-0 Jfora <0

where 6 [radians] is the zenith angle, 8,, [radians] is the angle of the downwards transmitted
beam in water, following if Snell’s law is written as:

0 sin-1 n, - sin(0z) (29)
w nw

here, n,, and n, are the reflective indices of water and air, respectively.
Bioenergetics and gut evacuation

Our bioenergetic calculations are in large parts based on the generalized bioenergetics model
of fish growth by Hewett and Johnson (1992).

The net energy balance AE [J] of an individual determines how much ‘surplus’ resources are
available for allocation to somatic growth, including structures and stores, and reproduction.
The net energy balance AE is determined by the rate at which energy is assimilated through
digestion D [J h™'] after subtracting the ‘running costs’ (RMR and S) and the ‘waste losses’ (F
and U):

AE, = D, — (RMR; + S;) — (F; + U,) (30)

where RMR [J h™'] is the routine metabolic rate, S, [J h™'] is the energy accounted for by
specific dynamic action, and F, and U, denote egestion or faecal waste [J h™'] and excretion or
nitrogenous waste [J h™'], respectively. We modelled egestion F; as a constant proportion F,
of digested food D;:

F,=FE -D; (31)
and excretion U; and specific dynamic action S; as constant proportions U, and S, of
assimilation:

U =Uy  (Dy — F) (32)

St = Sa * (Dt - Ft) (33)



Digestion D, is temperature-dependent. We adopted an exponential model for gastric
evacuation rate [fraction of gut content h™'] from Hudson ef al., 2014, based on an earlier
study by Pakhomov et al., (1996):

GER,z,t = 0.0942 - 6(0'0708'T2.t) (34)

where 7, denotes ambient water temperatures (°C), for a given depth z and time ¢.
Digestion is then calculated as:
D,=G,-(1— eGER,z,t) (35)

The routine metabolic rate RMR [J h™'] of fish was defined as the standard metabolic rate
SMR [J h™'] scaled by an activity constant y [dimensionless]:

where SMR is calculated following Killen et al., (2010, see Fig.1 therein, but for comparison
see also Davison et al., 2013). Here we, however, scale SMR for a QlO ~ 2 5:

W \%83 B- 273 15
SMR = 852 - 101°< (37)

> [B (273. 15+‘rzt)] [
1000

B 273 15

where ¥ [g] is the body weight and B (eV °K ™), x, x’ are constants.
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Table S1: Definitions, values, units and references of the terms used in the model. Abbreviations

Supplement 2

SUPPLEMENTARY PARAMETER TABLE

denote parameter values for Benthosema glaciale (Bg), piscivorous fish (Pf) and zooplankton (Zp),

respectively.

Term Definitions Value Unit Ref.

Aprey Prey image area m’

Cprey Prey contrast Zp=0.5,Bg=0.5 Dimensionless

(o Consumption rate Jn'! !

Dy Digestion rate Jn'! !

F, Proportion of consumption lost to egestion 0.16 Constant !

ForaT Terminal fitness function J

Forat Fitness function J

F, Egestion rate or faecal waste Jn'! !

Ggrt Gastric evacuation rate Ef?aion of gut content 23

Gmax Absolut gut size 0.03 f;gf{[ion of body mass 4-6

Ig Extra—terrestrial radiation W m?

I, Ambient light at depth z mW m >nm ' at 486 nm

Ke Composite saturation parameter Bg=110"% Pf=4-10"* mW m > nm ' at 486 nm

Kiwr Light attenuation coefficient, z>100m See Fig. 2C m’ 7

Kupr Light attenuation coefficient, z<100m See Fig. 2C m’ 7

M Predation mortality rate Ind. h!

Npred Predator (piscivorous fish) density 5.0-10°° Ind. m”*

Nprey Prey density See Fig. S1 Ind. m”*

Rinax Absolute reserve size 0.2 f;gf{[ion of body mass

RMR; Routine metabolic rate Jn'! .

. e e g, |

Sprey Prey length—to—width ration Zp=0.2,Bg=0.2 Ratio

SMR; Standard metabolic rate Jn'!

S, En{:rgy accounted for by specific dynamic T 1
action

U, Proportion of consumption lost to excretion 0.1 Constant !

U Excretion rate or nitrogenous waste Jn'! !

Wprey Weight of the prey 1.08:10°° g .1

a0 Xz?fe‘lrc\i/:gtour and ozone absorption 0.09 Dimensionless

Cclouds Cloud cover 0 Fraction

ip Beam component of the solar radiation Wm?

iq Diffuse component of the solar radiation Wm?

ig Nocturnal light 1510° mW m *nm 'at486nm

Jprey Energy density of the prey Zp =3500, Bg = 5900 J g wet weight ' 13-16

n, Reflective indices of air 1.0 Dimensionless 17

10



Ny Reflective indices of sea water 1.33 Dimensionless
I'max Max. visual range Bg=10.06,Pf=1.5 m
T'min Non—visual detection threshold Bg=3- 102, Pt=1-10" m
. E/I;Zét‘é;rtlcal migration distance per 100 m
Ohoon Solar elevation angle at noon Radians
Bzt Clearance rate m’s™! predator71 18,19
E Earth eccentricity Dimensionless 20-2
Oy Angle of the downwards transmitted beam Radians
0, Solar zenith angle Radians
Lt Encounter rates Ind. h! 18,19
T, Ambient temperature See Fig. 2B °C 7
AE Net energy balance J 1
h Handling time Bg=2.0,Pf=15.0 sind "’
hour Hour of the day hour
surplus Surplus energy J
t Current time step 1<t<T=8760 h of the year

B Bolzmann constant 8.62:10°° eVK!
E’ Visual capacity Dimensionless
G Gut fullness state variable 0 <G < Gpax J
G’ New gut state J
Iot Irradiance mW m *nm" at 486
L Body length 5%2527 10, Bg=0.06, Pf m 623
R Internal reserve state variable 0 < R<Rpax J
R’ New reserve state J
w Body weight for L = 0.06 2.45 g WW ind 3
c Beam attenuation coefficient 0.3 m’
day Day of the year day
pc Prey capture success Bg=0.7,Pf=0.7 Probability
r Visual range m 1819
survival  survival probability Probability

\ Swimming velocity Bg=0.06,Pf=0.25 m
X Normalization constant —0.4568 eV 8
< I(\lli)jmzalizz.;tion constant, modified to yield a 0.655 oV
y Activity constant 1.25 Constant

Current depth 1<z<1000 m

A New depth m
r Day angle Radians
() Latitude 63.77° < ® < 68.8° Degrees
a Solar elevation angle Radians
) Declination angle Radians 202
U} Reflective loss Fraction 17.24
w Hour angle Radians
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
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Supplement 3

SUPPLEMENTARY SENSITIVITY ANALYSIS

B Default parameter values +20% (n=31)

A Default parameter values -20% (n=31)

T T T T T T

m)

Migration depth (

T T T T T T T

Light comfort zone
from Norheim et al. 2016

05.05 06.05 07.05 08.05 09.05 10.05 11.05

05.05 06.05 07.05 08.05 09.05 10.05 11.05

Date

Fig. S1: Sensitivity analysis of 31 environmental, ecological, and physiological parameters to +20%
of their default value. We compare modelled migration behaviour and depth (with red lines indicating
a decrease and blue lines an increase) to predictions of a light comfort zone between 2.5 x 10~ and
1.6 x 10° mW m > nm ' at 486 nm (Norheim et al. 2016). Except for a 20% decrease in the exponent
of the allometric weight function (dotted red line) from 0.83 to 0.66 (see Eq. 37) the model
predictions were little affected by 20% variation in default parameter values.

Table S2: Extended sensitivity analysis of poorly-constrained variables. Note that lines may overlap.

A Metabolic cost (SMR x scaling constant)

0 T T T T T T T

Migration depth (m)

800

1 1 1 1 L I L
05.05 06.05 07.05 08.05 09.05 10.05 11.05
Date

decrease (—): 0.75 | default (---): 1.25 | increase (—): 2.0

When metabolic costs are doubled, mesopelagic fish
may take higher risks and choose shallower
distributions where encounters with prey are higher.

The opposite is true for a reduction in metabolic costs.
Daytime depth was not affected by variation in
metabolic cost.

B Beam attenuation coefficient (m ')

0 T T T T T

Migration depth (m)

800

1 I 1 1 1 1 L
05.05 06.05 07.05 08.05 09.05 10.05 11.05
Date

decrease (—): 0.01 | default (---): 0.3 | increase (—): 1.00

Varying the beam attenuation coefficient “c” between
0.01 and 1.0 m™' had little to no effect on the predicted
migration depth.

This is because “c” operates along the path of sight
(cr), i.e. between prey and predator, while the diffuse
attenuation coefficient “K” operates all the way
between the surface and the depth (Kz). Generally, for
the relatively small zooplankton prey (here < 3 mm)
and relatively large depths considered in our study,
effects of variations in the beam attenuation coefficient
is insignificant to variations in “K” (analysed in Aksnes
& Giske 1993).
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Table S2 continued

C

Migration depth (m)

Zooplankton body length (mm)

0 T T T T T T T

800

1 1 1 1 1 1 1
05.05 06.05 07.05 08.05 09.05 10.05 11.05
Date

decrease (—): 0.7 | default (---): 2.7 | increase (—): 7.00

Varying the zooplankton body size by one order of
magnitude between 0.7 and 7.0 mm had no effect on
the predicted migration depth, indicating that
mesopelagic fish in the model are not encounter
limited.

Migration depth (m)

Eye sensitivity (K.) mesopelagic fish (mW m > nm ™' at 486 nm)

0 T T T T T T T

800

1 1 I 1 1 I 1
05.05 06.05 07.05 08.05 09.05 10.05 11.05
Date

decrease (—): 107’ | default (---): 10~ | increase (—): 1077

Varying the eye sensitivity of mesopelagic fish by one
order of magnitude around the default parametrisation
had little effect on the predicted migration depth.

Migration depth (m)

Eye sensitivity (K.) piscivorous fish (mW m

0 T T T T T

800

1 1 1 1 1 1 I
05.05 06.05 07.05 08.05 09.05 10.05 11.05
Date

decrease (—): 4x10° | default (---): 4x107* | increase (—): 4x10°°

*nm "' at 486 nm)

Varying the lower light sensitivity threshold of
piscivorous fish by one order of magnitude around the
default parametrisation had a large effect on the
predicted migration depth.

Increasing the light level required for predators to hunt
efficiently allowed mesopelagic fish to distribute
shallower because of lower predation risk.

When predators can hunt efficiently at lower light
levels mesopelagic fish are forced to greater depth.

Migration depth (m)

Predator density (Ind. m )

0 T T T T T

800

1 1 1 1 1 1 1
05.05 06.05 07.05 08.05 09.05 10.05 11.05
Date

decrease (—): 5%107| default (---): 5x10°°| increase (—): 5x10°°

Varying the predator density by one order of magnitude
around the default parametrisation had little effect on
the predicted migration depth, although at lower
predator density and hence lower predation risk,
mesopelagic fish distributed slightly shallower.
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Table S2 continued

G Nocturnal light - (mW m > nm™"' at 486 nm)

0 T T T T T

Migration depth (m)

1 1 1 L L 1 1
05.05 06.05 07.05 08.05 09.05 10.05 11.05
Date

decrease (—): 1.5%10%| default (---): 1.5x107° | increase (—): 4.5x10°

Varying nocturnal light between values representative
for overcast nights (where the surface light is about
10 to 107" that of daylight) and moonlit nights
(when light intensity is about 3x107° that of sunlight)
had a large effect on the predicted migration depth at
night, but no effect on daytime depth.

Our model predicts mesopelagic fish to distribute
shallower during overcast and deeper during moonlit
nights.

H Maximum gut capacity (percent of body mass)

0 T T T T T

200

400

Migration depth (m)

600

800

1 1 1 1 1 1 1
05.05 06.05 07.05 08.05 09.05 10.05 11.05
Date

decrease (—): 1% | default (---): 3% | increase (—): 10%

Increasing the gut capacity from 3% of the fish body
mass to 10% had little effect on the predicted migration
behaviour.

Reducing the gut capacity to 1% body mass forced
mesopelagic fish to distribute shallower at night.

I Maximum reserve capacity (percent of body mass)

0 T T T T T

Migration depth (m)

800

1 1 1 1 1 1 1
05.05 06.05 07.05 08.05 09.05 10.05 11.05
Date

decrease (—): 10% | default (---): 20% | increase (—): 40%

Doubling or halving the maximum reserve capacity had
little effect on the predicted migration behaviour.

J Temperature increase (°C)

0 T T T T

Migration depth (m)

800

I ! I L I L I
05.05 06.05 07.05 08.05 09.05 10.05 11.05
Date

default (---): see Fig. 2B main text | increase (—): +2°C, +4°C, +6°C

Increasing observed temperatures (see Fig. 2B) by
+2°C, +4°C, +6°C had little effect ton the modelled
migration behaviour.
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