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ABSTRACT

Legovié, T., 1987. A recent increase in jellyfish populations: a predator—prey model and its
implications. Ecol. Modelling, 38: 243-256.

Factors that might have caused a recent increase of jellyfish populations in the Mediter-
ranean sea are investigated using a simple predator—prey model. Higher nutnent inflow
causes an increase in the steady state of a jellyfish population and no change in the steady
state of jellyfish prey. Qualitatively the same change is obtained if the population of
predators competing for jellyfish prey is decreased. A decrease of predators on the jellyfish
population causes an increase in jellyfish prey. Sufficiently high nutrient enrichment, or a
decrease in jellyfish competitors or predators, may cause the appearance of a stable limit
cycle, i.e., asymptotically periodic fluctuations of both the jellyfish population and its prey. If
persistent periadic fluctuations of jellylish and their prey are a natural phenomenen, then the
above ecological changes will increase the amplitude of the periodic fluctuations.

INTRODUCTION

Since 1977 it has been observed that populations of jellyfish Pelagia
noctiluca (ForskAl) have increased considerably in the Adriatic Sea (Malej,
1980) and the whole of the Northern Mediterranean. The phenomenon has
aroused much interest in the Mediterranean countries because of its negative
effects on tourism and fisheries.

The following three hypotheses have been put forth to account for the
observed massive appearance of jellyfish:

(1) Nutrient enrichment induces growth of jellyfish population since the
jellyfish are able to indirectly utilize the nutrient pool (Wilkerson and
Dugdale, 1983)

(2) An unusually strong entrance (ingression) of Mediterranean waters
brings to and maintains in the Adriatic Sea a higher population (Vudeti¢,
1983). Field measurements have shown that indeed during the recent ingres-
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sion jellyfish appeared in masses. However, during most of the earlier
recorded ingressions, jellyfish have not been observed.

(3) In laboratory experiments it has been found that the swimming ability
of young jellyfish (ephyrae) of species Pelagia noctiluca ceases around 8°C.
If temperature is further decreased, then after a subsequent rise in tempera-
ture, the swimming ability cannot be restored (Rottini-Sandrini, 1982) and
ephyrae die.

The hypothesis put forth by Stravisi (1983) is that the minimum tempera-
ture of the sea water has been sufficiently high during recent years to allow
ephyrae to survive through the winter in the North Adriatic Sea. A larger
starting populztion in spring then produces a larger population during early
summer. Indeed, a positive correlation between population of jellyfish and
winter sea walter temperature has been found. Furthermore, there exists a
significant positive correlation between winter sea water temperature and
frequency of blowing of Jugo, a warm south wind. This hypothesis as well as
the second one suggested a favourable climatic condition to be, if not the
complete cause, then at least the triggering factor. However, they consider
only the massive appearance of jellyfish in the Adriatic Sea and not in the
rest of the Mediterranean.

In addition to the above, the effect of the change in abundance of jellyfish
cqmpetitors and jellyfish predators (Legovi¢ et al., 1987) will be investigated.
First, a simple predator-prey model is introduced and its steady state and
dynamic properties are summarized. Then the effects of possible ecological

changes are investigated. Finally, an example is given and analyzed with the
help of computer simulations.

A MODEL OF JELLYFISH POPULATION AND ITS PREY

It is known that jellyfish consume mainly zooplankton and fish eggs.
Malej (1982) has found the diet of jellyfish Pelagia noctiluca includes
Appendicularia, Noctiluca scintilans, Hydromedusae, Siphonophora, Penilia
avirostris, Evadne, Copepoda, Doliolum, Clupea eggs and Engraulis eucra-
sicholus (anchovy) eggs. In turn, jellyfish are preyed upon by predators such
as mackerel, sea turtle (A. Benovié, Institute of Biology, Dubrovnik, Yugo-
slavia, personal communication, 1985), bogue, black bream and saddle
bream (Axiak, 1983), and tuna (Vudletic, 1985).

In what follows we shall assume the jellyfish have a logistically growing
prey. This assumption is not as restrictive as it may look at first sight, since
similar qualitative dynamics would be observed if some other form of prey
growth is assumed. In addition, it will be assumed that the feeding be-
haviour of jellyfish conforms to the Michaelis-Menten function. This form
has been used to represent uptake of nutrients by phytoplankton (Dugdale
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predation
PREY JELLYFISH

meriality mortality

Fig. 1. Diagram of biomass flux in the jellyfish-prey model.

and Maclsaacs, 1971) and feeding of herbivorous and carnivorous zooplank-
ton (Canale et al., 1976). However, it has been found (Reeve et al., 1978)
that ingestion by ctenophores may be linearly related to prey density n a
fairly large range. At high densities, found in some copepod aggregations,
the experiments have shown that the ingestion rate of clenophores begins to
deviate from the linear dependence. The Michaelis—Menten function with a
high half-saturation constant easily represents feeding at both small con-
centrations, where almost linear dependence is obtained, and at high con-
centrations where a clear deviation from linear dependence has been noted.

Using a diagram where arrows indicate material {low and boxes denote
populations (in terms of numbers of organisms or biomass density), the prey
and jellyfish populations may be represented as in Fig. 1. The unit in which
biomass density will be expressed is mg m~?. One may rightly argue that
there is a cycle of matter which is being closed by decomposition of jellyfish
by-products that become available to phytoplankton and finally to jellyfish
prey. While this is true, it certainly has a very small or negligible effect on
the budget of jellyfish prey.

Balance equations for the prey and jellyfish population are:
— prey:

%};:(r(l—P/K)”C_UM/(ks'*'P))P M
— jellyfish:
%——-(avP/(ks+P)—b)M (2)

where P is biomass density of prey (mg C m~ "), M biomass density of
jellyfish (mg C m™?), r intrinsic growth rate of prey (day '), K carrying
capacity for the prey population (mg m "), ¢ specific mortality rate by other
predators and other factors (day™"), v maximum specific predation rate of
jellyfish (day '), &, half-saturation constant (mg C m™?), a conversion of
prey biomass into jellyfish biomass (unitless), and b specific mortality rate
of jellyfish (day™'). By definition, all the parameters are non-negative.



When a jellyfish population is not present, the prey population exhibits
the usual logistic growth. The reason for including two predatory terms in
equation (1) is that prey is consumed by jellyfish and another group of
predators such as carnivorous zooplankton and fish. In addition, by ex-
plicitly including parameter ¢, we will later be able to investigate the effect
of a change of ¢ on hoth the prey and the jellyfish.

The above model is a variant of a class of predator-prey models for
which a nominal behaviour is well known: hence, the main resulis will be

summarized briefly and attention will be focused on how an ecological
change can modify the nominal behaviour.

From equations (1) and (2) the three steady states are:
(1) Total extinction:

PU=0;  MY=g
{2) Jeliyfish extinction:
PO=K(l~c/r);  M9=0

In order that P*' > Q, the restriction on ¢ is:

c<r (3)
(3) Nonextinction state { P(™, MMy
P =dk {v—d) {4)
where d = b/a, and:
M ={(r(1 = P/K) =)k + P™) o (5)
in order that '™ > (0 and M'™ > 0, the condition on ¢ is:
v>d(1+rk /K(r—c)) {6)
which means:
plers pie (7)

The ecological intepretation of the conditions (3) and (7) is obvious.

Stability in the neighborhood of each steady state (local stability) is
readily analyzed by linearizing equations (1) and (2) around each steady
state. One finds that (P, M) is an unstable saddle point. In the P, M
coordinate system, the two axes are the separatrices. Along the P axis the
solution is going out from, and along the A axis it is approaching (P, M),
Similarly, (P*), M) behaves as a saddle point in its neighborhood. The
first separatrix is the P axis. The second separatrix has a negative slope in

the vicinity of the steady state and is directed into the positive quadrant (see
Svirezhev and Logofet, 1983).

n n s - h
The stability in the ncighborho:_ad of (}?‘ ) M™Y is determined from the
roots of the following characteristic equation:

al—gh :i’zo (8)
where

a=r(1-2P"/K)=—c—x )
B=ax (10)

x={o—d)(r(1 - P™/K)=c)/v (11)

iti i 0.
onditions (6) and (7) it follows that 8> B . -
Fr?l'r;:ecnecessary and sufficient condition for local stability of (P o M™Myis

that:

<0 (12)
a
If in addition to (12):

13
y=a'—4; d>0 (13)

then ( P, M™) is a stable node. In case y <0 a{:d a <0, then the §teal(iy
state is a ;table focus. Whenever the steady state is locally .sl.ablc, itisa lslo
globally stable with regard to perturbations in initial condmons. since the
solutions are bounded and both P and M axes are separatrices 1o the other
nstable saddles. o N

’ Finally, in case condition (12) does not hold, the limit cycle is formed
around (1"’“" M™Y. This follows directly from the Kolmogorov t.heorerr;.
The limit cycle is orbitally stable (i.e. it is stable from the outside an
inside).

EFFECT OF A CHANGE IN ECOLOGICAL FACTORS

A change in an ecological factor may be a consequence 0{ \Cl\llh:crl]’ ;1:
anthropogenic or natural action. From the c!ass of gnthropogenlf. (_hl g iI;
we shall analyze the effects arising from nutricnt ennchm;nt (ar;lmtrrcai»con
carrying capacity, K), a decreas.e.in predzfmr popul;m-on(;; .11.;t‘ reel: "
jeltyfish prey (a decrease in specific mortality rate, v)‘ llr‘l :l'["(f.L ur.l‘:]il
predator populations that feed on mcdu.sac (a decrease n speu l(.' mcz f il}:
of jeltyfish, b). Among natural flucu.umons. nlnly the cffcclat O.f. v;rmfl:gin
temperature will be presented since it most ‘dnrectly de.t?rmln:(.js t e Z;e Ug
abitity of medusae and thus changes the maximum specific predation rate, v.
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Nutrient enrichment

An increase of food supply to prey results in an increase of carrying
capacity K. From expressions (3) and (4} it follows that the non-extinction
steady-state concentration of the prey will not change, while the sieady-state
concentration of jellyfish will increase along a hyperbola with the asymptote
at M =(t—-a)P™/d.

When carrying capacity increases, a increases as well, so that finally for
K>rP"™(1 +v/d)/(r — ¢) the non-extinction steady state becomes unsta-
ble and a limit cycle appears around it. Further increase in food supply to
prey increases the amplitude of fuctuations of both prey and jellyfish
population. If we adopt the practical stability concept (Brauer and Soudack,
1978), we may say that sufficiently large K practically destabilizes the
prey—jellyfish system since there exists a time instant f, > ¢, at which
P(t)) <€ or M(1,) <e,, where ¢; and €, are small constants.

A decrease of jellyfish competitors.  Jellyfish competitors are the species
which consume the same prey as medusae do. Common competitors are
other carnivorous zooplankton and fishes. If the fishing of these species is
increased, their standing stock decreases and consequently more prey is
available to jellyfish. In the model this will be reflected as a decrease in
parameter c.

A decrease in the specific mortality, ¢, will not cause a change in the
steady state of prey population. It will, however, linearly increase jellyfish
population. The coefficient of linear increase is k. /(v — d).

As long as a < 0 this means that ¢ > r— (r+o/dYP9/k=c_. If ¢, > 0,
then as ¢ decreases below ¢, the limit cycle appears. In case ¢, is negative,
(P, M™) remains stable even if competitors vanish.

A decrease in predators on jellyfish population. The most important jellyfish
predators are mackerel, bogue and saddle bream. All the predators feed on
oral arms of the jellyfish; the jellyfish without oral arms dies. An increase in
commercial fishery on these species causes their standing stock to decrease.
Indeed, the only reason for not increasing the fishing effort in an area
further is that populations of these fish have already been reduced to an
uneconomical level.

A reduction of predator populations causes an increase in the steady state
of jellyfish population and a decrease in the prey populations.

When a <0, then d > ofK(r—c¢)—rk )/ (rk,+ K(r—c)=d_. As d de-
creases, the steady state point is being destabilized so that for < d_ a himit
cycle is formed around (P, M™). If & decreases further, the limit cycle

enlarges, and hence higher amplitudes of population fluctuations are ex-
pected.

A change in maximum specific predation of Jjellyfish, thn sea water fem-
perature tises from suboptimal toward optimal_ condltngns, at .least_ two
processes consequently change: maximum specific predation by jellyfish is
increased, and their mortality is decreased. However, above a temperaturg Qf
10°C, specific mortality does not change much, while maximum specolhc
predation rises unltil optimal temperature, which is in the range of 17.—]9 C,
is reached. Above this temperature, the maximum specific predation de-
creases (Rottini-Sandrini et al., 1987) and mortality probably incrcases.

When v increases from low values, the steady-state population of prey,
P™ decreases along the hyperbola with asymptotes v, = d(1 +rk /K(r— c))
and P'™ =0. When v =u, the stable steady-state of jellyfish population is
the extinction state. Above the value of o,, the steady state of the jellyfish
population increases until a maximum is reached: M™ = K(r- c)/4rd al
the value of v, =d(l + 2rk /K(r —¢)). The corresponding slc;n@y—slalc
prey population is Py, = P /2, Beyond v,,, steady-state populations of
both prey and jellyfish decrease. '

At v = Uy, steady-state populations are always stable. Furthermore, if:

1/k + 1/Poy > a’r/4bK {14)

the point (Puy M) 15 @ stable focus. 1f, instead, the right hand side of
(14) is greater than the left side, the point is a stable node. o

As v is increased above v, a increases; hence, the nonextinction
steady-state is less stable. Furthermore, M ™ decreases. For large values of
v, the steady state is less stable in the sense that P(1), M(r) tends slower 19
it. Furthermore, according to the practical stability concept, the system 1s
destabilized if either P™ <¢, or M™ <¢,, where ¢ and ¢, are small
constants.

NUMERICAL EXAMPLE

Data needed in the model are obtained by averaging rates of predation by
jellyfish Pelagia noctiluca on different prey types and considering concentra-
tions of these scyphomedusae in the Adriatic Sea.

Caloric content of zooplankton that consitutes jellyfish prey in the bay of
Trieste (north Adriatic) is 370 J m~? in spring, and 290 J m~ "’ in summer
(Malej, 1984). Using the factor of 45 kJ g™' C (Jergensen, 1979) one {inds
that zooplankton concentration is approximately 6.4-8.2 mg C m™". These
values may be larger if averaged for the whole Adriatic. Since these values
are actual concentrations, they are substantially smaller than carrying capac-
ity. Carrying capacity is probably in the range of 10-50 mg C* m.

The instantanecus growth rate of zooplankton is anywhere between 0.1-1
day~!. Copepods which can become a major food source when present in
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Fig. 2. Simulation of the nominal behaviour. Initial conditions: P(r=0)=5 M{=0=35
{mg C m >} Parameter values: r =05, K =20, ¢ = 0.15, k, =20, a=01, b=005

high abundance may have an instantaneous growth rate of 0.3 day "' (Reeve
et al,, 1978)

The value for the specific mortality rate of Jellyfish must be estimated
indirectly. Given carrying capacity K, if other predators alone reduce prey
to 0.5K or 0.75K,, then ¢ corresponding to these values is ¢ = 0.25 and 0.125.

In order to estimate the maximum specific predation rate v, we ask the
folowing question: Given the highest value of prey, how fast can jellyfish
feed? Although we have no data for Pelagia nocriluca dala from ctenophore
predation, Reeve and Waltman (1978) suggest values in excess of 20 mg C of
prey per mg C of predater per day. This value is probably unattainable by
P. noctiluca but values from 1 1o 3 mg C prey mg”' C predator day may
be reasonable based on direct observations (L. Rottini-Sandrini, Department
of Zoology, University of Trieste, Italy, personal communication, 1985) and
may be expected based on observed metabolism (Male), 1984).

The model describes the sizes of prey and jellyfish populations starting
from inittal values P(¢=0) >0, M(s=0)> 0 and using parameters given in
Fig. 2. Non-extinction steady-state is P(r = 0)=6.66, M(r=0)=24 mg C

|

m

Prey and jellyfish isoclines and the non-extinction steady-state ( P™, A"
are shown in Fig. 3.

In order that M'™ >0 it follows form the condition (6} that r> 0.223.
Figure 4 shows that (P™, M™) is a stable node for 0.223 < r < 0.3. An
increase in r is followed by a linear increase in jellyfish steady-state density.
Also, a decreases linearly which means that r greatly determines the return
rate to the steady state. Larger r means higher degree of stahility. For
r > 0.3, the steady state is a stable focus.

The constraint on carrying capacity is K> 9524 mg C m~*. For small
values of K (9.524 < K < 18) the steady state is a stable node but as K

{mg g m3)
Py
T

z

1l

(=]

w
T

JELLYFISH. M

~
I

| | | |
2 4 ] 8
PREY . P

L1
1w n
(mgtC m3)
. . o et
Fig. 3. Prey and jellyfish isoclings for the nominal behaviour. P™, M is the non-extinction
ig. 3. 5
steady state.

increases the node becomes [irst a stable focus (18 < K < 45) anfd for K l>r:lf:
mg C m-? an unstable focus (Fig. 5). Around the unstabl'e :j)cui\a ;{ "
cycle exists, first with a small period T and a small am{e}htu (t::) snd -
further increased, the maximum distance 8, between (P, M™) a

a
{  stable node I ]
- ! I 1. T
J stable locus

JELLYFISH M (mgC m?3)
53 m = @
T T 1 T

PAEY , P:
i

~
T

3
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62 04 08 0B 1 1.2
intrinsic growth rete |«

Fig. 4. Effect of change in the innstic growth rate, 7, of the prey on the nonexlinction state
and its stability.
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limit cycle is decreased, which can intuitively be judged from the raise in «
and a relatively constant negative y- The precise information can, however,
be obtained through computer simulation for varying K. The distance may
be defined as:

O, = max
max teE(t, 6 +T)

(27 = P())" + (M = M (1))

where P(t), M(1) are values from the limit cycle, and T is the period of the
cycle. For example, let X =70 mg C m 2, The steady-state populations are
P™M =666, M™ =403 mg C m~>. The actual computer simulation (Fig. 6)
reveals that P =334, P . =02, M. =75 M., =135 From the
simulation results, one easily calculates 8§ = 27. The period of the cycle is
approximately 7= 75 days.

In order that M'™ > 0, a condition on ¢ is ¢ < 0.33. When ¢ decreases
from ¢ =10.33 to zero, the steady state is changed from a stable node to a
stable focus (Fig. 7). Since c,, is negative, even if jellyfish competitors
vanish, a limit cycle cannot appear. However, for some other choice or
parameters instead of those in Fig. 2, this may have been possible,

Following a change in maximum specific predation rate v, changes in
steady state of prey and jellyfish populations are shown in Fig. 8. A
constraint on v is that v > 1.215. A vary narrow range of v corresponds o a

stable node (1.215 < v < 1.8). The rest of the range corresponds to a stable
focus.
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Fig. 6. Simulation of the jellylish-prey model when carrying capacity s incrcusgl to K =170
(mg C " *). The steady state is unstable and the limit cycle is formed around it,

From expressions (1) and (2) it is clear that if v is slightly lowered from
v =2, the jellyfish isocline is also lowered with the net result that M
increases to a maximum. In fact, the maximum value is Mm_x = 2.45 at
v =193 (Fig. 8). The corresponding steady-state prey populatl_on is P=
P /2 =7. At this point the jellyfish utiti;es i)ts_ preyl at:l thfe mzsaxlmum rate.

are negative, hence (P, M_,,) is a stable focus. .

Bo"tl!;]: ::l:;:jic;l valuegof b below wl{)ich M™=>0 is p=00824. As b is
decreased from b_, the non-extinction steady state passes from a stable node

a |y
{x} [ (&)
- stable toces  steble node 4 oo} oo

. JELLYFISK M
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L] 02 03
prey martality coeflicient . ¢

Fig. 7. The effect of change in predation rate of the prey by other predators, ¢, on the
nonextinction state and its slability,
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to a stable focus (Fig. 9). Since the requirement for the appearance of a limit
cycle 1s:

b<av(K{r—c)—rk)/(K(r—c)+rk))=—00353
the limit cycle can not be formed even if all the predators of jellyfish
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Fig. 9 Effect of change in specific mortality, b, of jellyfish on the non-extinction steady state
and 1ts stability.

disappear. As it is seen from the above expression, the limit cycle may be
formed if k, value is smaller. In order to have a cycle for b>0, k, would
need to be smaller than 14 mg C m’. This may well be the case in the sea.

A decrease in b corresponds to a decrease in the mortality of jellyfish due
to a reduction of predatory fish or an increase in winter temperature. The
reduction of standing stock of predatory fish is a consequence of increase in
fishing efforts. Since increase in fishing on predators of jellyfish is evident
from fishing records, even if a limiting cycle is not formed, one may expect
greater fluctuations in stocks of jellyfish.

CONCLUSIONS

Using a very simple predator-prey model, we have demonstrated that
steady-state density and, hence, standing jellyfish population increases if
either of the following holds: (a) the food source to jellyfish prey is increased
(nutrient enrichment); (b) the standing stock of jellyfish competitors is
decreased (intensive fishing); (c} the standing stock of of the jellyfish
predator population is decreased (intensive fishing); {d} the jellyfish mortal-
ity is significantly decreased due to a rise in winter sea water temperature in
the suboptimal range.

Furthermore, in the all four cases an increase in jellylish populations

~ corresponds to a less stable prey-jellyfish system and hence larger fluctua-

tions may be expected.
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