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Abstract

Marine protected areas (MPAs) have demonstrated their effectiveness as a conservation tool.
The red listed European lobster, Homarus gammarus, has been under great pressure in the
Oslofjord, due to extensive harvest. Therefore, two MPAs designated for lobsters were
established to help restore the population. However, these MPAs are relatively small, and
their ecological effects are not well documented due to their recent establishment (i.e. 2017
and 2021). Using a “before-after control-impact” study approach (BACI), lobsters from the
two MPAs in the Oslofjord, Drgbak and the Inner Fjord, were surveyed. Catch per unit effort
(CPUE) was calculated and total length and sex were recorded. The study revealed that the
MPAs had a positive effect on both CPUE and total length. CPUE approximately doubled in
Drebak two years post-protection, and lobsters had an average increase of 2 cm in both areas.
Before protection the Inner Fjord had a higher proportion of females while Drgbak had a
higher proportion of males. After protection, the Inner Fjord had an increase of males, while
the proportion of males remained stable in Drebak. The results indicate that small MPAs have
a positive effect on CPUE and total length but also highlight differences in sex ratio between
MPA:s.

Sammendrag

Marine verneomrader (MPA-er) har vist seg & vare et effektivt verktey for bevaring. Den
rodlistede Europeiske hummeren, Homarus gammarus, har vaert utsatt for stort press i
Oslofjorden pa grunn av omfattende fangst. Pa bakgrunn av dette ble to verneomréder for
hummer opprettet for & bidra til & gjenoppbygge bestanden. Disse verneomradene er
imidlertid relativt sma, og deres gkologiske effekter er ikke godt dokumentert p& grunn av
deres nylige etablering (hhv. 2017 og 2021). Ved bruk av en «before-after control-impact»
studie (BACI), ble hummer fra disse to verneomradene i Oslofjorden, Drebak og Indre Fjord,
undersekt. Fangst per innsatsenhet (CPUE) ble beregnet, og totallengde samt kjonn registrert.
Studien viser at verneomrddene hadde en positiv effekt pd bade CPUE og totallengde. CPUE
omtrent doblet seg i Drobak to ar etter innforingen av vern, og hummerne hadde en
gjennomsnittlig ekning pd 2 cm i begge omrdder. For vernet hadde Indre Fjord en hoyere
andel hunnhummer, mens Drebak hadde en heyere andel hannhummer. Etter vernet gkte
andelen hannhummer i Indre Fjord, mens kjennsfordelingen forble stabil 1 Drebak.
Resultatene indikerer at selv sma verneomréder kan gi positiv effekt pa totallengde og CPUE,

samtidig som de avdekket forskjeller i kjonnssammensetningen mellom verneomradene.
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1 Introduction

The ecological condition of the Oslofjord is experiencing significant pressure. Currently, 1.6
million people live across the 26 municipalities adjacent to the fjord. Historically the
Oslofjord was considered the most species-rich fjord in Norway (Miljedirektoratet, 2023,
2024). As of 2024, the Oslofjord was home to 83 marine-associated species classified as
threatened on the Norwegian red list (Miljedirektoratet, 2024). Due to anthropogenic stress,
the Oslofjord also contains the threatened habitat eelgrass, which is an important habitat for
juvenile cod and crustaceans (Institute of Marine Research, 2024; Miljedirektoratet, 2024).
The Norwegian Water Regulation classify the ecological state of the Inner Oslofjord as
moderate (Miljedirektoratet, 2024). Major threats includes overfishing and bottom trawling
(Miljedirektoratet, 2024). Several marine areas have been established for the protection of cod

(Gadus morhua) and European lobster (Homarus gammarus).

Marine protected areas (MPAs) were implemented in the Norwegian Naturmangfoldloven in
2009 § 39 and have been demonstrated to be an effective conservation tool (Fernandez-
Chacon et al., 2021). The laws purpose is to protect marine areas that are representative,
vulnerable, distinctive or threatened underwater habitats along the coast and in territorial
waters (Miljedirektoratet, 2025). When established, the purpose and restrictions of the MPAs
need to be specified and whether it applies to the bottom, the water column, the surface or a
combination of these three categories. The MPAs described in this study are designated
lobster protected areas. The lobster is a heavily exploited species and may therefore respond
quickly to protection (Lester et al., 2009). However, the response in areas with smaller
populations could be relatively slower (Sanchez Lizaso et al., 2002). Due to the reduction in
population size, the European lobster (henceforth termed lobster) was considered vulnerable
on the Norwegian red list in 2021 after being categorized as least concern in 2015 (Tandberg
etal., 2021). The Norwegian government has developed an action plan for the Oslofjord,
which include a requirement that each municipality establish one marine protected area

designated for lobster conservation before 2026 (Klima- og miljedepartementet, 2021).

MPASs have been shown to have a positive impact on total length and an overall increase in
catch per unit effort (CPUE) both inside and outside the MPAs (Ferndndez-Chacoén et al.,
2021; Knutsen et al., 2022; Moland et al., 2013a; Moland et al., 2013b; Thorbjernsen et al.,
2018). Since lobster size and reproductive potential are positively related (Campbell &

Robinson, 1983), MPAs may contribute to a further increase in population size. Marine



protected areas vary in size and organisms respond differently to protection. Larger MPAs are
more efficient in protecting whole ecosystems compared to smaller MPAs ('Aulani Wilhelm

et al., 2014). However, previous studies have shown that even small MPAs may have a higher
CPUE of lobsters compared to control areas and therefore have a positive effect on protection

(Moland et al., 2013a; Serdalen et al., 2022).

Lobsters have a relatively small home range, commonly moving less than 1 km (Agnalt et al.,
2007; Rowe, 2001). Despite their limited mobility, small MPAs may not achieve the intended
protection of lobsters as lobsters can move across the boundaries (Kellner et al., 2007). A
challenge for small MPAs is their vulnerability to human-related stressors which reduces the
effective size of the protected area, also known as the edge effect (Ohayon et al., 2021).
Larger MPAs, on the other hand, are more likely to cover the natural range of lobsters,
reducing the risk of lobsters moving out of the MPAs and into areas where they can get
harvested. As the size of an MPA increases, the relative influence of edge effect declines. The
influence of surrounding fished areas can extend approximately as much as 1 km into the
MPA (Ohayon et al., 2021). This effect is reflected in the sharp decline in CPUE observed
near MPA boundaries (Goiii et al., 2006), indicating a high fishing pressure that contributes to
the edge effect.

Marine protected areas could also benefit adjacent areas due to spillover effects. The
abundance of lobster is highest inside the core of the MPAs which can lead to intraspecific
competition for shelters and large lobsters migrate to avoid competition (Steneck, 2006;
Thorbjernsen et al., 2018). The CPUE typically decreases gradually from the center of the
MPA and up to 4 km from the reserve boundary, except from a sharp decline at the border
(Goni et al., 2006; Ohayon et al., 2021). This suggests that the protected areas may also
benefit areas that are adjacent to the MPAs.

Intensive harvest pressure could lead to an alteration in sex ratio. Sex-biased fisheries may
occur when males are larger and fisheries are size-selective, or when regulations protect
females with external roe, as for the European lobster (Iacchei et al., 2005; Ogburn, 2019;
Skud, 1969). In the last decade, there has been a substantial decrease of male lobsters in
Norway, especially males exceeding 30 cm (Kleiven et al., 2017) Since the harvest
regulations protect females with external roe, this has resulted in a female-dominated sex ratio
for lobsters over 30 cm (Kleiven et al., 2017). Moreover, males with a large crusher claw
relative to body size are more likely to get caught in traps as they take more risk (Moland et

al., 2019), which could lead to a further alteration in sex ratio.



This study consisted of two study areas, Drebak and the Inner Fjord. The two MPAs are
relatively small, 0.85 km? and 2.05 km?, respectively. The overall aim for this study was to
compare the effects of these two recently established (i.e. the Inner Fjord in 2017 and Drebak

in 2021) lobster marine protected areas.
Specifically, I:

1) Compared catch per unit effort between the two MPAs and control areas, starting prior
to the establishment of the protected areas. I predicted that the CPUE would increase
more in Inner Fjord than Drebak, given the MPA in the Inner Fjord is larger.

2) Examined the size distribution of lobsters in both MPAs and control areas, predicting
that the effect of MPA on lobster size would be stronger in the larger and more
effective MPA in the Inner Fjord compared to the smaller MPA in Drebak.

3) Compared the sex ratio between the two MPAs and control areas and whether it had
changed since their establishment. I predicted that prior to protection there would be
more females, as they are not allowed to harvest every second year when carrying
external roe. Over time there would be a larger increase of the proportion of males in

the Inner Fjord compared to Drebak due to its larger protected area.

Figure 1: Lobster caught in Drgbak 31.08.24.



2 Materials and methods

2.1 Area description

The study was conducted in two areas. The study area in Drebak had one marine protected
area, Jetéen, and two control areas, Askholmene and Biologen (Figure 2). The study area in
the Inner Fjord comprised one marine protected area, Nesodden, and one control area,

Snargya (Figure 3).

Jetéen is a man-made wall below the ocean surface. It stretches from Oscarsborg fortress to
Satre in Asker municipality, and it is approximately 1.5 km long. It was built in 1874 - 1879
to prevent military ships entering the Oslofjord from the west (Hammer & Berg, 2024). The
construction, made up of boulders, is 4 m wide at the top and stretches down to depths of 20
m. Today there are two openings in the wall for smaller boats to pass. The area along Jetéen
in Drobak was designated a MPA in 2021 and is a no-take zone for lobsters. The MPA is 0.85
km? (Fiskedirektoratet, n.d.). The control area, Biologen, is a narrow area stretching from
Badeparken to south of Lehmannsbrygga in Dregbak. The second control area lies around

Askholmene, between Hieya and the mainland (Figure 2).

The second area, Nesoddtangen, was established as a MPA in 2017. This was the first marine
protected area in the Inner Oslofjord. The MPA is 2.05 km? (Fiskedirektoratet, n.d.). The
control area lies between Nesoddtangen and Snareya and stretches along the southeast part of

Snargya. The control area is approximately 0.5 km? (Figure 3).
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Figure 2: Area description for Drebak with traps (red circles). Control areas are: Askholmene (NE)
and Biologen (S). While Jetéen (M) is the MPA. Map source: (Haugen et al., 2023).

\

Figure 3: Area description of the Inner Oslofjord. Snareya is the control area, Nesoddtangen is the
MPA marked in red. Map from: (Fiskedirektoratet, n.d.).



2.2 Study species and harvest regulations

The European lobster is found along the coast from the Mediterranean Sea to Lofoten in
Norway. This species typically inhabits shallow waters at depths of 5 - 40 m (Tandberg et al.,
2021). Their preferred habitat consists of rocks and boulders where they can hide (Institute of
Marine Research, 2022). Lobsters can get up to approximately 50 cm in total length and
weigh 8 kg (Institute of Marine Research, 2022). Their estimated lifespan is 42 — 72 years and

females become sexually mature between 9 — 11 years (Sheehy et al., 1999).

Lobsters only come together for mating purposes. When copulating the male gives the female
packages of sperm (Institute of Marine Research, 2022). The female carries her unfertilized
eggs for a year. Upon spawning the eggs are released and undergo fertilization when passing
the sperm packages in the oviducts (Institute of Marine Research, 2022). The fertilized eggs
attach to the setae of the swimmerettes, beneath the abdomen, for another 9 - 11 months
(Agnalt et al., 2007). When hatched the planktonic larvae has a pelagic phase. The larvae will
moult four times, before they seek the bottom in the fifth stage (Incze & Wahle, 1991). The
early benthic juvenile stage, 4 — 20 mm carapace length, remains poorly understood, as
individuals within this size range has never been observed in the wild. The scarcity of such
findings represents a significant knowledge gap of the European lobster (Institute of Marine
Research, 2022). Lack of knowledge also limits our understanding of the specific habitats

utilized by lobsters during this critical development stage.

Regulations on lobster protected areas went into effect in 2006 (Forskrift om
fredningsomrader for hummer, 2006). These areas are no-take zones for lobster. However, it
is allowed to fish in these protected areas with handlines, fishing rods, jigging, trolling lines
and purse seines from Sweden to Vestland (Forskrift om fredningsomrader for hummer,
2006§1). Outside the protected areas, Norwegian law states that it is not allowed to harvest
lobster smaller than 25 cm and larger than 32 cm (between Sweden and Vestland County,
there is no maximum length restriction from Rogaland and further north). In addition it is
illegal to harvest lobster with external roe (Forskrift om hesting av hummer, 2021§8,§9,§10).
The annual lobster harvest between Sweden and Vestland starts the 1% of October and ends
30™ of November, while the harvest north of Vestland ends 31 of December. From 1% of

January to 1% of October it is illegal to store lobster in the sea (Fiskedirektoratet, n.d.).



2.3 Methods

The data collection is part of a bigger research project and methods used for data collection in

Drebak were the same as described in Haugen et al. (2023).

A BACI (before-after, control-impact) design as described in Haugen et al. (2023), was used
in this study. A Before-after-control-impact (BACI) analysis offers a robust and simple tool to
analyze the effects of MPAs (Kerr et al., 2019; Sciberras et al., 2013). However, a limitation
with the BACI design is that the “before” and “after” are binary which can mask important
patterns over time. Another limitation with BACI for evaluating MPAs is that there are no
true comparable controls, because it is a natural experiment (Kerr et al., 2019). Neither the
control areas nor protected areas can exclude influence from pollution, which furthermore

could affect how the results are interpreted.

The first lobster traps (“skotteteiner” in Norwegian) in Drebak were set in September 2020 to
get before and after data for the conservation area. Jetéen was made a MPA in 2021. Since
2021 there has been data collected in August-September and December each year, before and
after the annual lobstering season (Figure 4). Traps were distributed randomly using QGIS’s
vector tool in two depth layers, strata: 3-15 m and 15-30 m in each area. Each of the three
areas in Drebak had 20 traps in the same location every year. From September 2022
additional 10 traps were added to Jetéen (Figure 4). The randomization- and stratification
routines used to position the traps are the same as used previously by The Institute of Marine
Research (Espeland et al., 2014). Each data collection period was conducted over five days in
Drebak. Every 24 hours the traps were emptied and baited with fresh mackerel. Lobster total
length and sex were recorded. All lobsters were measured on their backs from the rostrum to
the tip of the central tail fan. The abundance of lobster was measured as CPUE. CPUE was

calculated as the amount of lobster per trap per 24 hours.

In the Inner Fjord the data collection was conducted over a period of nine days each
September, starting in 2017. The lobster traps were baited with fresh mackerel every 24 hours.
Both the MPA and control area were equipped with 15 traps each (Figure 4). The parameters
recorded were total length (cm), sex and CPUE was calculated. When the traps were
distributed the first year, they were distributed in areas with perceived lobster habitat. The
traps were set in the same location each year. Depth measurements were conducted in 2017,

with all traps deployed at depths between 6 and 20 meters.



Drobak

MPA
60 traps 60 traps 70 traps 70 traps 70 traps

MPA 30 traps 30 traps 30 traps 30 traps 30 traps 30 traps 30 traps
30 traps

Inner Oslofjord

Figure 4: Timeline for Drebak and Inner Oslofjord, when MPAs where established and the number of traps in
each area.

Sampling was conducted during August-September, before the legal trapping season opening
October 1%, This resulted in two years of before-data in Drebak and one year in the Inner
Fjord (Figure 4). Year zero in the results refers to the year the MPAs were established (i.e.
2017 and 2021, Figure 4).



2.4 Statistical analysis

All analysis were performed using R Statistical Software 4.4.1 (2024-06.14 ucrt) (R
Development Core Team, 2024).

The mean catch per unit effort (CPUE) was used as an indicator for abundance of lobster in
this study. The response variable, CPUE, was log-transformed using the log1p function.
Multiple linear models were fitted, including study year, sex, area (Drebak vs. Inner Fjord)
and control/impact. Control/impact, area and sex were used as binomial predicter variables,
while study year was a categorical predicter variable. Predictions were back-transformed from
log-space for interpretability. To evaluate change in size distribution, a set of linear models
were fitted using total length (cm) as a continuous response variable. To assess the effect of
MPASs on sex ratio, a generalized linear model with a binomial error distribution was fitted.
The response variable was sex. The predicter variables were control/impact, before/after,
study year and area. Lobsters that were reported as NA were excluded from the analysis in

RStudio, this concerned 15 lobsters caught in the Inner Fjord.

Model selection was based on Akaike’s Information Criterion (AIC) following procedures
described in Zuur et al. (2009). AIC was used for model selection in all three analyses: CPUE,

size distribution and sex ratio.

ChatGPT-4 Turbo was used as a tool to help with coding in RStudio and interpreting the data.
In addition, it was used for language assistance; providing synonyms, linking words and

structural help for paragraphs (OpenAl, 2025).



3 Results

3.1 Catch per unit effort

The number of lobsters caught were generally higher in Drebak than in the Inner Fjord. The
last three years in Drgbak show an increased CPUE, starting one year post protection (Figure

5). The immediate effect of protection was less in the Inner Fjord (Figure 5 & 6).

Drgbak Inner Fjord
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Figure 5: Box plot showing catch per unit effort (lobster/trap/24 hour) for males and females in marine
protected areas (MPAs) and control areas in Dragbak and the Inner Fjord for all study years (i.e. 2020 —
2024 in Dregbak and 2017 — 2024 in the Inner Fjord). Zero is the year MPAs were established, all data
are from August-September, prior to the legal trapping season (October-November) in control areas.
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The best candidate model (Table 1) for CPUE (74% support) included:

CPUE ~ SY + Sex + Area + Colm + SY:Sex + SY:Area + Sex:Area + SY:Colm + Sex:Colm

+ Area:Colm + Sex:Area:Colm

Table 1: Candidate models with AIC model selection with catch per unit effort as the response
variable. Colm: Control/Impact, Area: Inner Fjord and Drebak, SY: Study year.

Model K AICe AAICe AICeWt LL
SY+Sex+Area+Colm+SY:Sex+SY:Area+
Sex:Area+SY:Colm+Sex:Colm+ 27 -35.62 0.00 0.74 45.62

Area:Colm+Sex:Area:Colm
SY+Sex+Area+Colm+SY:Sex+SY:Area+

Sex:Area+SY:Colm+Sex:Colm+ 30 -32.80 2.82 0.18 47.40
Area:Colm+SY:Area:Colm+Sex:Area:Colm
SY+Sex*Area*Colm 14 -30.75 4.87 0.06 29.60

SY+Sex+Areat+Colm+SY:Sex+SY:Area+

Sex:Area+SY:Colm+Sex:Colm+Area:Colm+

SY:Sex:Area+SY:Area:Colm+Sex:Area:Colm 33 -27.94 7.68 0.02 48.18
SY+Sex+Areat+Colm+SY:Sex+SY:Area+

Sex:Area+SY:Colm+Sex:Colm+Area:Colm+

SY-Sex: AreatSY:Sex:Colm+t 38 -19.18 16.43 0.00 49.20
SY:Area:Colm+Sex:Area:Colm

SY*Area+Colm*Sex 14 -17.73 17.89 0.00 23.09
SY*Colm*AreatSex 22 -15.64 19.97 0.00 30.36
SY*Sex*Area*Colm 41 -13.37 22.24 0.00 49.56
SY+Sex+Area*Colm 11 -10.90 24.71 0.00 16.59
SY*Sex+Area*Colm 16 -4.39 31.23 0.00 18.48
SY+Sex+Area+Colm 10 -2.27 33.34 0.00 11.25
SY*Sex* Area+Colm 22 -2.08 33.53 0.00 23.58
SY*Colm+Sex+Area 15 0.00 35.61 0.00 15.26
SY*Sex+Area+Colm 15 426 39.87 0.00 13.12

CPUE was higher in Drabak compared with the Inner Fjord (Table 2, Figure 6, Appendix
A.1). CPUE increased in the MPA in Drgbak compared with before the MPA establishment
(Figure 6). The second year in Drebak had the highest CPUE in the MPA compared with
control areas (Figure 6). Males had a higher CPUE in the MPA in Drebak before the
protection and responded more positively to protection than females. In the Inner Fjord the
difference in CPUE between the MPA and control area was smaller overall than in Drebak
(Figure 6). However, males showed an increase in the MPA the final year (Figure 6). The
multiple R-squared for the model was 0.26, indicating that 26% of the variation in the

response was accounted for by the predictors.
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Table 2: Parameter estimates for the best fitted model for CPUE (see Table 1): SY + Sex + Area +
Colm + SY:Sex + SY:Area + Sex:Area + SY:Colm + Sex:Colm + Area:Colm + Sex:Area:Colm. SY:
Study years, Colm: Control/Impact, IF: Inner Fjord. Anova test with backwards elimination. The

model R-square = 0.26.

Parameter estimates

Likelihood ratio test statistics

Term Estimate SE Effect Df Sum Sq Fvalue P
Intercept 0.15 0.03 | SY 5 258 942 <0.001
SYO -0.03 0.05 | Sex 1 026 4.70 <0.05
SY1 0.03 0.05 | Area 1 571 10428 <0.001
SY2 0.09 0.05 | Colm 1 555 10142 <0.001
SY3 0.03 0.05 | SY:Sex 5 021 0.78 0.56
Sy4 -0.09 0.05 | SY:Area 3 065 398 <0.01
Sex[M] -0.06 0.04 | Sex:Area 1 044 8.02 <0.01
Area[IF] -0.06 0.05 | SY:Colm 5 057 2.01 <0.1
Colm[Impact] 0.04 0.05 | Sex:Colm 1 076 13.82 <0.001
SYO0:Sex[M] 0.07 0.06 | Area:Colm 1 073 1341 <0.001
SY1:Sex[M] 0.06 0.06 | Sex:Area:Colm 1 043 7.88 <0.01
SY2:Sex[M] 0.08 0.06

SY3:Sex[M] 0.00 0.06

SY4:Sex[M] 0.16 0.08

SYO0:Area[IF] 0.01 0.05

SY1:Area[IF] -0.09 0.05

SY2:Area[lF] -0.15 0.05

SY3:Area[lF] NA NA

SY4:Area[lF] NA NA

Sex[M]:Area[lF] -0.03 0.05

SY0:Colm[Impact] -0.01 0.06

SY 1:Colm[Impact] 0.12 0.06

SY2:Colm[Impact] 0.11 0.06

SY3:Colm[Impact] 0.06 0.06

SY4:Colm[Impact] 0.16 0.08

Sex[M]:Colm[Impact] 0.17 0.04

Area[IF]:Colm[Impact] -0.04 0.05

Sex[M]:Area[IF]:Colm[Impact] -0.18 0.07

12



Drabak Inner Fjord

0.751
0.50 1 o
3
é o
0.251
w ¢ ¢ ¢
-] é é
% 0,001 ¢ ¢ ¢
©
9
o
B 0.751
0o
0.501 =
L
()]
0.251 ¢
6 ¢! ¢ $
0.00- ¢ ¢ ¢ ¢
4 0o 1 2 3 4 41 0o 1 2 3 4
Years of MPA
-@- Control MPA

Figure 6: Point estimates with standard error (SE) of CPUE (lobster/trap/24 hour) for males and
females over five years in Drgbak and in the Inner Fjord. Year zero is the year MPAs were
established.
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3.2 Size distribution

The size distribution in the control areas were relatively stable for both sexes in Drebak and
the Inner Fjord (Figure 7). In Drebak both males and females were smaller in the control area

compared to MPA the last year (Figure 8).
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Figure 7: Box plot showing total length in Drebak and the Inner Fjord for all study years (i.e. 2020 -
2024 in Drebak and 2017 — 2024 for the Inner Fjord) separated by area and sex. Year zero is the year
MPA was established, all data are from August-September, prior to the legal trapping season
(October-November) in control areas.

The best candidate model (Table 3) for lobster length (100% support) included:
Total length ~ Study Year * Control Impact * Area + Sex.

Table 3: Candidate models with AIC model selection with total length in cm as the response variable.
SY: Study year, Colm: Control/Impact, Area: Inner Fjord and Drebak.

Model K AlICc AAICec AICcWt Cum.Wt LL

SY*Colm*AreatSex 22  8408.82 0.00 1.00 1.00 -4182.07
SY*Colm*Area*Sex 41 842023 11.41 0.00 1.00 -4167.94
SY*Colm+AreatSex 15  8425.31 16.50 0.00 1.00 -4197.49
SY*ColmtArea*Sex 16  8426.74 17.92 0.00 1.00 -4197.19
SY*Area 11 844420 35.38 0.00 1.00 -4211.01
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SY+Colm*Area+Sex
SY*Colm+Sex
SY*Colm
SY+Colm*Area+Sex
SY*Colm*Sex
SY+Area
SY+Colm+Area+Sex
SY+Colm+Sex
SY+Coim

11
14
13
14
25

10

8447.98
8448.00
8449.49
8450.34
8450.93
8452.46
8454.93
8476.59
8478.17

39.17
39.18
40.67
41.53
42.11
43.64
46.11
46.11
69.35

0.00 1.00
0.00 1.00
0.00 1.00
0.00 1.00
0.00 1.00
0.00 1.00
0.00 1.00
0.00 1.00
0.00 1.00

-4212.90
-4209.86
-4211.62
-4211.03
-4200.02
-4218.18
-4217.39
-4229.24
-4231.04

Lobsters in Dregbak were generally smaller, -3.26 cm (+ 1.07 SE), than the lobsters in the

Inner Fjord (Table 4). The difference in size between MPA and control areas were smaller in

Drebak compared to the Inner Fjord (Table 4, Figure 8).

Table 4: Parameter estimates for best model fitted: ~ Study year * Control/Impact * Area + Sex. SY:
Study year, Colm: Control/Impact. Anova test with backwards elimination. The response variable was
total length in cm. The model R-square =0.11.

Parameter estimates

Likelihood ratio test statistics

Term Estimate SE Effect Df Sum Sq Fvalue P
Intercept 3049 1.19 |SY 5 1167.8 1521 <0.001
SYO 097 1.76 | Colm 1 16.1 1.05 0.31
SY1 -2.01 1.63 | Area 1 4175 27.19 <0.001
SY2 2.51 1.71 | Sex 1 19.0 1.23 0.27
SY3 -1.69 0.62 | SY:Colm 5 6222 8.1 <0.001
SY4 0.25 1.68 | SY:Area 3 2422 526 <0.01
Colm[Impact] -3.63 1.44 | Colm:Area 1 155.6 10.14 <0.01
Area[Drebak] -3.26  1.07

Sex[F] 0.28 0.21

SY0:Colm[Impact] 0.20 2.11

SY 1:Colm[Impact] 3.29 198

SY2:Colm[Impact] -1.25 2.01

SY3:Colm[Impact] 419 0.84

SY4:Colm[Impact] 223 1.93

SYO0:Area[Dregbak] -1.05 1.75

SY1:Area[Drabak] 3.54 1.61

SY2:Area[Dreobak] -2.88 1.67

SY3:Area[Drobak] NA NA

SY4:Area[Drabak] NA NA

Colm[Impact]: Area[ Drabak] 1.68 1.25

SYO0:Colm[Impact]: Area] Drebak] 0.64 2.11

SY 1:Colm[Impact]: Area[ Drebak] -1.11 191

SY2:Colm[Impact]: Area] Drebak] 321 1.92

SY3:Colm[Impact]: Area[ Drebak] NA NA

SY4:Colm[Impact]: Area[ Drabak] NA NA
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Before the protection, lobsters inside the MPAs were smaller in Drebak and the Inner Fjord
compared to their respective control areas (Figure 8, Appendix A.2). Total lobster length
increased post-protection in the MPA in Drebak for both males and females, while it
decreased in the control areas (Figure 8). In the Inner Fjord lobsters showed an increase in
size in the MPA (Figure 8). Lobsters in the control area varied in size for both sexes, probably
due to a small sample size in the Inner Fjord. However, lobsters in the control area were

generally bigger than the lobsters inside the MPA in the Inner Fjord (Figure 8).
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Figure 8: Point estimates with standard error (SE) for total length (cm) for males and females over five
years in Drebak and the Inner Fjord. Year zero refers to the year marine protected areas were

established.
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3.3 Sex ratio

Drebak had a higher proportion of males in the MPA all years (Figure 9). The Inner Fjord had
an increase of males in the MPA the last four years (Figure 9). The control areas in Drebak
had an overall even distribution of the two sexes, with a slight majority of females the first

and final year (Figure 9).
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Figure 9: Sex ratio in Drebak and the Inner Fjord for all study years (i.e. 2020 — 2024 in Drebak and
2017 — 2024 in the Inner Fjord). Numbers inside the bars represent total catch. Year zero is the year
MPA was established, all data are from August-September, prior to the legal trapping season
(October-November) in control areas.
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The best candidate model (Table 5) for sex (100 % support) included:
Sex ~ StudyYear + Control impact * Area

Table 5: Candidate models with AIC model selection with sex as the response variable. SY= Study
year, Colm = Control/Impact, Area = Inner Fjord and Drebak, BA = Before/after.

Model K AlICc AAICe AICcWt Cum.Wt LL
SY+Colm*Area 9 2025.73  0.00 1.00 1.00 -1003.80
SY*Colm*Area 20 2038.72 12.99 0.00 1.00 -999.08
Colm*Area 4 2039.93  14.21 0.00 1.00 -1015.95
Colm+Area 3 2040.73  15.00 0.00 1.00 -1017.35
BA+Colm*Area 5 2041.27 15.54 0.00 1.00 -1015.62
BA+Colm+Area 4 2042.14 16.41 0.00 1.00 -1017.05
BA*Colm+Area 5 2042.99 17.27 0.00 1.00 -1016.48
BA*Colm*Area 8 2045.58 19.85 0.00 1.00 -1014.74
BA+Colm 3 2063.33  37.60 0.00 1.00 -1028.66
BA*Colm 4 2064.23  38.50 0.00 1.00 -1028.10

The MPA in Drebak had a consistently higher proportion of males compared with control
areas while there was no apparent difference between MPA and control area in the Inner Fjord
(Table 6, Figure 10, Appendix A.3). Following protection, Drebak had a decrease of males
both in control areas and MPA while the proportion of males had a marked increase in both
areas in the Inner Fjord the fourth year (Figure 10).

Table 6: Parameter estimates for best model fitted: ~ Study year + Colm * Area. Anova test with
backwards elimination, with sex as the response variable. SY: Study year, Colm: Control/Impact.

Parameter estimates Likelihood ratio test statistics

Term Estimate SE Effect Df Deviance Resid. Df P
Intercept -0.78 035 | SY 5 6.53 1505 0.26
SYO 0.46 0.25 | Colm 1 2321 1504 <0.001
SY1 0.12 0.22 | Area 1 39.87 1503 <0.001
SY2 020 0,21 | Colm:Area 1 4.66 1502 <0.05
SY3 -0.04 0.21

SY4 1.31 0.21

Colm [Impact] -0.06 0.32

Area [Drgbak] 0.52 0.30

Colm[Impact]: Area[ Drabak] 0.74 0.34

18



Drabak Inner Fjord

0.7
© ¢
© 4
g2 06
—
(o]
2
%
R e Ha e e LR
=
o
e
2 ®
5 0.4
o
o ®

0.3 1

4 0 1 2 3 4

1

Years of MPA

-@- Control

Figure 10: Point estimates with standard error (SE) for proportion of males and females separated by

MPA

Drebak and the Inner Fjord. The black, stapled line represents a 50% sex ratio. Year zero is the MPA

establishment.

19



4 Discussion

4.1 Catch per unit effort

Results indicate an increase in catch per unit effort within the marine protected areas in
Drebak and the Inner Fjord. This is consistent with previous findings, as MPAs have shown
to be an effective tool for the protection of lobsters (Ferndndez-Chacén et al., 2021; Knutsen
et al., 2022; Moland et al., 2013a). In Drebak, mean CPUE showed a substantial post-
protection increase, indicating a strong initial response to MPA establishment. The abundance
of lobsters approximately doubled between the year of MPA establishment and the second
year (from ~ 0.4 to ~ 0.8 CPUE for males and ~ 0.2 to ~ 0.5 CPUE for females). Previous
studies have also shown that heavily exploited species with relative high population growth
rates may respond quickly to protection (Lester et al., 2009). The comparatively lower total
catch in the Inner Fjord may contribute to a slower response of the protection (Sdnchez Lizaso

et al., 2002), however, a small increase was observed.

The two MPAs are relatively small, Drebak covering 0.85 km? and the Inner Fjord 2.05 km?.
The edge effect, known as the degradation of the effective size of the protected area, could
have a substantial impact on size limited MPAs (Kellner et al., 2007; Ohayon et al., 2021).
For lobsters this effect may extend approximately 400 m into the MPAs (Ohayon et al., 2021).
If the MPA is too small, this edge effect may span the entire area, thereby limiting its
protective function. However, previous studies have also found that even small MPAs may
have a considerable higher CPUE compared to control areas (Moland et al., 2013a; Serdalen
et al., 2022).

The initial prediction that the Inner Fjord would exhibit a greater increase in CPUE compared
to Drebak due to its larger protected area was not supported by the results. Although the MPA
in Inner Fjord was larger in size, Drebak had the largest increase in CPUE. Lobsters are
relatively stationary, 77 - 95% of lobsters move less than 1000 m, and are therefore less
exposed to threats outside reserve borders (Agnalt et al., 2007; Rowe, 2001). Therefore, larger
MPAs would be expected to be more effective in lobster protection. However, the total catch
in the Inner Fjord was considerably lower than in Dregbak, which can explain the slow initial
response in CPUE. Furthermore, the MPA in Drgbak, Jetéen, which is made up of rocks and
boulders makes a suitable habitat for lobsters and could potentially support a higher density
(Institute of Marine Research, 2022).
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The small increase in CPUE in the control areas in Drgbak could indicate that these areas also
benefit from protection. This could be linked to the spillover-effect (Goiii et al., 2006),
however, a capture-mark-recapture study in Drebak found that lobsters did not migrate
beyond their marking locations, suggesting limited movement outside the protected area
(Haugen et al., 2024). The small variation in control areas in Drebak could potentially be
explained by larvae recruitment from other regions, as planktonic larvae undergo four pelagic
phases, during the first two phases they drift with ocean currents (Haugen et al., 2024). Or,
favorable environmental conditions in certain years may have contributed to the development
of particularly strong recruitment (Haugen et al., 2024). Higher lobster density within the
MPAs can lead to intraspecific competition for shelters and especially large lobsters may
migrate to avoid competition (Steneck, 2006; Thorbjernsen et al., 2018). The migration of
large lobsters is thought to result from the high energetic cost of competition, where the effort
required to fight for shelter is outweighed by the benefits of securing shelter another place
(Steneck, 2006). Lobster density is expected to be highest within the MPAs and decline
gradually with increasing distance from the MPA boundary (Goili et al., 2006; Kleiven et al.,
2019). However, Goiii et al. (2006) also reported a sharp decline in CPUE on the border of the
MPA, indicating a high fishing pressure. These findings suggest that while MPAs can
enhance local populations and contribute to adjacent areas, the small variation in CPUE in
control areas in Drgbak is more likely due to certain strong years of hatching and survival of

lobster larvae due to environmental conditions.

Catch per unit effort is not necessarily a good measure for the actual population size. Factors
as temperature and climate could affect the catchability of lobsters (Sundel6f et al., 2013).
Especially high temperatures are linked to an increase in CPUE (Matic’-Skoko et al., 2022;
Sheehy & Bannister, 2002). However, the two MPAs lie close, approximately 25 km apart,
and would be equally affected by such changes. Furthermore, lobsters are exposed to ghost
traps (Miljedirektoratet, 2024), which could also influence the catch rate. Since control areas
are open for harvest, a greater occurrence of ghost traps is expected in these areas. Even with

preventive measures in place, ghost traps remain a problem.

The traps in the Inner Fjord were intentionally not placed in areas with a history of no catch,
whereas in Drgbak, trap placement was randomized using QGIS. This difference in
methodology may have influenced the results, potentially leading to an overestimation of
catch rates in the Inner Fjord compared to Drgbak, due to their nonrandom placements of

traps. Nevertheless, the low CPUE in the Inner Fjord may also suggest more illegal harvest

21



than in Drebak due to the high population of people in the Inner Oslofjord. Although this
would only be speculations. The BACI design was used in both study areas and offers a
simple and robust design. It is a useful tool to interpret contrasts between MPA and control

areas and changes before-and-after implementation (Kerr et al., 2019).

4.2 Size distribution

The prediction that the Inner Fjord would have a larger increase in body size compared with
Drebak was not supported by the results. The two MPAs had an increase in lobster length of
approximately 2 cm for both sexes from before the protection to the final year. Compared to
control, lobsters were larger in the MPA In Drebak the final year. Previous studies have
shown that MPAs have a positive impact on lobsters’ size compared to control areas (Moland
et al., 2013a; Moland et al., 2013b; Thorbjernsen et al., 2018). Similar results were reported in
Fernandez-Chacon et al. (2020) where survival was lower and lobsters typically smaller in
areas open to harvest. Several studies suggest the increase in body size inside the MPAs are
due to the absence of harvest and the reduction in size- and growth-selective fishing (Kleiven
et al., 2017; Lester et al., 2009; Serdalen et al., 2022). Moreover, lobsters with higher feeding
rates grow faster and are more likely to get caught in traps in the harvested areas, however,
these lobsters are protected inside the MPA (Serdalen et al., 2022). Before the protection,
lobsters in the MPAs were initially smaller than in the control areas for both areas and
lobsters in Drgbak were approximately 2 cm smaller than in the Inner Fjord. These patterns
suggest that the areas designated as MPAs were subject to relatively high fishing pressure

prior to protection.

As previously indicated, fishing pressure tends to increase outside the MPAs (Kleiven et al.,
2019), which furthermore would impact the mean size of lobsters in harvested areas. In the
coming years, it would be expected that the average total length in harvested areas will
continue to increase as the effects of the maximum (32 cm) size regulations become more
pronounced over time. A study done by the Institute of Marine Research show that minimum
size regulation (22 cm until 2008 and 25 cm from 2008) had a small positive effect on total
length (Kleiven et al., 2017). However, the traps rarely catch lobsters smaller than 22 cm
(Haugen et al., 2024), thus the effect of the minimum size regulation is not yet documented.
Furthermore, the increased fishing pressure in the exploited areas might undermine the

expected growth in size.
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Males tend to be larger in MPAs compared to control areas, indicating that males grow faster
than females in protected areas (Serdalen et al., 2018). Furthermore, females molt more
frequently and grow more during each molt in the MPA compared to control areas (Serdalen
et al., 2022). Contrary to the findings in this study where size differences between males and
females were not observed. Temporal trends may become more pronounced as the duration of

the protection increases.

Females have been reported to mate with larger males inside the MPAs (Serdalen et al.,
2018). In addition, a sexual selection on males’ body and claw size were stronger inside the
protected area. As commercial fisheries favor larger lobsters, a weakening of sexual selection
will likely accelerate fisheries’ induced evolution towards smaller body size (Serdalen et al.,
2018). However, the maximum size regulations protect lobsters exceeding 32 cm, but the
extent of illegal harvest is unknown. Moreover, since lobster size is positively correlated with
reproductive potential for both sexes (Campbell & Robinson, 1983), continued growth is
likely to contribute to a further increase in population size and at first a decrease in total

length due to higher recruitment inside the MPAs.

4.3 Sex ratio

The initial prediction that there would be a larger increase of males in the Inner Fjord MPA
compared to Drebak was supported by the results. However, the prediction that both areas
would have a higher proportion of females prior to protection was not observed. Drebak had a
higher proportion of males and the Inner Fjord a higher proportion of females before the MPA
establishment. Current harvest regulations protect females with external roe, which is usually
every other year, making females more likely to be spared from harvest than males (Agnalt et
al., 2007). This would result in a female skewed sex ratio, as shown in the Inner Fjord.
Although initial differences in sex ratio existed between the two areas, the change over time
was similar in both control areas and MPAs in Drebak and the Inner Fjord. These findings
were unexpected as fisheries influence the sex ratio for lobsters (Iacchei et al., 2005; Ogburn,
2019; Skud, 1969). Previous studies indicate that the proportion of males should decrease in
harvested areas (Jury et al., 2019; Koepper et al., 2021). Furthermore, males with a large
crusher claw relative to body size are more likely to get caught in traps as these lobsters take
more risk, which again would favor females (Moland et al., 2019; Moland et al., 2013b). A

lower proportion of males was therefore anticipated in the control areas.
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The two areas, Drgbak and the Inner Fjord, showed a pronounced difference in sex ratio.
Given the notably lower total catch in the Inner Fjord (250 individuals) compared to Drabak
(1261 individuals), it is reason to believe that the fishing pressure was higher in the Inner
Fjord before the protection. The high fishing pressure disfavoring males could be one reason
for the difference in sex ratio observed between the two areas (Moland et al., 2019; Moland et
al., 2013b). The response to protection could be slower in areas with smaller populations
(Sanchez Lizaso et al., 2002), thus, the effects in the Inner Fjord may still be emerging,
despite the high proportion of males observed the final year. However, there could be other
factors not accounted for in this study that could affect the sex ratio as differences in the

benthic zone.

The Institute of Marine Research reported that there has been a substantial decrease in males
over 30 cm since 2010 in harvested areas (Kleiven et al., 2017). In the same period, the
proportion of females with external roe has increased, due to protection when carrying roe and
the minimum harvest regulation. This results in an uneven sex ratio, especially for lobsters
exceeding 30 cm (Kleiven et al., 2017). However, the results from this study detected no
difference in size distribution in either the MPAs or control areas regarding sex. Serdalen et
al. (2018) found that males grow faster under protection, increasing the likelihood that larger
males migrate out of the MPAs and potentially get caught in traps. However, the probability
of catching male lobster in the Inner Fjord increased in the protected area and the control area,

indicating that the protection had the same effect on male survival in both areas.
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5 Conclusion

This study shows that lobsters may benefit from small marine protected areas. The lobsters
had an increase in total length and CPUE in Drebak and the Inner Fjord. These findings are
supported by several studies (Fernandez-Chacon et al., 2021; Knutsen et al., 2022; Moland et
al., 2013a; Moland et al., 2013b; Thorbjernsen et al., 2018). The lobster is heavily exploited
despite harvest regulations, which lead to a quick response when protected. In the Dreobak
MPA, covering an area of only 0.85 m?, CPUE for both males and females was double its pre-
protection level. Smaller MPAs are easier to manage compared to larger MPAs and are less
exposed to illegal harvest ('Aulani Wilhelm et al., 2014). The Inner Fjord had the expected
development in sex ratio with an increase of the relative number of males in the MPA, unlike
Drebak where the proportion of males remained relatively constant in both the MPA and in
control area. This study supports the establishment of marine protected areas designated for

lobsters in the Oslofjord, for further increase in recruitment.
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Figure A.1: Point estimates with a 95% confidence interval of CPUE (lobster/trap/24 hour) for males

and females over five years in Drebak and the Inner Fjord.
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Figure A.2: Point estimates with a 95% confidence interval for total length (cm) for males and females

over five years in Drebak and the Inner Fjord.
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Figure A.3: Point estimates with a 95% confidence interval for proportion of males and females in
Drebak and Inner Fjord. The black, stapled line represents a 50% sex ratio.
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