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A B S T R A C T   

The spatial complexity of coastal ecosystems represents a challenge for the management of inshore resources. 
Here we compared two large fjord systems in northern Norway that have been closed for all bottom trawling for 
50 years to a fjord with continuous shrimp fishery with bottom trawls. No significant differences were found 
between fjords with and without commercial trawling in population density and stock composition of northern 
shrimp (Pandalus borealis) and their main predator, Atlantic cod (Gadus morhua). Shrimp density was instead 
linked with bottom depth, while shrimp size and stage composition as well as cod density were explained by 
seasonal effects and shrimp density. For shrimp, a large degree of the observed variation was captured by spatial 
correlation that could not be explained by other covariates. The results underline the complex ecology in heavily 
structured coastal habitats and indicate that coastal shrimp dynamics are shaped by an interplay of multiple 
ecological and environmental drivers, possibly in concert with local genetic adaptations. The substantial fine- 
scale spatial variation adds to the challenges of assessing and managing fisheries resources in these fjord eco
systems. Because shrimp are an important forage species, notably as prey for cod, there are potential manage
ment conflicts between rebuilding cod stocks and reopening closed shrimp trawling areas.   

1. Introduction 

Restricting fisheries access to areas is an important management 
tool, especially in inshore areas, often aimed at protecting key habitats 
such as spawning grounds or nursery areas to bolster the resilience and 
productivity of marine resources (Fogarty and Botsford, 2007). How
ever, the track record of spatial regulation is mixed, partly because of 
often unclear or conflicting management objectives and varying levels of 
implementation and enforcement (McCook et al., 2010; Rassweiler 
et al., 2012). Furthermore, many different management tools have been 
summarized under the umbrella terms spatial regulation and marine 
protected areas (MPAs), ranging from restricting specific fishing gears to 
complete bans of resource extraction and other harmful activities. 
Selecting the right management tool for a specific management target is 
therefore crucial, i.e. the type, area and restrictiveness of spatial regu
lation depend ultimately on whether the objective is to benefit fisheries, 
conserve species or habitats, or boost tourism and recreational activities. 

Given appropriate design and enforcement, closing areas for fishing 
has shown to increase biomass and reverse demographic truncation 
within the protected area (Edgar et al., 2014; Fenberg et al., 2012; 
Guidetti et al., 2014; Halpern, 2003). Benefits for conservation and 
restoration are therefore well established, especially for relatively 
localized populations (Knutsen et al., 2022) or demographic structure 
and life-history traits (Dimarchopoulou et al., 2018; Sørdalen et al., 
2022), whereas effects of MPAs diminish with higher mobility of species 
(Hilborn et al., 2004). Additionally, spillover effects from protected 
areas are often difficult to quantify (Di Lorenzo et al., 2016; Ovando 
et al., 2021). Because MPAs have often been designed around protecting 
specific species or habitats, they may have unforeseen consequences for 
other ecosystem components by altering species composition and food 
availability. Spatial closures and MPAs as tools for fisheries management 
have, thus, remained controversial (Abbott and Haynie, 2012; Hilborn 
et al., 2006; Kaiser, 2005; Kriegl et al., 2021; Ohayon et al., 2021). In 
contrast to strict forms of MPAs such as no-take zones, spatial 
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restrictions for specific fleet segments or gear types have been used more 
commonly to regulate fisheries. 

Spatial restrictions tend to be relatively low-cost policy measures 
that are intuitive for the public, can improve population status of some 
species quickly (Dimarchopoulou et al., 2018; Knutsen et al., 2022), and 
may protect ecosystem services such as biodiversity from fisheries 
impact (Sala et al., 2021). This applies to bottom trawling for fish and 
shellfish, which is together with dredging one of the most widespread 
causes for disturbance of benthic habitat worldwide (Eigaard et al., 
2016; Hiddink et al., 2017) and climate impacts in global fisheries 
(Parker and Tyedmers, 2015). Despite being an intrusive way of fishing, 
bottom trawling has also been shown to lead to increased abundances 
and body sizes of some benthic organisms (Sköld et al., 2018) because 
trawling may increase availability of food sources (Duplisea et al., 2002; 
Hiddink et al., 2016). The impacts of bottom trawling may, thus, differ 
by species and ecosystem. 

In most inshore areas in Norway, bottom trawling is restricted with 
few exceptions for shrimp trawling, and completely banned from two 
large fjord ecosystems in northern Norway, Porsanger and Tana fjords, 
since the early 1970s (Søvik et al., 2020). The permanent closures to 
bottom trawling were triggered by high by-catches of undersized 
demersal fish species of locally overfished or collapsed stocks. While 
coastal fisheries of demersal fish, especially Atlantic cod (Gadus 
morhua), continued with gillnets and longlines (Fig. S1), fishing for 
northern shrimp (Pandalus borealis) ceased entirely after the trawling 
ban. Subsequently, shrimp in those two fjords have not experienced any 
fishing-related mortality or disturbance of their habitat in 50 years 
(except for the emergence of a pot fishery in a small area of Porsanger, 
Fig. S1). In contrast, bottom trawling for shrimp has continued in other 
fjords in northern Norway, notably the area of Kvænangen (Figs. S1 and 
S2). 

Northern shrimp is a protandrous hermaphroditic species distributed 
across the northern Atlantic and Pacific Ocean (Shumway et al., 1985), 
occurring mostly on muddy soft-bottom habitat in 50–500m depth and 
sustaining several major fisheries. Globally, 197,100 t were landed in 
2019, down from a peak of almost 447,000 t in 2004 (Hvingel et al., 
2021). In the study area, landings fluctuated between 100 and 200 t, 
almost entirely originating from Kvænangen fjord (Fig. S1) where a 
shrimp fishery has been active since the 1930s. Fluctuations in shrimp 
catches have been attributed to direct fishing pressure, environmental 
changes and ecosystem dynamics, with shrimp benefiting from overf
ishing of important predators of shrimp such as Atlantic cod (Frank 
et al., 2005; Pérez-Rodríguez et al., 2012). In Norway, the northern 
shrimp fishery has developed over a century from a small-scale coastal 
fishery to an offshore fishery dominated by catches from the Barents Sea 
and the Svalbard area (Melaa et al., 2022). However, a coastal fishery 
consisting mostly of vessels below 15m length has remained active in 
northern Norway and along the Skagerrak coast, filling a market niche 
by suppling fresh boiled shrimp in constrast to frozen shrimp produced 
by offshore trawlers. The current stock definition lumps all coastal 
shrimp populations north of 62◦ together with the large Barents Sea 
stock, despite evidence of distinct genetic structure (Hansen et al., 
2021). The coastal shrimp fishery in the Barents Sea is not regulated by 
quotas but only subject to gear regulations (mandatory sorting grid, no 
trawling shallower than 170m). As an open access fishery, catches are 
mostly controlled by economic constraints, whereby fishers abandon 
shrimp grounds when the density becomes unprofitable. Most of the 
inshore production in northern Norway originates from relatively few 
and mostly small shrimp grounds in fjords like Kvænangen. 

Here, we used highly resolved data from scientific bottom trawl 
surveys in the three large fjord systems of Kvænangen, Tana and Por
sanger to compare the density, sex composition and individual size of 
northern shrimp and Atlantic cod across fjords. The zero hypothesis was 
that shrimp and cod populations across fjords form one stock with 
identical characteristics, despite differences in trawling, other anthro
pogenic impacts and fjord ecology. We used geostatistical models to 

explore the variation in population density, sex composition and indi
vidual size, and their link to environmental and ecological variables. The 
analysis provides a comprehensive assessment of northern shrimp and 
cod in fjord ecosystems that is unique both in terms of its fine-scale 
spatial resolution and the opportunity to infer long-term impacts of 
banning bottom trawling. 

2. Methods 

2.1. Study area 

Kvænangen, Porsanger and Tana fjords are amongst the northern
most fjords of Norway. Kvænangen is approximately 60 km long and has 
a complex bathymetry, with an outer channel under strong influence 
from coastal currents because of depths down to 400–450m and no 
entrance sill, and several deep basins in the inner fjord. Porsanger fjord 
is one of the largest fjords in northern Norway, stretching over 120 km in 
north-south direction and opening to the Barents Sea only in its outer
most part. The midsection of the fjord features a deep channel on the 
east border down to 300m depth, where past commercial shrimp 
grounds are found. The inner section of the fjord is also separated by a 
sill and distinguishes itself by substantially colder water temperatures 
and a partial ice cover during the winter on the eastern side, resulting in 
an Arctic species community distinct from the rest of the fjord (Søvik 
et al., 2020). Tana fjord is situated east of Porsanger fjord, has no sill and 
consists of an outer deep basin open to the Barents Sea, and three inner 
branches with complex bathymetry. 

2.2. Survey design and data 

Data was collected with the commercial shrimp trawler “Katla” 
(LK7560, 14.95m vessel length) during one spring (March 2019) and 
two autumn (October 2018 and 2019) surveys. On each survey, all three 
fjords were sampled with bottom trawl stations placed within trawlable 
areas (Fig. 1). Bottom habitat accessible to bottom trawling was iden
tified prior to the surveys based on publicly available maps of shrimp 
grounds from the Norwegian Directorate of Fisheries (www.fiskeridir. 
no), bathymetry, and sediments Geological Survey of Norway (www. 
ngu.no). A fixed number of stations per fjord were allocated in a 
random-stratified design, proportional to size of areas deeper and 
shallower than 170m (limit for commercial trawling). Additional sta
tions were added to replace target stations where conditions were found 
to be unsuitable for trawling during the survey. In total, samples were 
collected at 234 stations, ranging from 19 to 32 per fjord and survey, 
during daylight hours only (between 08:00 and 18:00 local time) 
(Table 1). 

A shrimp trawl 1600 ma with 15 mm mesh size in the codend and 
without a fish sorting grid was used (dispensation approved by the 
Norwegian Directorate of Fisheries). At each station, the vessel trawled 
with 1.5–1.7 knots for 15 min after the gear made bottom contact, 
resulting in towing distances of 0.39 ± 0.02 nmi (mean and standard 
deviation). Catches were sorted by species or lowest identifiable taxo
nomic group, and total weight and number of all taxa were registered. 
The carapace or total length of a subsample of up to 300 individual 
shrimp and 20 cod, respectively, was measured, and sex and maturity 
stage of both species were registered (stages and staging procedure for 
shrimp are described in Fig. S3). Two separate cod stocks are present in 
the fjords, Northeast Arctic and coastal cod, but were not distinguished 
in this study. 

2.3. Statistical analysis 

The following response variables and their link to available cova
riates were investigated with statistical models: 1) density of shrimp, 2) 
density of cod, 3) proportion of male shrimp in population, and 4) size of 
shrimp in population (Table 2). Initial exploration with generalized 
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additive models (GAM) resulted in relatively poor fits and clear in
dications of spatial correlation in the residuals that could not be 
accounted for with the available fixed effects. For all further statistical 
analysis, therefore, generalized additive mixed effect models (GAMMs) 
with spatial Gaussian Markov random fields were used to analyze den
sity and demography of shrimp as well as density of cod, focusing on 
potential differences between trawled and non-trawled areas. These 
types of models have been shown to perform well in capturing the 
observed variation and spatial correlation in survey data, both for pur
poses of species distribution modelling and abundance index estimation 

(Breivik et al., 2021; Cao et al., 2017; O’Leary et al., 2022). All models 
were implemented in R 4.2.1 (R: Development Core Team, 2021) using 
the sdmTMB (Anderson et al., 2022) and tidyverse (Wickham et al., 
2019) packages. 

All models used in the present study were of the form: 

Е
[
yi,a

]
= μi,a  

μi,a = f (Xi,aβ+Oi +ωi
)

with yi,a representing the response data for station i in fjord a, μ the 
mean, f a link function, Xi,aβ the design matrix for categorical or 
continuous fixed-effect coefficients, Oi an offset for trawling distance 
(only applicable for density as response), and ωi a spatial random field. 
The spatial random field was modelled as spatially correlated random 
effects ωi with a Matérn covariance matrix Σkωi = f(xi,yi) ∼ GF(0,Σω). 
Stochastic partial differential equations (SPDE) were used to estimate 
the Gaussian random field. Matérn range and marginal standard devi
ation of spatial random fields were estimated as functions of decorre
lation rate κ and spatial variance τ2 as range =

̅̅
8

√

κ and σ =

1/
4πe2 log(τ)+2 log (κ), respectively. For further details see Anderson et al. 

(2022). 
Backward model selection was applied to sets of response-specific 

fixed effects, as detailed in Tables 2 and in the sections below. From 
the full models defined below, the ones explaining the data best were 
determined through model validation and backward model selection 
using AIC. All continuous effects were standardized using z-score 
normalization to facilitate model convergence and effect size compari
son. Smooth splines were tested for all continuous fixed effects, 

Fig. 1. Overview of survey area and bottom trawl stations in 2018–2019. Colors indicate season and rectangles the fjord(s) open (blue) and closed (red) to shrimp 
trawling. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 1 
Number of bottom trawl stations and bottom depth (mean and range) in meters by survey in 2018–2019.  

Year Season Number of stations Mean depth (range) 

Kvænangen Porsanger Tana Kvænangen Porsanger Tana 

2018 Autumn 24 25 19 223 (73-409) 165 (36-298) 248 (168-324) 
2019 Spring 32 30 20 231 (54-396) 178 (39-292) 238 (130-326) 
2019 Autumn 27 28 29 228 (45-411) 176 (44-298) 229 (158-318)  

Table 2 
The statistical models used in the analysis detailing the response variable, the 
fixed effects (categorical and continuous) that were tested, offsets used, and the 
random effects component included.  

Model Response 
variable 

Fixed effects Offset Random 
effects 

1 Shrimp catch 
weight (kg) 

Fjord, season, bottom 
depth (m), cod density 
(kg/nmi), 

Tow 
distance 

Spatial 
random 
field 

2 Cod catch 
weight (kg) 

Fjord, season, bottom 
depth (m), shrimp 
density (kg/nmi) 

Tow 
distance 

Spatial 
random 
field 

3 Male proportion 
in shrimp 
population 

Fjord, season, bottom 
depth (m), shrimp 
density (kg/nmi), 

- Spatial 
random 
field 

4 Shrimp density 
(kg/nmi) 

Fjord, season, bottom 
depth (m), shrimp 
density (kg/nmi), 
maturation stage 

- Spatial 
random 
field  
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modelled as penalized thin plate splines restricted to five degrees of 
freedom to avoid overfitting. Model performance was evaluated through 
simulated residual distributions using the DHARMa package (Hartig, 
2021). 

2.4. Density of shrimp and cod (M1 and M2) 

Density was used here synonymously with catch rate (kg/nmi), i.e. 
defined as the observed catch weight divided by the trawled distance. 
Densities of shrimp and Atlantic cod were modelled with a compound 
Poisson-gamma tweedie distribution (Dunn and Smyth, 2005) and 
log-link: Tweedie(μ, p, φ), using catch weight as response variable and 
towing distance as offset to estimate standardized catch rates. The power 
parameter p was restricted to 1 < p < 2, resulting in a continuous dis
tribution for positive values and a positive mass at 0. The distribution 
was selected because of the properties of the data, containing several 
zero observations combined with continuous positive catch weights. 

The full model evaluated for shrimp and cod densities consisted of 
categorical effects for fjord and season (autumn or spring), and bottom 
depth and predator (cod) and prey (shrimp) densities, respectively, as 
continuous effect with a smooth spline. Smoothing specification of 
continuous effects was based on initial data exploration and confirmed 
through model selection and validation. 

2.5. Population structure: sex and size composition (M3 and M4) 

The sex and size composition of the shrimp populations were 
modelled with proportion of male shrimp and carapace length as 
response variables. Male shrimp are defined as one stage, in contrast to 
multiple stages for females. They are also the first stage that can be 
identified and represent typically a major proportion of the abundance. 
Male shrimp proportion was modelled as a beta distribution with logit 
link: Beta(μφ, (1 − μ)φ), with μ as mean and φ as precision parameter 
(Ferrari and Cribari-Neto, 2004). Length was assumed to be normally 
distributed: Normal(μ,σ2), with μ as mean and σ2 as variance. 

The full model evaluated for male proportion and carapace length 
consisted of categorical effects of fjord, and bottom depth and shrimp 
density as continuous effect with a smooth spline. Interactions between 
area and season were added after initial exploration showed strong 
seasonal patterns in both male proportion and length. For carapace 
length, developmental stage was included as continuous effect to ac
count for the link between development and growth. 

2.6. Spatial mesh and predictions 

The mesh was created with vertices of a 50 km maximum edge dis
tances and a cutoff for minimum allowed distance between observations 
at 10 km within nonconvex boundaries for each fjord to avoid correla
tion across fjords, using the R-package INLA (Bakka et al., 2018). Dis
tances were determined based on data exploration and model selection. 

An equally spaced interpolation grid with grid cells of 0.5 km2 was 
used to predict the estimated quantities in space. Bottom depth for all 
prediction points was derived from GEBCO bathymetric data (www. 
gebco.net). All other covariates except for area effects and spatial 
random fields were set to their average where not otherwise specified. 
Marginal effects of covariates were produced through simulation (1000 
sets) and were presented as median with 5% and 95% percentiles. 

Detailed model estimates and validation plots are provided in Sup
plementary Model Information. 

3. Results 

3.1. Shrimp density (M1) 

On all three surveys substantial variation in shrimp density was 

found, with local clusters of high densities linked to the deeper basins, 
especially in the Kvænangen and Tana fjords, and in the relatively 
shallow eastern basin of inner Porsanger fjord (Fig. 2). Statistical anal
ysis revealed a clear link between shrimp density and bottom depth, 
whereas there was no significant effect (p > 0.05) of trawling on the 
observed densities (Fig. 3). Predator density and season were found to be 
not relevant and were therefore not included in the final model 
(Tables M1 and M2). In contrast, the spatial random field explained a 
major part of the observed spatial variation (Fig. 2, Fig. S4, Table M1). 
Bottom depth predicted shrimp density in deeper areas of the fjord 
systems adequately, but the fixed effects alone underestimated shrimp 
density in some shallower areas, notably in the innermost section of 
Porsanger fjord (Fig. 3, Fig. S5). 

3.2. Predator density (M2) 

In contrast to spatially clustered shrimp densities, Atlantic cod was 
found to be evenly distributed in the fjords (Fig. 4), except for few minor 
hotspots and the inner basin of Porsanger fjord where cod was absent. 
Based on the selected model there were weak but relevant relationships 
with season and shrimp density (Fig. 5, Table M3). The relationship 
between cod and shrimp density was nonlinear, increasing to a peak at 
intermediate shrimp densities before decreasing again, driven by ob
servations of high shrimp densities in inner Porsanger fjord where cod 
was absent. The spatial random field captured almost no additional 
spatial variation (Fig. S6), improving the model fit only slightly 
(Table M3, Fig. S7), as also reflected in a very low Matérn range and SD 
of the spatial random field (Table M4). The area open to trawling 
showed a tendency towards higher predator density, although this effect 
was not significant (Fig. 5). The size distribution of cod was very similar 
among fjords (Fig. S8), with 90% of individuals between 10 and 80 cm 
length (mean 28 cm). 

3.3. Shrimp population structure: stage and size 

3.3.1. Sex distribution (M3) 
The population structure across fjords and season was consistent in 

general, but included some differences; notably, larger sizes in Kvæ
nangen in autumn and the appearance of a new cohort in spring, and a 
seasonal pattern in the occurrence of female stages that was the opposite 
in innermost Porsanger fjord compared to all other areas (Fig. S9). Males 
(stage 2) were clearly dominating the abundance (>50% of all shrimp in 
numbers) in autumn in all fjords, but their proportion was significantly 
(p < 0.05) decreased in spring across all fjords (Figs. 6 and 7). 

Season was found to be the most important variable explaining 
variation in male proportion (Table M5), and seasonal difference was 
much more pronounced in the two fjords closed for trawling, as 
expressed by a statistically significant interaction between season and 
the two fjords (Table M6). The male proportion in Porsanger and Tana 
tended to be higher in autumn and lower in spring than in Kvænangen 
(Fig. 7). The proportion of males was, however, not significantly 
different among fjords, as the two fjords closed for trawling were very 
similar, especially in spring. There was a significantly (p < 0.05) positive 
correlation with total shrimp density (Fig. 7). Removing bottom depth, 
on the other hand, was improved the model fit (Table M5). 

There was spatial variation reflected in the spatial random field that 
was not explained by the fixed effects (Table M5, Fig. S10), with 
elevated presence of males in central Kvænangen and towards inner 
parts of Porsanger and Tana fjord. The fixed effects were strongly 
dominated by the seasonal dynamics (Fig. S11). The model showed a 
slight tendency to underestimate the occurrence of very low proportions 
of males in the population (Fig. 7 and M4). 

3.3.2. Size distribution (M4) 
Model selection showed that variation in individual size was fore

most explained by season as categorical variable and stage (Tables M7 
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and 8), with an interaction between season and fjord. The fixed effects 
explained the observed variation insufficiently (Fig. S12), and substan
tial spatial variation was captured by the spatial random field (Fig. 8, 
Table M7), both within and among the fjords. The joint prediction es
timates showed a tendency towards larger shrimp sizes in Kvænangen, 
especially in autumn (Fig. S12), but also in parts of the fjords closed for 
trawling, specifically Tana fjord and parts of inner Porsanger fjord 
(Fig. S13). Because of this large variation within the fjords that were not 
trawled, the fjord effect was nonsignificant. The effects of stock density 
and bottom depth on size were weak but marginally improved the model 
fit (Fig. S14, Table M7). 

4. Discussion 

We compared northern shrimp and Atlantic cod density and popu
lation structure in a fjord with a continuous trawl fishery for shrimp with 
two fjords that were closed for trawling for 50 years. The result showed 
substantial spatial intra- and interfjord variation but no fjord-specific 
differences in shrimp density that could be linked to the trawl ban, 

similar to findings in other studies (Bernardes et al., 2020; Coleman 
et al., 2004). Rather, indications of equal to higher densities and larger 
sizes in the trawled fjord Kvænangen suggest other ecosystem processes 
as driver of shrimp dynamics and, possibly, positive links between 
trawling and shrimp productivity. Densities and size composition of the 
main shrimp predator, cod, were homogeneous among fjords, and did 
therefore not directly indicate differences in predation pressure. The 
lack of significant differences in shrimp density could be the result of 
released density dependence or increased benthic productivity caused 
by trawling in Kvænangen fjord, in addition to underlying differences in 
the three ecosystems. Strong spatial variability in shrimp density and 
size suggests that unobserved environmental and ecological processes 
are important for shrimp distribution, density, and population structure. 
Cod and shrimp populations may therefore be shaped by fine-scale dif
ferences in fjord ecology where bottom trawling is one contributing 
factor among many. 

Atlantic cod is the most important predator on northern shrimp 
(Berenboim et al., 2000; Hedeholm et al., 2017), and in Porsanger fjord, 
prior studies determined shrimp as the most important prey item for cod 

Fig. 2. Density of shrimp (kg/nmi) as predicted by the selected model. Predicted values are the joint prediction of fixed effects and spatial random fields. Boxes 
indicate the fjord(s) open (blue) and closed (red) to trawling. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 3. Combined marginal effects of fjord and bottom depth on shrimp density, showing median (lines) and 5% and 95% percentiles (shaded areas) by depth for 
Kvænangen (red), Porsanger (purple) and Tana (dark blue) fjords. Dots are observed densities at all survey stations except for inner Porsanger fjord that are shown as 
triangles. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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(Pedersen et al., 2018). Here we found a non-linear (convex) relation
ship between cod and shrimp, with very high shrimp density and no cod 
in the inner part of Porsanger fjord. The absence of a clear link between 
cod and shrimp density in most of the study area may indicate that cod 
density is a poor predictor of predation on shrimp in our study area, even 
if the majority of the observed cod was within the size range known to 
prey on shrimp (Holt et al., 2019). On the other hand, a cluster of very 
high shrimp densities in absence of cod in inner Porsanger suggests that 

cod plays a role in regulating the shrimp population in the other areas. 
Several possible reasons can mask the predator-prey relationship: i) 
confounding effects as shrimp density may be reduced by cod presence 
while high shrimp density could attract higher cod densities, ii) preda
tion may depend on the presence of other prey species, iii) current cod 
abundance is too low to make significant impacts on the shrimp density, 
and iv) cod was absent from high-density shrimp areas due to environ
mental constraints. Occurrence of alternative prey, notably capelin 

Fig. 4. Density of Atlantic cod (kg/nmi) as predicted by the selected model. Predicted values are the joint prediction of fixed effects (shrimp density, season set to 
autumn) and spatial random fields. Mean predictions for spring were just slightly downscaled (Fig. 5) and not shown. Boxes indicate the fjord(s) open (blue) and 
closed (red) for trawling. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 5. Combined marginal effects of fjord and season 
(left) and trawling and shrimp density on Atlantic cod 
density, showing median (lines) and 5% and 95% 
percentiles (shaded areas) by depth for Kvænangen 
(red), Porsanger (purple) and Tana (dark blue) fjords. 
Dots are observed densities at all survey stations 
(horizontally jittered in left figure for visualization 
purposes). (For interpretation of the references to 
colour in this figure legend, the reader is referred to 
the Web version of this article.)   

Fig. 6. Male proportion in the population in spring (left) and autumn (right) as predicted by the selected model. Predicted values are the joint prediction of fixed 
effects and spatial random fields. Boxes indicate the fjord(s) open (blue) and closed (red) for trawling. Male proportion was modelled as the proportion of males 
(stage 2) of the observed number of shrimp per location. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version 
of this article.) 
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(Mallotus villosus), varies among the fjord ecosystems. Porsanger fjord 
has its own endemic capelin population, as confirmed by our survey 
(Søvik et al., 2020), that likely fluctuates over time similar to Barents Sea 
capelin, with consequences both for cod abundance and shrimp preda
tion. Conversely, other species also prey on shrimp, and even though this 
predation occurs overall on a lower level, it may nevertheless be rele
vant, especially in areas with little or no cod presence (e.g. cottids in the 
eastern basin of innermost Porsanger fjord). This applies also for other 
potential shrimp predators such as saithe (Pollachius virens) that were 
underrepresented in our data because of poor catchability in bottom 
trawls. The relatively low trawling speed may have also reduced 
catchability of cod, although this effect can be expected to be equal 
across fjords and not affect our results. In view of relatively homogenous 
cod densities, differences in trophic interactions and realized predation 
mortality could explain the comparable shrimp densities of fished and 
unfished populations, as higher consumption of cod in fjords closed for 
trawling could scale to a similar magnitude as the shrimp catches in 
Kvænangen. The predator-prey relationship entails, therefore, manage
ment implications, as a reopened trawl fishery for shrimp might 
decrease the foraging opportunities for cod and undermine efforts to 
rebuild the local coastal cod populations. Diet composition across fjord 
ecosystems should therefore be further investigated and predator-prey 
interactions possibly included in future management plans for cod and 
shrimp. 

Although top-down regulation through fishing and predation likely 
shapes shrimp dynamics, bottom-up drivers of stock productivity may 
play an important role in explaining shrimp density and dynamics and 
variation thereof. The studied fjords are comparable due to shared 
latitude, climate and their link to the Barents Sea, but there are physical 

differences that may carry over to ecosystem functioning and produc
tivity. While both Tana and Kvænangen fjords have wide openings and 
no sills, exposing them to the Barents Sea, this only applies for the 
outermost area of Porsanger fjord. The larger part of Porsanger fjord is 
separated by two sills into two distinct segments, including the inner
most part of the fjord with a distinct Arctic ecosystem. There are also 
differences in freshwater inflow, with Tana river creating a strong sur
face current flowing out of Tana fjord possibly flushing hatched larvae 
out of the fjord (Søvik et al., 2020). Differences in hydrography and 
currents may therefore affect larval drift and retention, a key driver of 
recruitment variability in shrimp and, thus, population dynamics. The 
observation of a new cohort in Kvænangen but not in the other two 
fjords in spring 2019 (Fig. 6) may be evidence of distinct recruitment 
dynamics. Furthermore, the low temperature (around 0 ◦C) in the 
innermost part of Porsanger fjord causes slower growth and delayed sex 
change, explaining the high abundance of males in this basin. Many 
females in the resting stage (7) in autumn suggests a reproductive cycle 
of 2, perhaps 3 years. This highlights environmental variables such as 
temperature as important driver of life-history and, thus, population 
dynamics that should be included in future analysis. Pandalid shrimps 
can be, furthermore, affected by aquaculture effluents and incorporate 
organic fish farm waste into their diet (Olsen et al., 2012). Kvænangen 
has the highest number of salmon farms of the three fjords with 12 
compared to 2 in Porsanger and none in Tana as of 2020 (Aquaculture 
register, Norwegian Directorate of Fisheries). The effects of this poten
tial food source and the resuspension of organic particles caused by 
bottom trawling are unknown and difficult to quantify but can – 
together with differences in hydrography - affect habitat suitability and 
food availability for shrimp. 

Fig. 7. Combined marginal effects of fjord, popula
tion density and season on the male proportion in the 
shrimp population, showing median (lines) and 5% 
and 95% percentiles (shaded areas) by density for 
Kvænangen (red), Porsanger (purple) and Tana (dark 
blue) fjords. Dots are all observed male proportions at 
all survey stations. Male proportion was modelled as 
the proportion of males (stage 2) of the observed 
number of shrimps per trawl haul, population density 
is the observed biomass standardized to trawling 
distance. (For interpretation of the references to 
colour in this figure legend, the reader is referred to 
the Web version of this article.)   

Fig. 8. Marginal effects of spatial random field on 
carapace length of shrimp in the population as pre
dicted by the selected model. Boxes indicate the fjord 
open (blue) and closed (red) for trawling. Note that 
the scale includes negative values because spatial 
random field are normally distributed random effects 
with mean of 0 that account for both smaller and 
larger sizes than expected based on fixed effects 
alone. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web 
version of this article.)   
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Since the introduction of the trawl ban in the 1970s, the ecosystems 
in the study fjords have undergone major changes. Besides likely shifts 
in species composition due to climate change and anthropogenic activ
ities, the introduction of red king crab (Paralithodes camtschaticus) has 
reshaped Porsanger, Tana and other fjords east of 26◦E fundamentally 
(Falk-Petersen et al., 2011; Fuhrmann et al., 2015), whereas unrestricted 
fishing has kept Kvænangen are largely free of king crab. Although 
shrimp are not prey, the transformative presence of king crab (Christie 
et al., 2019; Pedersen et al., 2018) most likely has affected shrimp dy
namics through competition and other trophic feedbacks, causing dif
ferences in ecosystem functioning that may explain part of the variation 
in shrimp density and stock composition. 

Impacts of fishing on population dynamics are complex and may 
result in (over-)compensatory effects that increase stock productivity 
and, thus, possibly result in similar or higher densities in a trawled area 
compared to an area without trawling. Density dependence in recruit
ment and growth are known to determine the dynamics of fish stocks 
(Lorenzen and Camp, 2018; Zimmermann et al., 2018), mostly due to 
released competition for resources when parts of the stock biomass are 
removed. Dynamics of fished shrimp population in Kvænangen fjord 
may therefore differ from the other two fjords, with a faster life history 
and higher productivity. The lack of significant differences in density 
and the tendency towards larger body size in the trawled fjord may 
provide evidence for these differences in shrimp dynamics. 
Density-dependent effects of fisheries removals may be magnified by 
trawling effects on bottom substrate and benthic species composition, 
potentially increasing the food availability for shrimp, contrasting 
detrimental impacts on benthic habitats (Hiddink et al., 2017; Sköld 
et al., 2018). 

Most coastal fish and shellfish stocks in Norway are managed as 
relatively uniform (meta-)populations despite more complex population 
structures being common (Johansen et al., 2020; Knutsen et al., 2007). 
This applies to northern shrimp where genetic analyses have revealed 
that coastal shrimp are genetically distinct from the offshore stock in the 
Barents Sea (Hansen et al., 2021). Coastal shrimp including stocks in 
northern Norway appear to be genetically linked to the population 
found in the Skagerrak area, and only in Porsanger fjord and eastwards, 
genetic markers of the Barents Sea population assert themselves, with 
gradients within the fjords. This can likely be explained by the complex 
coastal topography and larval drift patterns, predominantly shaped by 
the Norwegian coastal current acting as a main pathway for genetic 
connectivity. The closer genetic relationship of Kvænangen shrimp with 
shrimp in the Skagerrak than those in Porsanger and Tana fjords adds 
another layer of complexity when comparing the population dynamics 
across the study area. Because life history and growth of shrimp in the 
Skagerrak has a faster pace compared with shrimp in the Barents Sea, 
some of the observed population characteristics in the three study fjords 
might be explained by their genetic composition. This includes notably 
the indications of faster growth and, thus, sex transition in Kvænangen 
compared to Porsanger and Tana. An earlier study showed that shrimp 
change sex around February–March in Northern Norway (Rasmussen, 
1953), but our analysis suggests that there might be fjord-specific 
variation. Disentangling the genetic factors from other previously dis
cussed drivers such as density dependence, predation and environ
mental effects should therefore be a focus of future research. The 
innermost Porsanger fjord provides here an important reference that 
illustrates how absence of both fishing and major predators can result in 
much higher shrimp densities than observed elsewhere. 

The range of interlinked explanations for the unclear or absent ef
fects of a trawling ban on the shrimp stocks in two Norwegian fjords 
represent challenging unknowns for their management and a possible 
reopening of a trawl fishery in Porsanger and Tana fjords. Our study 
provides only a snapshot in time of the densities and, thus, biomass at 
the time of the surveys. This does therefore not allow for deriving 
population dynamics parameters to estimate sustainable yield in the 
fjords. A density dependent response to renewed fishing might support 

shrimp productivity and in the long run result in similar population 
dynamics as in the currently fished areas. But this ignores possible dif
ferences in predation, food availability, other anthropogenic stressors, 
environment, and genetics. Applying identical harvest strategies across 
fjords despite likely differences in ecosystem functioning and population 
dynamics entails therefore a risk of depleting the currently unfished 
stocks and negatively affecting other species such as cod that rely on 
shrimp as prey. These considerations call for a precautionary approach, 
where after a possible reopening, fishing pressure should slowly and 
gradually increase. Since the 1990s, mandatory fish sorting grids for 
shrimp trawls and temporary area closures when bycatch exceed limits 
have largely resolved past bycatch issues that motivated the trawl ban. 
However, impacts of trawling on benthic species vulnerable to trawling 
are an additional management concern, together with other anthropo
genic activities such as aquaculture that have expanded in the study area 
and represent further stressors for the fjord ecosystems. Our study un
derlines the need for fisheries management in the coastal zone that ac
counts for ecosystem dynamics in space and balances potentially 
conflicting exploitation and conservation concerns. 

The exceptionally fine-scaled dataset analyzed here revealed the 
complex spatial variation of population dynamics in coastal shrimp 
populations, both among and within fjords, underlining the importance 
of spatially explicit methods in stock assessment and management as 
shown for other shrimp stocks (Cardinale et al., 2023). This applies 
especially for shellfish species that have become increasingly important 
globally (Boenish et al., 2022) but tend to be poorly managed, including 
in Norway where many shellfish stocks are unassessed and under
regulated (Zimmermann et al., 2022). The intra- and inter-fjord varia
tion found in our study confirms the need to include spatial and 
ecological consideration in coastal fisheries management. In northern 
Norway, this may include the evaluation of separate management re
gimes for coastal shrimp apart from the large Barents Sea offshore stock, 
potentially on the spatial scale of single fjords. 
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