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Abstract

We evaluate the hypothesis that the vertical migration oPeriphylla periphyllais governed by its sensitivity to
light intensity. By applying an individual-based model where random walkis combined with assumed individual
responses to light, we compare the predicted vertical distributions witlacoustical observations. Important
features of the observed. periphylla distributions can be explained by a simple proximate light response where
individual P. periphylla avoids light above a certain threshold but also has a preference for verywolight
intensities. In addition to accounting for the observed synchronous dieVertical migration phenomenon in P.
periphylla, this simple mechanism also accounts for simultaneous asynchronous veal migrations observed for
part of the population.

Periphylla periphyllais a mesopelagic coronate scypho- and production of offspring. In the case where the water
medusae of the family Periphyllidae and is considered to be column offers reduced predation risk with increasing depth
a deep-water species with a global distribution (Fossa and increased growth opportunities at shallower depths, a
1992). This species is established in exceptionally high specific vertical migration pattern can be analyzed as trade-
abundances in at least three Norwegian fjords (S¢rnes et al. off between these opposing vertical gradients. Thus,
2007), but mass occurrences have also been recently maximization of fitness (Fiksen and Carlotti 1998; De

observed in several other fjords although not yet reported
(J.-A. Sneli pers. comm.; C. Schander pers. comm.; K.
Eiane pers. comm.). The most studiedP. periphylla
occurrence is that in Lurefjorden, (6@41.7N, 5U08.5E)
(Fig. 1). This fjord covers a surface area of about 30 ki
and has a narrow opening to the outside coastal waters
(200 m) and a shallow sill (20 m) (S¢rnes et al. 2007). This
makes the fjord less prone to advective exchange than most
other fjords, making it a very useful location to study
biological and ecological aspects oP. periphylla, such as
developmental biology (Jarms et al. 1999, 2002), metabo-
lism and behavior (Youngbluth and Bé&mstedt 2001),
trophic ecology and feeding behavior (Sdje et al. 2007;
S¢rnes et al. 2008), and vertical distribution and migration
(B&mstedt et al. 2003; Kaartvedt et al. 2007; S¢rnes et al.
2008). These reports demonstrated that individuals stay
deep in daytime and enter shallower depth at night. Indeed,
P. periphylla is believed to be negatively phototactic
(Youngbluth and B&mstedt 2001), and light seems to have
a lethal photodegradation effect on the porphyrin pigment
of the jellyfish (Jarms et al. 2002).

Diel vertical migration (DVM) is a common phenome-
non in both marine and freshwater zooplankton species
(Lampert and Sommer 2007), and its existence can be
explained from different perspectives. From the proximate
viewpoint external factors such as light (Richards et al.
1996), temperature or oxygen are regarded as drivers for
the vertical movement (Dawidowicz and Carsten 1992;
Lampert and Sommer 2007; Rossberg and Wickham 2008).
Vertical migration can also be understood in terms of
ultimate factors, that is, those affecting lifetime survival
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Robertis 2002) is here considered the ultimate cause for
evolution of vertical migration patterns. Because the
gradients in predation risk and food distribution are closely
connected to environmental variables such as light, the
proximate and the ultimate approaches are complementary
rather than opposing.

Ringelberg (1999) observed that from the time evolu-
tionary forces such as predation became included in
analyses of DVM almost 30 yr ago, most of the studies
have focused on ultimate factors to analyze and model
DVM and argues that studies of proximate factors can still
deliver understanding of DVM behavior (Ringelberg 1999;
Ringelberg and Van Gool 2003). Also, there is a need to
develop proximate rules of vertical behavior for organisms
drifting in three-dimensional hydrodynamic models (Fiksen
et al. 2007). Here we investigate such proximate mecha-
nisms in P. periphylla

We hypothesize that the vertical migration patterns of.
periphyllacan be simulated by individual random walk that
is constrained by avoidance and preference for certain light
intensities. Specifically, we compare acoustical observa-
tions for periods with different photoperiods and different
daylight with results from an individual-based simulation
model in order to see if assumptions about simple
proximate light mediated behavior could account for the
observations.

Methods

A model of light sensitivity—Two features suggest thaP.
periphylla is sensitive to light. First, vertical distributions
during day and night (Youngbluth and Béamstedt 2001;
Bamstedt et al. 2003; Kaartvedt et al. 2007) suggest that
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Periphylla periphylla

Explanation of the symbols used in the simulation

model.

Symbol Explanation Unit

Emed Light level at depth Z eq mmol photons m 2s 1

Attenuation of downwelling m 1

irradiance

Z med Depth of an individual m

Emax Upper irradiance tolerance for mmol photons m 2s 1
jellyfishes

Emin Lower irradiance tolerance for mmol photons m 2s 1
jellyfishes

sz . Variance of Emax mmol photons?2m 4s 2

sgmm Variance of Enin mmol photons2m 4s 2

p Probability to move upward Dimensionless

q Probability to move downward Dimensionless

R Uniformly distributed Dimensionless
variable

DZ.q Distance done per time step m

Dt Time step S

\% Vertical swimming speed m st

a Swimming direction coefficient Dimensionless

in Lurefjorden in an upward-looking mode, scanning the
water column once per second from January to April 2007.
All acoustically detected single targets in the deep waters
(150 m) of Lurefjorden were assumed to originate fron.
periphyllaas previously described by Kaartvedt et al. (2007).
Both individual positions and biomass distribution of P.
periphylla were assessed acoustically using, respectively,
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target tracking of resolved individuals 6eebelow) and echo
integration of total backscatter. Depths 150 m at daytime
were omitted from the echo integration, asP. periphylla
echoes cannot be properly separated from echoes of other
objects in an automatic quantitative analysis. The observed
daytime vertical distribution of P. periphylla is therefore
truncated. Indeed, immediately above an acoustic scatter-
ing layer of P. periphylla is a layer identified through
trawling (Bémstedt et al. 2003) as being dominated by
northern krill ( Meganyctiphanes norvegig¢aand pelagic
fishes associated with the krill layer. As krill and fish
migrated toward the surface at night, the range for echo
integration of P. periphylla increased, and integration
from nighttime encompassed the whole water column,
apart for the upper 14 m. To reduce the influence of the
strong backscatter of fish on the relative biomass profiles,
integration was performed twice, once with a threshold of

75 dB, where fish will be the main contributor to the
backscatter, and once at a threshold of 100 dB, where
the P. periphylla population will contribute to the
backscatter. Relative densities were then computed from
the difference of results between the 75- and the 100-
dB threshold.

For comparisons with simulation results, we chose four
dates for echo integration: 22 and 23 February 2007 and 07
and 08 April 2007. These were selected to reflect different
photoperiods (February vs. April) and two consecutive
days: one sunny with high incoming irradiance and one
cloudy with low irradiance (Table 2).

Surface irradiance measured at the Department of Geophysics, Universibf Bergen. We converted these observations from
Jm 2h 1to mmol photons m 2s 1 according to the conversion factor 1.3x 10 3 (Valiela 1995).

Date and condition

22 Feb 2007 23 Feb 2007 07 Apr 2007 08 Apr 2007 15 Apr 2007

Hour Sunny Cloudy Sunny Cloudy Sunny

1 N N N N N

2 N N N N N

3 N N N N N

4 N N N N N

5 N N 12.8 12.8 64

6 N N 64 76.8 384

7 12.8 N 140.8 179.2 985.7

8 294.4 51.2 320 243.2 1574.5

9 742.4 102.4 460.8 243.2 2112.1
10 1139.3 166.4 1075.3 268.8 2534.6
11 1254.5 204.8 2137.7 256 2803.4
12 1241.7 243.2 2432.2 281.6 2867.4
13 1152.1 192 1715.3 268.8 2790.6
14 588.8 217.6 1356.9 166.4 2560.2
15 422.4 102.4 1139.3 140.8 2188.9
16 140.8 76.8 896.1 128 1484.9
17 12.8 12.8 563.2 76.8 1036.9
18 N N 320 38.4 435.2
19 N N 12.8 N 64
20 N N N N N
21 N N N N N
22 N N N N N
23 N N N N N
24 N N N N N
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Fig. 9.
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Simulated and observed relative abundances &f. periphylla below 150-m depth in

Lurefjorden. The relative abundance is given as a percentage of the maxihaundance observed
(thin line) or simulated (bold line) for the water column. Surface irradiance is indicated in the

lower panel.

In the simulations, we assumed constant light during
night, and in this situation extensive vertical individual
night excursions can be simulated only according to the
likelihood that an individual remains migrating in the
same direction for a large time period. The random walkb
based probability that an individual should migrate 200 m
up and down in the water column during an 18-h night
equals 4.2X 10 146 Assuming a total population of 1010
P. periphylla in Lurefjorden (which is most likely an
overestimate), the probability that one would make this
type of migration would be 4.2 X 10 136 which clearly
indicates that our simulations cannot account for the
individual night excursions performed by some individuals
(Kaartvedt et al. 2007). In lack of measurements, the
assumption of constant light at night therefore prohibits

simulation of such excursions. Values of moonlight range
from 0.0001 (Kampa 1970) to 0.023nmol photons
m 2s 1 (Gliwicz 1986), and no moon conditions and
cloudiness will obviously increase the range of variation. It is
therefore unclear what the simulations would have looked
like if actual light measurements at night had been available.

At dawn the observed population migrated downward
before the time indicated by the simulation (Figs. 8, 9). As
noted previously, the realism of the simulations is
constrained by the lack of light measurements at night
because of insufficient sensitivity of the light sensorP.
periphylla presumably have a much higher light sensitivity
than this sensor, and consequently it is to be expected that
the observed individuals react before the simulated
individuals at dawn.
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Simulated (C3) and observed vertical distributions with other paameter values than those used in Figs. 7, 8. (AEmin IS

reduced by 304 relative to the value in Table 3; (B)E»ayx is reduced by 306 relative to the value in Table 3; (C)K is reduced by 2596 all
over the water column relative to that applied in the simulation in Figs. 78; (D) Dt has been set to 300 s (5 min) relative to the value in
Table 3. The observations represent 15 April 2007 and the simulations wefieced with the light measurements at this dateSeeFig. 7 for

explanation of the shaded area and lines.

Our estimates ofE,ax and E,jn, were approximated from
data in S¢rnes et al. (2007) and simplifying assumptions
about the light intensity and attenuation of downwelling
irradiance, K (Aksnes et al. in press). These inaccuracies
could be responsible for inconsistencies between the
observed and simulated 80th percentiles. For example,
lower values of Enin (Fig. 10A), Enax (Fig. 10B), and K
(Fig. 10C) deepen the location of the simulated 80th
percentile, while an increase in these values have the
opposite effect (not shown). We have also indicated the
effect of increasing the time step@t) of the simulation from
21.6 s to 300 s (Fig. 7B vs. Fig. 10D).

The model suggests that vertical distribution and DVM
in zooplankton and other organisms can be described by
continuous random walk (i.e., random swimming direction)
within a vertical habitat that is characterized by a certain
range of light intensities. A prediction from this is that the
vertical distribution and the vertical migrations of such
organisms should relate inversely to the light attenuation
coefficient. For locations where the light attenuation of the
water column is different, this could be tested. Specifically,
it could be tested whether P. periphylla are located
shallower and more narrowly in a fjord with high light

attenuation than in a fjord with low attenuation (i.e.,
Fig. 7B vs. 10C).

Experimental assessment of the light sensitivity oP.
periphylla is required to improve integration between
measurements and modeling in future work. A threshold
as low as 6.3x 100 photons m 2s 1 (which corresponds
to 1.05 X 10 13 mmol photons m 2 s 1) has been reported
for escape responses in deep-sea crustaceans (Frank and
Widder 1994). Thus, the light response of mesopelagic and
deep-water organisms such aB. periphyllacan presumably
take place at light levels much lower than what is
commonly considered dark.

Despite several shortcomings, we do believe that our
IBM approach has provided insight into the DVM of P.
periphylla but also into DVM phenomenon in general. In
particular, we think that the hypothesis that DVM might
occur without changes in individual swimming speed serves
as an alternative to those equating migration rate at the
population level with the swimming rate at the individual
level. Furthermore, the IBM approach also provides a
simple mechanism to account for the fact that asynchro-
nous and synchronous migrations occur at the same time.
In order to further assess how the DVM phenomenon



