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Abstract Ecosystems are not closed, but receive resource
subsidies from other ecosystems. Energy, material and
organisms are moved between systems by physical vec-
tors, but migrating animals also transport resources
between systems. We report on large scale energy
transport from ocean to coast by a migrating fish pop-
ulation, the Norwegian spring-spawning (NSS) herring
Clupea harengus. We observe a rapid body mass increase
during parts of the annual, oceanic feeding migration
and we use a bioenergetics model to quantify energy
consumption. The model predicts strong seasonal vari-
ation in food consumption with a marked peak in late
May to July. The copepod Calanus finmarchicus is the
most important prey and 23x10° tonnes (wet weight) of
C. finmarchicus is consumed annually. The annual con-
sumption-biomass ratio is 5.2. During the feeding
migration 17% of consumed energy is converted to body
mass. The biomass transported to the coast and left as
reproductive output is estimated from gonad weight and
is about 1.3x10° tonnes for the current population. This
transport is to our knowledge the world’s largest flux of
energy caused by a single population. We demonstrate
marked temporal variation in transport during the last
century and discuss the effects of NSS herring in the
ocean, as a major consumer, and at the coast, where eggs
and larvae are important for coastal predators. In par-
ticular, we suggest that the rapid decline of lobster
Homarus gammarus landings in Western Norway during
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the 1960s was related to the collapse of NSS herring. We
also discuss spatial variation in energy transport caused
by changed migration patterns. Both climate and fish-
eries probably triggered historical changes in the
migration patterns of NSS herring. New migration
routes emerge at the level of individuals, which in turn
determines where resources are gathered and delivered,
and therefore, how meta-ecosystems function.
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Introduction

Ecosystems are not closed, but receive resource subsidies
from other ecosystems (Loreau and Holt 2004; Loreau
et al. 2003; Polis et al. 1997). On large spatial scales,
subsidies are commonly transported by physical vectors
such as ocean currents, rivers or winds. However,
migrating organisms are also such vectors (Polis et al.
1997), particularly animals that feed in one area and
rest, reproduce or die in other areas. For instance, Pa-
cific salmon Oncorhynchus spp. carry resources from
ocean to freshwater when migrating from oceanic feed-
ing grounds to rivers and lakes where they reproduce
and die (Naiman et al. 2002; Willson et al. 1998). Con-
sequently, large scale ecosystem coupling emerge from
life-histories and individual behaviour, and abundant
migrating species that transport prey and nutrients be-
tween ecosystems are ecological cornerstones in the
receiving system (Marston et al. 2002; Willson et al.
1998). The influx of resources to a system affects species
abundance, diversity, trophic cascades and community
structure (Polis et al. 1997). Even large scale influx of
pollutants can result from animal migration (Kriimmel
et al. 2003). Similarly, the consequences of transport can
be large also in the source system (Polis et al. 1997) and
the dynamics created require a meta-ecosystem ap-
proach to be understood (Loreau et al. 2003). The meta-
ecosystem concept is recently proposed and defined as a



444

set of ecosystems connected by spatial flows of energy,
materials and organisms across ecosystem boundaries
(Loreau et al. 2003). Behaviourally driven flows between
systems have received increasing attention during the
last decade (Polis et al. 1997; Willson et al. 1998), but
quantification of fluxes is rare.

Although less conspicuous than predators feasting on
salmon at river mouths (Willson et al. 1998), the re-
source transport of Norwegian spring-spawning (NSS)
herring Clupea harengus is impressive by its magnitude
and impact. NSS herring is one of the world’s largest fish
stocks, currently with a spawning stock biomass of
about 6x10° tonnes, or about 25x10° individuals. The
population size has fluctuated during the last century,
with peak size in the mid 1940 s (16x10° tonnes in 1945)

and a record low after the collapse in the late 1960 s and
early 1970 s (2x10° tonnes in 1972) (Toresen and
Wstvedt 2000). The life cycle of NSS herring is spatially
complex (Holst et al. 2002; Huse et al. 2002). The mature
part of the population perform a yearly loop-like
migration throughout the Norwegian Sea and along the
Norwegian coast; feeding in the ocean during summer,
overwintering in fjords in northern Norway, and
spawning at coastal banks further south in February—
March (Fig. 1). Feeding takes place during a short pulse
of intensive zooplankton production in spring and
summer (Dalpadado et al. 2000; Ostvedt 1955), and the
copepod Calanus finmarchicus is by far the most
important prey (Dalpadado et al. 2000). After the
feeding period food is sparse in this high latitude system
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Fig. 1 The distribution, migration, and energy transport by
Norwegian spring-spawning herring. Left: catches from the
Norwegian Sea and the Norwegian Coast (1990-2003) included
in the study. Catches are presented for the feeding period
(March-September) with a separate colour for each month.
Lower right: the main feeding, overwintering and spawning area
accompanied by the energy transport caused by NSS herring.
The cake in the feeding area is energy consumed during the

feeding period from which 17% (grey and black) is transported
to the coast, and 7% (black) is left as reproductive output at the
spawning grounds. Black arrows indicate migration direction.
Upper right: outline of Northern Europe and the main ocean
currents of the study area: Norwegian Atlantic Current (red),
Norwegian Coastal Current (green) and East Greenland Current
(blue). Gulf of Maine Research Institute made the herring
drawing



and NSS herring fasts for about half a year; while
overwintering and until spawning is completed
(Nottestad et al. 1996; Slotte 1999). Eggs are spawned on
rocky bottom, mainly between 20 and 80 m depth, and
hatch after about 3 weeks (Runnstréom 1941). The larvae
drift northwards with the Norwegian Coastal Current
and immature NSS herring spend the first 34 years in
the Barents Sea. Adults, eggs and larvae of NSS herring
are important food for many species at the coast (Du-
rant et al. 2003; Hoines and Bergstad 1999; Simila et al.
1996; Toresen 1991), and immature NSS herring are
important prey in the Barents Sea (Bogstad et al. 2000).

We analysed body mass data for NSS herring, and
used the body mass changes during the feeding season as
input to a bioenergetics model. From this model we
estimated energy consumption during the oceanic feed-
ing migration, which approximates the annual energy
consumption. Energy consumption is converted to prey
consumption and these results are discussed, particularly
in relation to the strong interaction between NSS herring
and its main prey, C. finmarchicus. Based on the pro-
portion of consumption used for growth, we also esti-
mated the fraction of consumed energy that is brought
from oceanic feeding areas to coastal overwintering
areas. Furthermore, we used data on gonad weight to
estimate the biomass of reproductive output (eggs and
milt) spawned at the coast; an index of energy trans-
ported from oceanic feeding areas to coastal spawning
grounds. We illustrate the temporal variation of this
transport during the last century, and discuss the
importance of NSS herring as a food source for several
coastal species. In particular, we suggest that landings of
lobster Homarus gammarus at the coast of Norway co-
vary with the biomass of reproductive output left at the
coast by NSS herring. Lobsters are opportunistic ben-
thic feeders (Conklin 1995) that could benefit by NSS
herring eggs. Finally, we discuss effects and likelihood of
changed migration patterns and thereby spatial varia-
tion in this large energy flux. New migration routes
evolve at the level of individuals (Berthold et al. 1992;
Huse et al. 2002), which in turn determines where re-
sources are gathered and delivered, and therefore, how
meta-ecosystems function.
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2004). To eliminate confounding effects related to small
samples, we omitted catches represented by less than 50
individuals. Based on inspection of the gonads, we
omitted immature individuals and fish that spawned later
than April. The resulting sample size is 40,533 individu-
als. Length-growth during the feeding migration was not
accounted for, but the pattern of body mass change was
similar if analysed for age- instead of length-groups.
However, consumption estimates are conservative be-
cause some length-growth occurs during the feeding
season.

Bioenergetics model for NSS herring

Bioenergetics models describe how organisms use con-
sumed energy for respiration (including activity costs
and specific dynamic action), waste losses (egestion and
excretion) and growth (Adams and Breck 1990; Hanson
et al. 1997; Rudstam 1988; Stewart and Binkowski 1986;
Stewart et al. 1983). We used observed growth to predict
daily energy consumption (Rice and Cochran 1984), and
in our model, growth is synonymous with body mass
change. We estimated consumption from the functions

Table 1 Equations, variables and parameters of the bioenergetics
model

Description Equations Variables and
parameters
Consumption® C=R+F
+U+S+G
Respiration®® R(W,T,V) = o = 0.0033 g0, g~ ! day™!
awWhe? D V) W = body mass (g)
p = —0.227
p=0.0548°C~!, T=5°C
1=0.03cm™ s
V' =swimming speed
Egestion FC) = 6-C 0=0.16
Excretion U(F) = ¢F €=0.10
Specific dynamic ~ S(C,F) = w=0.175
action o (C—-F)
Growth G =body

mass change

Materials and methods
Body mass estimates

We use trawl and seine data from the NSS herring
database of the Institute of Marine Research in Bergen.
Data from 1990 to 2003 are used due to the stable
migration pattern of this period (Holst et al. 2002). Body
mass changes are estimated for the feeding period;
March—September. Average body mass was calculated
for the first and last period of each month and for body
length (total length) intervals of 1 cm. The length groups
(28-38 c¢cm) included correspond to the migrating and
mature fraction of the population (Engelhard and Heino

Equations and parameters are from Hanson et al. (1997) and
Rudstam (1988)

aConsumption is modelled as g prey g herring™' day~'. We use wet
weight, and we correct for the relative densities of prey and pred-
ator (e.g. Stewart et al. 1983). The energy density of NSS herrin%
vary with time (Fig. 2) and the energy density of prey is 3,500 J g~
by is converted to g g~ ! day ™! by multiplying with 13,560 J g0,
(Elliott and Davison 1975) and dividing by the energy density of
NSS herring (J g7') (e.g. Stewart et al. 1983)

‘Swimming speed is one body length per second (cm s~ )
dGrowth was estimated from body mass data. Body mass of an
individual of given body length was predicted based on the linear
relationship (for each period of half a month) between In (yearly
body mass averages) and In (body length). To get daily estimates of
body mass for individuals of a given body length, we used linear
interpolation between the predicted body masses. We could then
calculate daily changes in body mass
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in Table 1 and assumed that maximum consumption
rate did not limit modelled consumption during any day.

The model was parameterized as for Baltic herring
(Rudstam 1988), but our approach deviates in the fol-
lowing three aspects. (1) We use a higher swimming speed
to account for the feeding migration of NSS herring.
Migration distance for large individuals estimated from
Misund et al. (1998) is about 2,500 km, and to cover this
distance in six months the minimum constant swimming
speed must be 16 cm/s. We let swimming speed be one
body length per second. This accounts for the longer
migration by larger individuals (Misund et al. 1998;
Nottestad et al. 1999), and it is conservative because fre-
quent turning and depth changes occur during migration
(Misund et al. 1997, 1998). (2) The energy density of NSS
herring is higher and has stronger seasonal variation
compared to herring from the Baltic population (Rud-
stam 1988). We estimated seasonal variation in energy
density (Fig. 2) based on data from Slotte (1999), and
used the daily estimates in the bioenergetics model. Sea-
sonal cycles in the energy density of the predator can
strongly influence seasonal consumption patterns (Stew-
art and Binkowski 1986). 3) Water temperature in the
feeding area vary both spatially and temporally, but we
used a constant water temperature of 5°C (Dale et al.
1999; Misund et al. 1998).

Consumption was modelled daily from 15 March to
15 September for each length group, and scaled to
population level based on the length distribution in the
population. The length distribution was obtained by
combining data on spawning stock numbers by age
(Anon 2004b) and observed age and length of the ma-
ture individuals caught at the spawning grounds in
January—April. Length distributions were estimated for
each year, 1990-2003, and we used the average length
distribution for these years. We assumed no mortality
during the feeding season. The body mass average for

Fig. 2 Daily energy density 16
averages for NSS herring using
data from Slotte (1999). A cubic
curve (solid line) is fitted to the
data from day 74 (15 March)
to day 195 (y = 11.067 —
0.027x — 2.807-107*x* +
2.749x10~° x%). For the
remaining feeding period, few
energy density samples were
available. For simplicity,

we assumed a linear

reduction (dashed line) until
day 259 (15 September)

(y = 25.771 — 0.053x). Daily
energy densities y (kJ/g wet
weight) are predicted for each
day x and used in the
bioenergetics model

Energy density (kJ/ g wet weight)

each length group observed on 15 March was used to
estimate spawning stock biomass by length post
spawning. Average yearly spawning stock biomasses
post spawning for 1990-2003 was 6.1x10° tonnes.

We investigated the sensitivity of the consumption
estimate using individual parameter perturbations
(Bartell et al. 1986). Alterations of single model variables
and parameters, with a 10% positive or negative change
always resulted in a smaller relative change in con-
sumption. Among the field based variables and param-
eters the consumption estimate is most sensitive to
changes in body mass and swimming speed. Swimming
speed throughout the feeding migration is a poorly
known variable, and if we increase swimming speed
from 1 to 2 body lengths per second, the model predicts
that energy consumption increase by 115%.

About 62% of the diet (wet weight) of NSS herring is
copepods, mainly C. finmarchicus (Dommasnes et al.
2004). We assumed that this estimate also holds by en-
ergy, although compared to other copepods C. finmar-
chicus has high energy content (Laurence 1976).
Consequently, we assumed that C. finmarchicus account
for 60% of the energy requirements of NSS herring. An
energy density of 3,500 J/g wet weight (Comita et al.
1966; Laurence 1976) was used to convert consumption
from joule to C. finmarchicus biomass. To establish this
energy density, we assumed that dry weight = 0.13xwet
weight (Mullin 1969).

Gonad mass estimates

To estimate the energy content of spawning products,
we used data on gonad mass for males and females with
ripe gonads, maturity stage five, in January—March
(n=28899). For these individuals, the average proportion
of body mass consisting of gonads was 0.19 (SD =0.04)

fesosesssececsces

Start of model
T T

End of model
T T

180 210 240

90 120 150 270 300 330 360

Julian day



for males and 0.20 (SD =0.04) for females. We regressed
In (gonad mass) on In (body length) by sex, to estimate
average gonad mass for each sex and length group. The
same length distribution as in the bioenergetics model
was used to estimate gonad mass for the whole spawning
population. We assumed a 50:50 sex ratio. The energy
density of gonads was set to 8,000 J/g wet weight for
ovaries and 6,000 J/g wet weight for testes (McGurk
et al. 1980).

Lobster landings

We used data on lobster landings for the period 1932—
2003, and the data are based on landings reported by
local marketing co-operatives to the Norwegian Direc-
torate of Fisheries. There has been an overall decrease in
lobster landings during this period. We grouped the data
into two: Western Norway, Rogaland—Mere og Roms-
dal, counties where spawning by NSS herring takes
place, and Southern Norway, Ostfold—Vest Agder,
counties where NSS herring do not spawn. Then we
examined if the pattern of decrease was different be-
tween the two regions, and if the pattern observed for
Western Norway was related to the variation in biomass
of reproductive output transported to the coast by NSS
herring.

Results
Consumption

The body mass of NSS herring increases quickly during
a few summer months, particularly from the second half
of May until the first half of July (Fig. 3a). The marked
body mass increase during the feeding season, 34-37%
depending on body length, is capital needed for suc-
cessful survival and reproduction the following winter
and spring.

We used the body mass changes as input to a bio-
energetics model and estimated food consumption by
NSS herring during the annual feeding migration.
Food consumption is low and increases slowly during
the first two months after spawning, but it is high
during the second half of May and in June. Thereafter,
food consumption declines in July, while a second but
smaller peak appears in the first half of August
(Fig. 3b). For the average NSS herring population
(1990-2003) annual energy consumption is 1.3x10'7 J.
To better illustrate the scale of this estimate, one may
say that this energy would sustain the citizens of
London for about 6 years (London population: 7.2x10°
individuals, daily energy requirement per individual:
2,000 kcal =8.4x10° J).

Assuming that 60% of the diet of NSS herring is C.
finmarchicus (see Materials and methods), 23x10° tonnes
(wet weight) of C. finmarchicus is consumed by NSS
herring. This estimate is the average for 1990-2003, but
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Fig. 3 Average body mass and consumption rate of NSS herring
during the feeding migration, from the end of spawning until the
start of overwintering. Averages are for periods of half a month. a
Body mass for three different length groups, and averages are mean
of yearly means (1990-2003) with SE. b Predicted specific
consumption rate as average for all length groups in the
bioenergetics model. The consumption estimates are based on an
energy density of 3,500 J g~! wet weight for prey, and varying
energy density (Fig. 2) for NSS herring

it could be doubled for the period prior to the collapse of
NSS herring. Furthermore, assuming all prey has the
same energy density as C. finmarchicus, we can estimate
the biomass of consumed prey. The annual consump-
tion-biomass ratio ranges from 4.6 to 6.2 depending on
when NSS herring biomass is measured (low value:
biomass after the feeding season, high value: biomass
after spawning). If we sum up daily consumption-bio-
mass ratios, the annual consumption-biomass ratio is
5.2.

Transport

Most of the consumed energy is used during the feeding
migration. However, the bioenergetics model predicts
that 17% of consumed energy is used for growth (body
mass increase) and therefore transported to the coast.
Some of this energy is used for metabolic needs while
overwintering and for the spawning migration, and the
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rest is used for reproduction next spring. Using data on
gonad weight prior to spawning, we estimated that NSS
herring leave 1.3x10° tonnes (9.4x10" J) of reproduc-
tive output (eggs and milt) at the coastal banks. Hence,
about 7% of the energy consumed at sea is used to
produce gonads. The biomass of the spawning popula-
tion of NSS herring has fluctuated greatly during the last
century. We estimate historical transport by assuming
that the present day’s average for the proportion of body
mass consisting of gonads prior to spawning also hold
for the past (19% , see Materials and methods for de-
tails). The biomass transported to the coast by NSS
herring should be doubled at times of high population
sizes (Fig. 4). Conversely, the flux of energy from ocean
to coast almost ceased after the collapse of the NSS
herring stock (Fig. 4).

Lobster landings in Norway have declined since the
1930 s (note the reduced fishing effort during the Second
World War), both in areas with spawning by NSS her-
ring (Western Norway) and in areas where NSS herring
do not spawn (Southern Norway) (Fig. 4). However,
lobster landings decreased steadily in Southern Norway
while there was a rapid decline in Western Norway
during the 1960 s. This co-occurred with the NSS her-
ring collapse and the cease of energy transport from
ocean to coast (Fig. 4).

Discussion

NSS herring is important for the transfer of secondary
production to higher trophic levels, but because of its

migration, food consumed in the ocean is transported to
higher trophic levels at the coast. Consequently,
migrating NSS herring is an important factor in both the
oceanic and coastal ecosystem (e.g. Hamre 1994).

Consumption and ecological consequences in the ocean

The Norwegian Sea is a large marine ecosystem influ-
enced by inflow of warm water from the North Atlantic
and cold water from the Arctic Ocean (Fig. 1). There is
strong seasonality in light conditions and therefore in
primary and secondary production (Skjoldal et al. 2004).
The Norwegian Sea is one of the principal regions of C
finmarchicus in the North Atlantic (Planque and Batten
2000).

The body mass of NSS herring increased rapidly from
the second half of May to the beginning of July and the
bioenergetics model consequently predicts high levels of
food consumption during this period. At this time of the
year, NSS herring is feeding in the central Norwegian
Sea and the proportion of C. finmarchicus in the diet is
particularly high (Dalpadado et al. 2000). From June
onwards, the new generation of C. finmarchicus descend
to overwintering depths (Arashkevich et al. 2004; Ost-
vedt 1955) and is less available for NSS herring (Dal-
padado et al. 2000). Copepod stage IV and V of C.
finmarchicus build large fat sacs before they descend to
deeper waters (Arashkevich et al. 2004). The seasonal
consumption pattern predicted by the bioenergetics
model emphasise the peak in energy transfer between
zooplankton and NSS herring in the period before
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Fig. 4 Variation between years in the biomass of reproductive
output for the NSS herring population and landings of lobster in
Norway. Bars: estimates of reproductive output are based on yearly
spawning stock biomass for 1907-1949 (Toresen and Dstvedt 2000)
and 1950-2003 (Anon 2004a), and on the observation that 19%
(this study) of the spawning stock biomass is left at the coast as

reproductive output (eggs and milt). Solid line: landings of lobster
reported in Western Norway, Rogaland—Mere og Romsdal,
counties at the coast where spawning by NSS herring takes place.
Broken line: Landings of lobster reported in Southern Norway,
Ostfold—Vest Agder, counties at the coast where spawning by NSS
herring do not take place



C. finmarchicus descend. The high abundance of
C. finmarchicus is one reason for the high consumption
rates, but the lipid rich individual is particularly valuable
prey and may explain the efficient energy transfer at the
time. Future bioenergetics models for NSS herring may
therefore improve with better understanding of seasonal
variation in prey energy density. It also suggests a strong
coupling between the life cycle of C. finmarchicus in the
Norwegian Sea and the migration and feeding strategies
of NSS herring.

The decrease in body mass in late July was unex-
pected and strongly reduce food consumption for a
short period, while food consumption increase again
towards the end of the feeding migration. This may re-
flect the occurrence of a second peak in zooplankton
production, possibly the second generation of C. finm-
archicus observed in some areas of the Norwegian Sea
(Dstvedt 1955).

We estimated that NSS herring take about
24x10° tonnes of C. finmarchicus per year at times of a
medium-sized NSS population (cf. Dommasnes et al.
2004). Few population-size or production estimates are
available for C. finmarchicus although this single species
dominate the planktonic biomass in the North Atlantic
(Planque and Batten 2000). However, for the Nordic
Seas (Norwegian, Icelandic and Greenland Seas), an
area larger than the feeding area of NSS herring, the
annual production of C. finmarchicus is estimated to
75%10° tonnes (Aksnes and Blindheim 1996), but
Skjoldal et al. (2004) estimated higher production. NSS
herring mainly feed on the largest copepodite stages
(stage 1V, V and adults) (Dalpadado et al. 2000), and
about half the production consists of these stages
(Aksnes and Blindheim 1996). The abundance of the
largest copepodite stages of C. finmarchicus in the
Norwegian Sea could therefore be regulated by preda-
tion at times of a large NSS herring population. This
may influence the overwintering population of C. finm-
archicus, and because the reproductive potential of C.
finmarchicus is low (Aksnes and Blindheim 1996), high
predation on C. finmarchicus one season may lead to few
recruits the next season, and consequently low food
availability for NSS herring.

Transport, temporal variation and ecological
consequences at the coast

When NSS herring spawn on the bottom in near shore
areas on the continental shelf, this is the end station for
the energy transported by NSS herring. However, after
hatching, the larvae are advected further by the Nor-
wegian Coastal Current, a northbound flow clearly
separated from the Norwegian Atlantic Current further
offshore (Fig. 1).

The energy transport from ocean to coast varies
temporally with the population size of NSS herring
(Fig. 4) as elegantly documented also for sockeye salmon
Oncorhynchus nerka (Finney et al. 2000). At the coast,
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predators and decomposers are receivers of these
resources. For instance, NSS herring eggs are food for
benthic fish predators, particularly haddock Melano-
grammus aeglefinus (Hoines and Bergstad 1999; Toresen
1991), but eggs from demersal spawners may also be
important for benthic crustaceans. We suggested a rela-
tionship between food availability for lobsters and the
landings of lobsters in Western Norway. This was partly
motivated by the assertion among fishermen that the
decline of the NSS herring population has contributed to
poor lobster landings (J. Fiksen, personal communica-
tion). There has been an overall decline in lobster land-
ings in Norway, most likely due to increased fishing effort
(A. L. Agnalt, personal communication). However, the
decline in Western Norway was particularly rapid shortly
after the collapse of the NSS herring population. The
collapse of NSS herring occurred after a period with new
technical advances in the herring fishery and a resulting
increase in fishing mortality (Dragesund et al. 1997).
Therefore, the rapid decline in lobster landings in
Western Norway may have been caused by reduced
food availability, directly or indirectly caused by the
decline in the amount of herring eggs spawned at the
coast. We can only speculate on possible causal expla-
nations such as reduced egg-production or reduced
offspring survival for lobsters. At times of a large NSS
herring population, spawning also takes place outside the
main spawning grounds (Dragesund et al. 1997), and this
wider spawning distribution makes herring eggs avail-
able to a larger proportion of the lobster population. We
suggest that future studies test the observed relationship
between NSS herring abundance and lobster landings
and study the possible mechanisms in more detail.

After hatching, the herring larva grow as they drift
northwards. First year NSS herring pass the large col-
ony of Atlantic puffins Fratercula arctica at Rest in
Lofoten, and it is an important prey fed to the chick.
The breeding success of Atlantic puffins in this colony is
closely related to the abundance of first year NSS her-
ring and particularly to the body length of first year NSS
herring (Durant et al. 2003; Lid 1981). The importance
of body length reflects the growth conditions experi-
enced by the herring larva after hatching (Durant et al.
2003). Immature NSS herring are also important prey
for several species when reaching the Barents Sea
(Bogstad et al. 2000). Additionally, predation by
immature NSS herring on capelin larvae Mallotus villo-
sus have had indirect effects on cod Gadus morhua
abundance because capelin is the main prey of cod
(Hamre 1994; Hjermann et al. 2004). Consequently, NSS
herring dynamics are important, not only in the Nor-
wegian Sea and at the coast, but also in the Barents Sea
ecosystem (Hamre 1994).

Finally, adult NSS herring are also preyed upon, e.g.
by killer whales Orcinus orca aggregating in the fjords
hosting the population of NSS herring during autumn
and early winter (Simila et al. 1996). NSS herring have
used these fjords for overwintering since the mid 1980 s
(Holst et al. 2002) and with the whales, tourism and
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whale-safaris have become more important for the re-
gion. These fjords are also efficient fishing grounds, and
a large part of the annual catches of NSS herring is
taken in the overwintering area (e.g. Anon 2004b).

Transport and other meta-ecosystems

The NSS herring population is to our knowledge the
largest fish population that feed in one distinct area or
ecosystem, and spend the rest of the year in another. The
resulting biomass transfer is probably also the largest
flux of energy caused by a migrating population, al-
though NSS herring has a conservative life history, being
long lived with many reproductive attempts. Conversely,
semelparous species (which reproduce once, then die)
such as capelin and Pacific salmon leave a larger pro-
portion of the mature population in the receiving sys-
tem. However, although Pacific salmon are known for
large transports from ocean to freshwater, the biomass
of the annual historical runs of the five salmon species in
the northeast Pacific is about the same as the repro-
ductive outputs of the current population of NSS her-
ring (Gresh et al. 2000).

Spatial variation in transport

In addition to the temporal variation in transport dis-
cussed above, the energy flow caused by NSS herring
varies spatially as migration patterns change. Migration
patterns can change quickly through short time evolu-
tion (e.g. Berthold et al. 1992) and learning (e.g. Huse
et al. 2002), and climatic changes and fisheries have
historically led to new migration routes for NSS herring
(Dragesund et al. 1997; Holst et al. 2002; Huse et al.
2002).

Climatic variation has influenced the distribution of
the cold front and possibly determined the western ex-
tent of the feeding migration (Holst et al. 2002). Future
climate changes are expected to increase the water
temperature in the Norwegian Sea (Hassol 2004), and
species-distributions are predicted to shift to the north
(Beaugrand et al. 2002; Hassol 2004). In fact, the
spawning grounds of NSS herring have shifted north-
wards during the last century (Devold 1963; Holst et al.
2002). This determines where the transported resources
are deposited relative to coastal consumers such as
benthic invertebrates, fish and seabirds. The response of
these species will vary depending on several constraints.
For instance, the Atlantic puffin may adjust timing of
reproduction according to its food source (Durant et al.
2004), but responses to spatial changes are constrained
by foraging ranges and the position of colonies.

Learning may also change migration patterns and the
resulting spatial patterns in energy transport. When
strong year-classes are recruited to the spawning stock,
there are few older individuals to learn from, due to
numerical domination by recruits, and the probability of

new migration routes increase (Huse et al. 2002). This
probability is particularly high when the adult stock is
small, and this bottleneck-effect probably induced the
change of overwintering habitat from Iceland to north-
ern Norway during the recovery of the NSS herring
population in the 1980 s (Huse et al. 2002).

Conclusion

Migration and distribution of animals emerge at the
level of individuals and belong to the realm of
behavioural- and evolutionary-ecology. At the same
time, migrating animals affect biogeochemical cycles and
flows (Polis et al. 1997), affect how ecosystems are
coupled, and remain an integral part of a meta-ecosys-
tem perspective (Loreau et al. 2003). There are current
trends towards managing populations with a holistic
and ecosystem-based approach (e.g. Pikitch et al. 2004),
and as illustrated here, the coupling between ecosystems
is also important as are the individuals responsible for
the coupling (cf. Ashley et al. 2003).
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