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a b s t r a c t

Coastal kelp forest ecosystems provide important habitats for a diverse assemblage of invertebrates, fish
and marine top-predators such as seabirds and sea mammals. Although kelp is harvested industrially on a
worldwide scale little is known about the multi-trophic consequences of this habitat removal. We inves-
tigated how kelp fisheries, which remove feeding and nursery grounds of coastal fish, influence local food
webs and the availability of food to a marine top predator, the great cormorant (Phalacrocorax carbo). We
conducted experimental harvesting of the canopy-forming kelp (Laminaria hyperborea) during a 3 year
period (2001–2003) in an area at the coast of Central Norway while synoptically monitoring fish occur-
rence and cormorant foraging parameters. Our results demonstrate that cormorants preferentially for-
aged within kelp-forested areas and performed significantly more dives when feeding in harvested
versus un-harvested areas suggesting lower foraging yield in the former case. In kelp areas that were
newly harvested the number of small (<15 cm) gadid fish was 92% lower than in un-harvested areas. This
effect was persistent for at least 1 year following harvest. To our knowledge, this is the first time that the
ecological consequences of kelp harvesting have been tested at a multi-trophic level. The results pre-
sented strongly suggest that kelp harvesting affects fish abundance and diminishes coastal seabird forag-
ing efficiency. Kelp fisheries are currently managed in order to maximize the net harvest of kelp biomass,
and the underlying effects on the ecosystems are partly ignored. This study calls for re-assessment of
such management practices.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Trophic relationships structure food webs via complex suites of
interactions. Within marine ecosystems, both bottom-up and top-
down trophic control occur, whereby the prevalence of each type
of mechanism varies in time and space (Frank et al., 2007). Bot-
tom-up control is resource driven, from primary producers onto
high trophic levels including top-predators, whereas top-down
control is consumer driven, from top-predators onto lower trophic
levels. Both operate naturally, and/or can be forced by man-made
changes of local and/or global extent.

In kelp forests (brown algae of the order Laminariales) both
top-down and bottom-up processes occur and they can operate
at various times and have huge effects on the ecosystem. In the
Aleutian archipelago, for instance, heavy exploitation of sea otters
ll rights reserved.
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(Enhydra lutris) by aboriginals and fur traders nearly drove the
population to extinction in the 1800s. Sea otters were important
predators on sea urchins (Strongylocentrotus polyacanthus) which
subsequently increased, causing a trophic cascade whereby the
kelp forests were grazed down (e.g. Jackson et al., 2001; Steneck
et al., 2004; Reisewitz et al., 2006). Legal protection of sea otters re-
versed this scenario during the 20th century but later kelp forests
were again depleted because of increased predation on sea otters
by killer whales (Orcinus orca, Estes et al., 1998).

Kelp are harvested worldwide as a source of alginate; a biopoly-
mer widely used in the food and cosmetics industry. In Norway, for
example, approximately 150,000 tonnes of the canopy-forming
kelp (Laminaria hyperborea) is harvested annually, providing 5500
tonnes of alginate (e.g. Steen, 2009). These fisheries may strongly
affect bottom-up control of marine food webs because they remove
feeding and nursery grounds of coastal predatory fish, thereby
influencing local food webs and the availability of food to top-
predators such as seabirds.

Kelp forests are often viewed as the marine equivalent to terres-
trial rain forests due to their great biodiversity of epiphytic flora and
macrofauna (e.g. Steneck et al., 2002; Christie et al., 2003, 2009). For
instance, Christie et al. (2003) found, on average, 7762 invertebrate
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individuals (range 2 to >82,000) on single (L. hyperborea) kelp along
the Norwegian coast, with a total of 238 mobile macrofaunal taxa.
Many of these invertebrates are important food for a number of fish
species (Nelson, 1979; Kennelly, 1983; Holmlund et al., 1990; Fosså,
1995; Norderhaug et al., 2005) which use the kelp forests as feeding
and nursery areas, and as shelter from larger predators (e.g. Bodkin,
1988; Norderhaug et al., 2005; Reisewitz et al., 2006; Vanella et al.,
2007). This is the case for gadid fish, which are particularly common
in Norwegian kelp forests (Norderhaug et al., 2005).

Gadid fishes are important for Norwegian coastal fisheries and
fishermen often complain about kelp harvest removing important
nursery and feeding habitats for these fishes. Up to now very little
research has been conducted to test this hypothesis, but studies in
Macrocystis pyriferea forests (an ecological equivalent to L. hyperbo-
rea) have shown that removal of kelp reduces fish biomass (Ebeling
and Laur, 1985; Bodkin, 1988; Carr, 1989).

If the kelp harvest significantly influences fish abundance by
removing important resources like feeding and nursery grounds,
effects should be evident for top marine consumers such as large
predatory fish, seabirds, and marine mammals, whose distribu-
tions are tightly linked to kelp forests (Røv et al., 1990; Fosså,
1995; Bustnes et al., 1997; Steneck et al., 2002; Estes et al., 2004;
Graham, 2004). For instance, Røv et al. (1990) demonstrated a
close, spatial-overlap between feeding areas of breeding great cor-
morants (Phalacrocorax carbo carbo, hereafter termed cormorants)
and kelp forests within their feeding range at the coast of Central
Norway. This was also confirmed by Fredriksen (2003) who found
that 37% of cormorant carbon originated from local kelp. Cormo-
rants are opportunistic predators that usually search for prey at
depths of 10–15 m (Grémillet et al., 1999). They are sensitive to
fluctuations in prey availability, as demonstrated in an experimen-
tal study on the closely related double-crested cormorant (Phala-
crocorax auritus) where efficient foraging was not maintained at
low levels of prey availability (Enstipp et al., 2007). Consequently,
cormorants should be suitable when tracking the potential impact
of kelp harvesting on seabirds.

In this study we tested the following hypotheses; (a) kelp har-
vest reduces the abundance of juvenile gadids through removal
of key habitat and/or feeding grounds and (b) if kelp harvest re-
duces gadid abundance, cormorant feeding performance should
be modified in the harvested areas. To test these hypotheses we
conducted experimental kelp harvesting during a 3 year period
(2001–2003) in an area at the coast of Central Norway while syn-
optically monitoring fish occurrence and cormorant feeding ecol-
ogy. We specifically wanted to test the following predictions: (1)
numbers of juvenile gadids are lower in harvested kelp areas than
in un-harvested areas, (2) numbers of juvenile gadids are positively
correlated with the re-growth of kelp in the harvested areas, (3)
numbers of cormorants feeding in areas with different harvesting
regimes are positively correlated with the number of juvenile gad-
ids, and (4) numbers of cormorant feeding dives should be posi-
tively correlated with the number of juvenile gadids.

To the best of our knowledge, this is the first time that the eco-
logical consequences of kelp harvesting have been investigated
experimentally at a multi-trophic level.
2. Material and methods

2.1. Study area, mapping of kelp distribution and kelp harvesting

The study was carried out in the Sula archipelago, Sør-Trønde-
lag County in Central Norway (63�500N, 8�200E). The study area
consists of vast shallow areas less than 30 m deep between sub-
sea ‘‘valleys” at depths of 100–150 m. The shallow water areas in
the study area consist of kelp (Laminaria spp.) forested areas inter-
rupted by soft and hard bottom areas with no kelp (Lorentsen,
2001) (Fig. 1).

Kelp distribution in the study area was mapped during 18–27
June 2000 using a grid of sampling points with 300 m east–west
and north–south separation. Sampling points within 0–30 m water
depths (the maximum depth of kelp growth, e.g. Fosså, 1995) were
selected giving a total of 403 points within the study area. An
underwater camera (Seavision SVUH-95 with a 2.8 mm Cosmicar
lens), attached to a 60 � 80 cm steel frame and coupled to a video
recorder (Sanyo TLS 1500P VHS) through a 50 m cable (Bennex
Transmark) was lowered to the seafloor at each of the sampling
points. The seafloor substrate and kelp coverage was provisionally
estimated in true-time from what was seen on a 40 0 monitor. Back
in the office the video recordings were used to verify the initial
estimates of substrate and kelp coverage. Kriging (http://resources.
esri.com/help/9.3/ArcGISDesktop/com/Gp_ToolRef/3d_analyst_
tools/how_kriging_3d_analyst_works.htm) was used to interpolate
the surveyed kelp density sampling points.

We estimated the total area of different cormorant feeding hab-
itats within the home range of the cormorants by constructing a
convex polygon around the outermost feeding locations obtained
from the radio telemetry study (see Section 2.2). Cormorant feed-
ing habitats were split into three groups; kelp vegetated areas
(containing >5% kelp), shallow (and sandy) areas with no kelp,
and pelagic areas (>30 m depths) and their total coverage was then
estimated in ArcView by combining the data on kelp abundance
and coverage (cf. Fig. 1). For the study of fish and cormorant abun-
dance and feeding behaviour the same map was used to select four
study plots representing different habitat categories (see Section
2.3). Kernel density estimates of cormorant feeding locations were
obtained using the software Animal Movement (Hooge and
Eichenlaub, 2000).

Kelp harvesting was initiated within the study area in 2000.
Prior to allowing kelp harvesting the management authorities
divide the harvestable coastal section into one nautical mile
(1852 m) wide latitudinal transects numbered from north to south
(Fig. 1). These transects are again arranged in groups of five tran-
sects labelled from A to E. The kelp harvest follows a 5 year cycle
and each year one of the letter-labelled transects in this group
are harvested (see below for an overview of which transects were
harvested in the study area during the study period). The kelp is
harvested with a rake-type dredge which is pulled by the boat
along the bottom, and which rips the kelp plants from the rock.
Kelp harvest removes all canopy-forming kelp plants in a 4-m wide
track, leaving either a barren track or a track that is vegetated by
small remaining kelp plants (Waage-Nielsen et al., 2003). This pro-
cedure is repeated until as much as possible of the kelp plants
within the harvested transect are removed.

A total of 15,303 metric tonnes (wet mass) of kelp were har-
vested in the study area during 2000–2003. In the first year
(2000) the D-transects were harvested (21D: 4485 tonnes) in the
autumn, in 2001 no transects were harvested due to the experi-
mental set-up as we wanted to get sufficient background data on
cormorant feeding behaviour (feeding habitats, dive durations
and foraging success) using radio-tracking and electronic balances
placed under their nests (see below). In 2002 and 2003 the E- and
B-transects were harvested (23E: 1419, 22B: 2607 and 27B:
710 tonnes, respectively), at the end, and before the field seasons,
respectively. These transects were not those that were scheduled
to be harvested according to the kelp harvesting industry’s ordin-
ary plan but were chosen specifically for the experimental set-up
because they contained much kelp and were suitably positioned
within the study area. The harvesting procedure itself, and the
amount of kelp harvested were set by the industry according to
procedures followed during ‘‘normal” harvest. There were strong
and positive correlations between the number of sampling plots

http://resources.esri.com/help/9.3/ArcGISDesktop/com/Gp_ToolRef/3d_analyst_tools/how_kriging_3d_analyst_works.htm
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Fig. 1. Location of the study area along the Norwegian coast (inserted map of Norway), kelp coverage (green to red shading), cormorant feeding habitats (blue dots) and
Kernel cormorant feeding density distribution (light to dark grey shading). Kelp harvest transects, labelled 20A–27B are indicated as well as the two cormorant breeding
colonies used in 2001 and 2002 (pink dots). Depth contours are indicated by light to dark blue shading.
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with >50% kelp coverage within the respective transects and the
amount of kelp harvested within the same transects; r2 = 0.96
(SHL unpublished data) indicating that the classification of kelp
distribution was in agreement with real kelp abundance.

2.2. Cormorant radio-tracking, food consumption and catch per unit
effort

In order to obtain data on cormorant feeding locations 11 indi-
viduals (3 in 2001 and 8 in 2002) were equipped with VHF-radio
transmitters (Biotrack TW-3). The transmitters were attached
underneath the two central tail feathers with cable ties. The birds
were captured at the nest following Grémillet and Wilson (1998),
and the capture and attachment procedure took less than 10 min.

In 2001 and 2002 birds were radio-tracked simultaneously from
21 June-8 July and 8 June-10 July, respectively, more or less daily
from 6 am to 9 pm from two tracking stations situated 1.7 km from
each other, at approximately 25 m above sea level (the two highest
islands within the study area). Both tracking stations were
equipped with two six element Yagi aerials mounted on a 4 m mast
and connected through a null peak combiner (Telonics TAC-5) to a
Televilt RX900 receiver. The bearing of the transmitters was deter-
mined at least every 10 min with 1� accuracy. The activities of the
birds (nesting, flying, resting, diving) were registered, as well as the
duration of at least one consecutive dive cycle (dive and recovery)
if the bird was diving (cf. Wanless et al., 1991). All information was
stored on a Husky Hunter field computer. The second tracking sta-
tion was used to determine the position and the foraging range of
birds at sea by triangulation (cf. Grémillet et al., 1996) at least
every 30 min, and to collect activity data in the same way as the
primary station. Individual cormorants normally perform 1–4
feeding trips/day (e.g. Grémillet et al., 2004), and a total of 347
feeding locations were obtained, with a mean of 32 locations
(range 6–63) from each individual.

In order to estimate cormorant catch per unit effort (CPUE) we
used nest balances to determine the amount of food caught during
each foraging trip following Grémillet et al. (1996). Briefly, elec-
tronic balances were placed underneath the nests of five cormo-
rant pairs raising young chicks and the total nest mass was
registered every 10 s by the mass difference when adults entered
and left the nest. Since females have a lower body mass than males
we were able to distinguish between the pair members allowing us
to calculate for each of them; the duration of each foraging trip, the
amount of food brought back to the nest after each foraging trip,
and the number of foraging trips per day. The mass of this food
load was corrected for digestion occurring during the foraging trip
following Grémillet et al. (1996).

Finally, catch per unit effort (CPUE g min�1) was estimated
using the ratio of the amount of food caught per foraging trip (from
the nest balances) to the time spent underwater per foraging trip
(from the radio-tracking data).

2.3. Impact of kelp harvesting on fish and cormorants

In order to study the impacts of kelp harvesting on fish and cor-
morant abundance and feeding behaviour we selected four study
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plots representing different habitat categories from the maps of
kelp-distribution and abundance (Fig. 1): (1) un-harvested, <25%
kelp coverage (sea area 1.7 km2), (2) un-harvested >50% kelp cov-
erage (sea area 1.16 km2), (3) newly harvested (1.5 months prior
to the study), >50% kelp coverage prior to harvesting (sea area
0.74 km2), and (4) harvested 1 year before the study (2002), >50%
kelp coverage (prior to harvesting, sea area 0.51 km2). Due to the
spatial distribution of kelp and the need for a nearby island to do
the observations from, this selection process was not random. Also,
these sites were not replicated. The fish counts were performed
using a mini-ROV (Remote Operated Vehicle, VideoRay Pro, see be-
low). While performing these counts in the cormorant study plot
within the newly harvested transect we found that the kelp was
insufficiently harvested and therefore (cormorant) observations
from this plot were discarded. Additional fish observations for this
transect were performed in a nearby (newly harvested) area. How-
ever, this area contained no islands from which we could perform
direct observations of the cormorants. This information is therefore
lacking for this particular habitat type.

From the 8–22 June 2003 visual observations of cormorants
were performed in each of these habitat categories over 10 obser-
vation periods of 4.5 h each. The observation periods were rotated
so that each habitat category was observed during morning (nor-
mally between 7 and 11) and afternoon hours (normally between
13 and 17) and between high and low tide every other time. Obser-
vation periods thus lasted from 2 h before high or low tide to 2 h
after high or low tide. Two observers performed the observations
in each area. Number of cormorants, and their behaviour (feeding,
resting at sea or on land) within the habitat categories were regis-
tered once every hour (maximum time underwater per foraging
trip is 54 min in cormorants Grémillet et al., 2004), thus avoiding
counting the same individual several times. If a flock of foraging
individuals arrived within the habitat categories we counted the
number of individuals and timed their arrival and departure. In or-
der to correct for different sizes of the habitat categories cormorant
numbers (numbers observed per time unit) were adjusted accord-
ing to the area of sea surface within each of the habitat categories
(see above). Dive times, recovery periods at the sea surface as well
as total diving bout time; i.e. from when that the individual in fo-
cus arrived into the study plot and until it left the area, including
pauses of up to 5 min were recorded (following Grémillet et al.,
2005) using a Husky Hunter field computer.

Fish occurrence was recorded from 20 to 29 June 2003 at 12 sta-
tions, one to four in each of the habitat categories (see above),
using a mini-ROV fitted to a video recorder (LG TVCR). This study
were mainly aimed at investigating the effects of kelp harvesting
on breeding cormorants, and we, thus, assume that fish move-
ments within this period is limited. The stations selected for the
fish recordings were the same as those used for recording kelp cov-
erage in 2000, thus eliminating small scale variations in kelp cov-
erage within the habitat categories. Arriving at the stations the
ROV was lowered to the seafloor, or to the top of the kelp bed, be-
fore it was manoeuvred in a direct line and at a constant speed
(0.5–1 m/s) away from the boat until the cable was fully extended
(c. 50 m). This was repeated 3–5 times at the same station and in
different directions away from the boat, an operation that normally
lasted 20–40 min. Fish abundance estimates were obtained from
video tapes while the ROV was in motion just above the kelp can-
opy or the seafloor. These estimates were recorded as fish numbers
per unit time for a total of 44 observation periods lasting between
5 and 20 min. Fish observed could usually be identified to family
level by means of their appearance (shape, colour), and behaviour.
Gadid fish were split in two groups according to their size; juvenile
(small) fish <15 cm, and larger fish >15 cm.

Estimates of fish biomass in the different habitats was obtained
using the following assumptions: (1) Only cod (Gadus morhua) and
saithe (Pollachius virens) were available (these two species
consisted 78% of the cormorant diet in the study area in 2003,
Lorentsen et al., 2004), (2) An ‘‘average fish” taken by cormorants
consists of 83% saithe and 17% cod (Lorentsen et al., 2004), (3)
The average mass of fish taken by cormorants is 17.3 g for a fish
<15 cm, and 98.7 g for a fish >15 cm (Lorentsen et al., 2004), (4)
The estimated volume of water scanned by the ROV min�1 is
385 m3 for the minimum and 246 m3 for the maximum biomass
estimates obtained (depending on the vertical and horizontal
extension of the scanned area). The ROV moved with an average
speed of 0.5 knots, covering 15.4 m min�1, and the vertical area
of water in sight (from the camera when the fish was counted)
was estimated to 5 � 5 m for the minimum and 4 � 4 m for the
maximum estimates, respectively).

Estimates of cormorant foraging success in different habitats
were calculated following the assumptions that: (1) cormorant
CPUE as determined using nest-balances and radio-tracking in
2001–2002, 9.76 g min�1 (Grémillet et al., 2004), were obtained
from a un-harvested area with >50% kelp cover, and (2) that the
CPUE obtained by the cormorants are directly proportional to the
fish abundance estimates obtained using the ROV surveys
(Fig. 3A). Thus, for this purpose, we used the fish abundance for
an un-harvested area with kelp cover >50% as the reference point
(100% fish abundance). Following this, an area with 50% fish abun-
dance compared with un-harvested areas allows cormorants to
forage with a CPUE of 4.88 g min�1. Thus, the reductions in CPUE
and the estimated cormorant foraging success are assumed to be
directly related to the reductions in fish availability in the other
habitats.

2.4. Statistical analysis

We used Chi-square goodness-of-fit tests (Neu et al., 1974) to
analyse whether radio-tracked cormorants utilized feeding habi-
tats in proportion to their availability (null hypothesis of no habitat
selection). If a significant result was detected, Bonferroni Z-statis-
tics were used to determine habitat use in relation to the expecta-
tions (Neu et al., 1974). A GLM with a quasi-Poisson distribution
and a log-link function was used to test the effects of fish and cor-
morant numbers on harvesting regime. For fish we used the actual
count and survey time was declared as an offset. Mann–Whitney U
test was used to test whether cormorant numbers varied with tidal
level (low or high). Observations of feeding cormorants and ROV
surveys of fish abundance could not be performed at exactly the
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Table 1
Values for a GLM with a quasi-Poisson distribution with a log-link function testing the
association between A. Fish numbers and kelp harvest regimes (kelp B = not
harvested, kelp cover >50%, kelp C = harvested previous year, and kelp D = newly
harvested) and the size/age of the (fish, small vs. larger) and their interactions. Null
deviance = 827.11, residual deviance = 428.83, n = 39. B. Cormorants numbers and
kelp harvest regimes (same categories as for fish). Null deviance = 3861.9, residual
deviance = 3057.7, n = 50.

Parameter Estimate SE t-Value P

A Fish numbers
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same time due to the disturbance caused by the ROV itself and by
the vessel from which the ROV was operated. In order to test the
combined effects of kelp harvest on the number of feeding cormo-
rants and fish we therefore used a bootstrap procedure whereby
we first resampled all relevant observations 1000 times and then
log (x + 1) transformed averages of the observations in order to
achieve a normally distributed sample. Assuming a negative corre-
lation between fish and cormorant numbers in harvested versus
un-harvested areas P values were calculated using the number of
negative slopes between observations from the two habitats (un-
harvested and harvested in the previous year) assuming that kelp
harvesting did not change numbers of cormorants or fishes, and
if there was a change it would not be positive.
Intercept 1.0464 0.4230 2.473 0.0158
Kelp B 0.5806 0.5737 1.012 0.3150
Kelp C �0.2712 0.7551 �0.359 0.7206
Kelp D 0.4576 0.7202 0.635 0.5272
Small fish �1.9396 1.1933 �1.625 0.1086
Kelp B�small fish 3.2612 1.2705 2.567 0.0124
Kelp C�small fish 2.1513 1.4601 1.473 0.1451
Kelp D�small fish 0.8436 1.6674 0.506 0.6145

B Cormorant numbers
Intercept 2.0289 0.8132 2.495 0.0162
Kelp B 1.8592 0.8742 2.127 0.0387
Kelp C 0.2735 1.2912 0.212 0.8331
3. Results

3.1. Kelp distribution and cormorant feeding habitats

Kelp had a westerly distribution within the study area, with the
most pronounced kelp forests in rocky parts and areas most ex-
posed to ocean swell, i.e. directed westwards (Fig. 1). The eastern
parts of the study area were dominated by soft and sandy bottoms
with very little kelp. Cormorant feeding areas were situated in the
central and the eastern sections of the study area, with 21% of
these zones within kelp vegetated areas, 10% within sandy and
shallow areas without kelp, and 69% over waters deeper than
30 m (Fig. 2). Cormorant use of these habitats was statistically dif-
ferent from their natural availability (v2 = 250.08, df = 2, p < 0.001,
Fig. 2) and birds clearly favoured kelp vegetated areas (v2 = 191.76,
df = 1, p < 0.001). Sandy and shallow areas were used as expected
from their availability (v2 = 0.04, df = 1, p > 0.05), and pelagic areas
less than expected (v2 = 58.28, df = 1, p < 0.001).
3.2. Fish numbers

The number of small gadids (<15 cm body length) varied greatly
between the habitat categories, from less than one individual ob-
served per minute in the un-harvested area with less than 25% kelp
cover, to nearly twenty individuals per minute in the un-harvested
area with more than 50% kelp cover, whereas for the number of lar-
ger gadids (>15 cm body length) there were much less variation
(Fig. 3A). A GLM was used to test the effect of kelp harvest regime
and fish size/age on the number of fish observed. The model used
two factors, one 4-level factor describing harvest regime and kelp
coverage (cf. Fig. 3A), and the other the size/age of the fish. Small
gadids but not larger ones were positively correlated with kelp
cover and showed a strong association with the un-harvested areas
(Table 1A, coefficient = 3.2612, p = 0.0124).
3.3. Cormorant numbers

There were no significant differences in the number of cormo-
rants feeding in the individual habitat categories with respect to ti-
dal level (Mann–Whitney, all p > 0.05) so count data were
collapsed into one group for each habitat category. A GLM was
used to test the effect of kelp harvest regime on the number of cor-
morants observed in the study plots. The model used one 4-level
factor describing harvest regime and kelp coverage (cf. Fig. 3B).
Cormorant numbers were strongly correlated with kelp cover
and showed a strong association with the un-harvested areas
(Table 1B, coefficient = 1.8592, p = 0.0162). The bootstrap proce-
dure showed that numbers of cormorants and small fish in the
un-harvested area with more than 50% kelp coverage were higher
than in the area harvested 1 year earlier (Fig. 3, p = 0.009). Such
patterns were not found for larger fish (p = 0.126).
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3.4. Cormorant diving and feeding behaviour

Cormorants performed significantly different number of dives
within the three habitat categories (ANOVA, F2,38 = 3.35,
p = 0.046). Significantly fewer dives per foraging trip were per-
formed in the un-harvested areas with kelp cover more than 50%
than in the un-harvested areas with kelp cover less than 25%
(p = 0.035, Tukeys test for differences between groups). No such
differences were found between the other combinations of com-
parisons between numbers of dives per foraging trip in the differ-
ent habitat categories (Fig. 4A).
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Fig. 4. Cormorant diving behaviour in habitat categories with different kelp cover
and kelp harvesting history. (A) Number of dives, (B) mean duration of dives, (C)
ratio between time under water and the following surface time (until the next dive),
an index of work load.
Mean dive times and the ratio between diving and surface time
(an index of work load) showed no significant variation between
the different habitat categories, or any individual differences be-
tween any of the habitat categories (Fig. 4B and C).

In order to assess whether the diving and feeding behaviour of
the cormorants was related to possible foraging success, fish avail-
ability was estimated for the different habitat categories. Although
cormorants performed more dives in areas with little kelp, the esti-
mated foraging success was less than half of that experienced in
the un-harvested areas with >50% kelp cover (Table 2). In the un-
harvested area with <25% kelp cover, and the area harvested 1 year
earlier, fish biomass estimates ranged between 0.7 and 1.1 g m3

(minimum and maximum estimates, cf. Table 3). This corresponds
to approximately 30% of the fish biomass estimate for areas with
kelp cover >50% that were un-harvested.
4. Discussion

4.1. Kelp harvest reduces the abundance of juvenile gadids

Reductions of fish numbers after kelp removal have been dem-
onstrated for Macrocystis kelp forests (e.g. Ebeling and Laur, 1985;
Bodkin, 1988; Carr, 1994; Vanella et al., 2007), as well as Laminaria
kelp forests (e.g. Reisewitz et al., 2006). In our study the number of
small (<15 cm) gadid fish was more than 90% lower in the newly
harvested area than in nearby un-harvested areas with >50% kelp
cover. In an area that had been harvested 1 year earlier the fish
numbers were around 85% lower than in un-harvested areas with
>50% kelp cover. These numbers are similar to those found in areas
with little, or no, kelp. For large (>15 cm) gadids fish numbers were
similar in harvested and un-harvested areas indicating that these
were not severely influenced by the harvest. Reduction in the num-
ber of small fish was similar to what Bodkin, (1988) found after
experimental removal of Macrocystis from a 1-ha area off central
California (63%), but much higher than what Ebeling and Laur
(1985) observed in the same area after loss of a kelp habitat due
to storm damage and urchin grazing (20%). This suggests that fish
respond differentially to industrial harvest of kelp than to the ‘‘nat-
ural” removal through storms and benthic grazers, maybe because
the amount of kelp removed during industrial harvest is larger.

Kelp harvest leave the small understory plants undisturbed (e.g.
Christie et al., 1998), but ROV video-data collected during this
study showed a more or less complete harvest (see also Christie
et al., 2003). Such massive removal obviously triggered a dramatic
reduction in the abundance of small-sized gadids which lost shel-
ter and food. This was also demonstrated by Ebeling and Laur,
(1985) and Vanella et al. (2007) who selectively removed kelp
blades from plants. These thinning experiments clearly showed
that juvenile fish avoided open spaces, but that adult fish were
not severely affected.

The fate of small fish after kelp harvest is unclear and at least
two outcomes are possible. First, they will become an easy target
for predatory fish and birds (e.g. cormorants) and will be predated
as soon as their hiding places are removed. Second, they will mi-
grate or re-group to the nearest kelp-forested areas due to lack
of shelter in the harvested areas. Bodkin (1988) suggested that fish
that were displaced by kelp forest removal did not relocate to the
nearest available kelp area, but may have dispersed over an area
larger than the study site. The fate of larger gadids (>15 cm) is also
unknown. Their numbers appeared unaffected by kelp harvest,
although previous dietary studies clearly show that cormorants
can target fish up to 55 cm in length (Lorentsen et al., 2004).

The number of juvenile fish was two times higher in the area
that had been harvested 1 year earlier than in the area that had
been newly harvested, but was still 15% of the fish numbers found



Table 2
Estimated cormorant foraging success in different habitats. Fish availability in the un-harvested area with kelp cover >50 is 1 (=100%), and in the other areas relative to the
estimated reductions in CPUE.

Mean number of dives Mean dive time (s) Fish availability CPUE (g min�1) Estimated foraging success (g fish/dive bout)

Un-harvested, kelp cover <25% 7.9 48.0 0.12 1.17 7.4
Un-harvested, kelp cover >50% 2.8 52.3 1 9.76 23.8
Harvested previous year 6.2 52.0 0.21 2.0 10.7

Table 3
Estimated fish biomass in different habitats.

Estimated fish biomass (g m�3)

Minimum Maximum

Un-harvested, kelp cover <25% 0.69 1.08
Un-harvested, kelp cover >50% 2.21 3.45
Harvested previous y 0.72 1.12
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in un-harvested areas. In a study of kelp re-growth Christie et al.
(1998) found that 5 years after the harvest mean canopy height
was still 30% lower and the holdfast volume only one third of the
pre-harvest level. The density of juvenile fish seems to be strongly
influenced by kelp habitat characteristics (i.e. availability of shel-
ter). Christie et al. (1998, 2009) show that kelp forests need many
years to fully recover after the harvest and assuming that juvenile
fish re-establish accordingly our results suggest that fish numbers
might be low for several years after the harvest. Thus, in a kelp
harvested area consisting of multiple transects harvested during
a 5-year interval, as used in Norway, fish numbers might be con-
siderably reduced compared to un-harvested areas. Although, our
findings can only be verified through long-term studies the results
might, in the long run, impose severe implications for gadid popu-
lations along the coastal sections that are being harvested.

4.2. Kelp harvesting impacts cormorant feeding behaviour

Results from this study clearly confirm the importance of kelp-
forested areas as feeding grounds for cormorants.

The numbers of feeding cormorants reflected the numbers of
small fish found in the respective habitat categories demonstrating
their unique capability of tracking even small fish densities
(Grémillet et al., 2004). Seabird distribution in the open seas is of-
ten correlated with oceanographic features and fish abundance
(e.g. Fauchald et al., 2000). For coastal, shallow water ecosystems
which are less accessible to research vessels, such correlations
have been more difficult to assess. By using ROVs and video sur-
veillance this obstacle is partly avoided, but is still associated with
methodological difficulties (see e.g. Willis et al., 2000). For instance
estimates of fish abundance from the present study probably
underestimate real numbers. Indeed, the present study was set
to estimate fish numbers within the upper layer of kelp forests.
When used in areas with little or no kelp, before or after harvest,
the ROV was manoeuvred just above the seafloor or the canopy
of the kelp present. Under these conditions well-camouflaged fish
like flatfish and sculpins (Cottidae) might have been overlooked by
the ROV (e.g. Norderhaug et al., 2005). On the other hand, direct
underwater observations (DG pers. obs.) suggest that cormorants
do not feed within dense kelp forests due to propulsion problems.
Therefore estimates obtained for this habitat likely mirror prey
availability to the birds, if not overall abundance.

Enstipp et al. (2007) investigated the functional link between
prey abundance and double-crested cormorant foraging perfor-
mance under controlled conditions. They suggested that fish den-
sities of 2–3 g m3 represented a threshold density below which
sustainable foraging is compromised. In our study, estimated fish
densities were above this threshold only within un-harvested areas
with kelp cover >50%, and below for all other habitats (Table 3).
Moreover, the cormorants performed significantly more dives in
the low density areas (un-harvested areas with kelp cover <25%
and areas harvested the previous year) than in the high density
areas suggesting they used more time to find prey. These results
partly support findings by Enstipp and colleagues, and suggest that
kelp harvesting may strongly compromise cormorant foraging effi-
ciency. Indeed, our estimates based on fish availability and cormo-
rant feeding behaviour indicated a significant decrease in CPUE in
harvested areas and areas with low kelp cover (Table 2). Although
the relative difference between CPUE estimates in the different
habitats is likely to be correct, these figures should be treated as
indicative as they feature an average for several individuals that
might have foraged in different habitats (both un-harvested and
harvested areas with different kelp coverage). Thus, the CPUE used
as a reference value in this study might have been too low for cor-
morants feeding in un-harvested kelp-forested areas, and too high
for individuals feeding in harvested areas.

Beyond a reduction in gadid abundance, kelp harvesting also
drastically modifies the underwater landscape familiar to foraging
cormorants. Since such long-lived marine predators most probably
use memorized information to optimize their foraging yield (Gré-
millet et al., 1999; Elliot et al., 2008) they will most probably need
time to familiarize with the alterations of their feeding habitats
and the concurrent reductions in fish abundance.
4.3. Conclusions and implications for the management of kelp harvest

Kelp harvest is currently managed in order to maximize the net
harvest of kelp biomass and the underlying effects on the whole
ecosystem are thus partly ignored. Kelp harvest removes all can-
opy-forming kelp plants, leaving either a barren track or a track
that is vegetated by small kelp plants that ensure re-growth
(Waage-Nielsen et al., 2003). In Norway kelp harvest follows a
5 year cycle which does not allow kelp plants to fully re-grow be-
fore the next harvest (Christie et al., 1998, 2009). Kelp epiphytes do
not fully recover during this short period of time, neither do resi-
dent populations of amphipods and isopods (Christie et al., 1998,
2009), important food resources for gadid fishes (Norderhaug
et al., 2005).

Kelp harvest removes the habitat for coastal fish and their food
base, and our results strongly suggest that the number of juvenile
fish remains low for several years following kelp harvest. Also, we
suggest that in a coastal landscape with multiple kelp harvest tran-
sects of different age, the number of small gadids might be consid-
erably lower than the numbers found in un-harvested areas.
Although the long-term ecological consequences of these trends
are still to be evaluated, they obviously impose severe threats to
gadid populations along the coastal sections which are being har-
vested. The coastal population of Cod is classified as endangered
on the Norwegian red list (Kålås et al., 2006), and all threats to this
population should be avoided.

Kelp harvest compromises individual cormorant foraging effi-
ciency and a significant decrease in CPUE is probably experienced
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in harvested areas. How this reduced foraging efficiency affects
cormorant populations is still unclear. In the study area and period,
the number of breeding cormorants decreased by 35%, compared
with 7% in a nearby, un-harvested area. However, for the period
2001–2008 population development were similar in these areas
(The Norwegian monitoring programme for seabirds, unpubl.
data), suggesting that the population decrease in the harvested
area in the first years could be an initial effect of the harvest and
that the cormorants, in the long run, are able to adapt to the chan-
ged feeding conditions. Nevertheless, this should be investigated
further, together with the effect on other marine top-predators
such as e.g. black guillemots (Cepphus grylle) and otters (Lutra lu-
tra), which are confined to nearshore kelp-forested habitats all
the year around (e.g. Cramp and Simmons, 1977; Kruuk et al.,
1990; Reisewitz et al., 2006).

Reduction of juvenile fish abundance due to the removal of their
feeding and hiding grounds by kelp harvesting is by nature a bot-
tom-up process, although driven by human exploitation. However,
these fish, especially medium sized and large cod, are important
predators of early pelagic and settled juvenile stages of sea urchins
(e.g. Steneck et al., 2002, 2004). In our study gadids of the size that
are considered important predators on sea urchins did not seem to
be severely affected by kelp harvest. However, if this had been the
case, it could have had a strong negative effect on sea urchin pre-
dation (and density) and might have strengthened kelp-forest sus-
ceptibility to grazing, especially because kelp forests are also
strongly reduced and fragmented due to the harvest itself (e.g.
Sjøtun et al., 2006). The kelp harvesting industry is familiar with
the risk of increased sea urchin abundance after kelp harvest due
to the ‘‘opening of barren areas” (Steneck et al., 2002). In a recent
study (Byrnes et al., 2006) predator diversity in kelp forests was
found to be negatively correlated with herbivore abundance and
positively correlated with kelp abundance. Also, Steneck et al.
(2002, p. 441) concluded that ‘‘predators. . .. are the single most
important agent controlling sea urchin populations” and that fra-
gility in kelp forest ecosystems may depend on local biodiversity.
Kelp harvest reduces local biodiversity (Christie et al., 2009) and
might, thus, reduce kelp forest ability to resist to changes in herbi-
vore abundance. The effects of kelp harvesting on other kelp-asso-
ciated fish species (e.g. labrids and sculpins) which are important
predators of invertebrate herbivores, and important food to kelp-
forest-associated top-predators, remain to be studied to comple-
ment our understanding of kelp forest natural and anthropogenic
dynamics.

The present study suggests that the kelp harvesting regimes
used, and the kelp harvest itself, might have serious impacts on
the marine community, including populations of Cod that are cur-
rently endangered. We suggest that the ecological impact of such
harvest should be evaluated at the ecosystem level, taking into ac-
count its combined effects on all trophic levels. The present study
is a first essential step towards this goal.
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