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2018-2019 in three fjords in northern Norway with geostatistical models inves-

Handling Editor: Fraser Januchowski- tigating how predation varied in space, time and between predator species. Our

Hartley focus prey species was northern shrimp (Pandalus borealis), valuable both as a
commercial resource and a major food source for other important species like
Atlantic cod (Gadus morhua).

3. Diet composition of fish predators differed clearly between fjords. While preda-
tor species and size were good predictors of shrimp predation, the relationships
with bathymetry, prey density and geospatial variables were complex.

4. Our study indicates that predation of forage species, such as shrimp, varies spa-
tially in heterogenous fjord ecosystems. Shrimp consumption was not highest in
the fjord with highest predator density, indicating a higher dependency of cod on
shrimp in specific areas.

5. Realized predation is a complex combination of predator and prey densities and
predator ecology that differed in each of the three fjords.

6. Synthesis and applications. Ignoring spatial variations in predator-prey interactions
may lead to an inaccurate perception of stock productivity, suboptimal manage-
ment and possibly unsustainable management targets. We recommend spatially
explicit assessment and management for fish stocks where predator-prey inter-
actions vary substantially in space, such as fjords and reefs.
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1 | INTRODUCTION

Ecosystem approaches to fisheries management are common pol-
icy objectives, yet trophic interactions or spatial structure are rarely
included in stock assessments and fisheries management (Skern-
Mauritzen et al., 2016). Harvested species are mostly assessed and
managed as single homogenous units, although they are part of food
webs with complex trophic interactions that vary in time and space
with predators and prey abundances (Berryman, 1992). Marine or-
ganisms grow many orders of magnitude in size from early life to
adult stages, transitioning through multiple trophic levels and eco-
logical niches. The variation in predator size, combined with site-
specific biotic and abiotic characteristics, determines the type of
available prey and the degree of experienced predation (Weitz &
Levin, 2006).

Predator pressure can exert top-down regulation on prey
behaviour, demography and population density (Creel &
Christianson, 2008; Kfivan & Eisner, 2003). Predation response may
impose significant effects on prey demographics (Sinclairetal.,2003),
foraging efficiency and growth (Creel & Christianson, 2008), habitat
use (Fortin et al., 2005), reproductive success (Magnhagen, 1991;
Preisser et al., 2005) and consequently survival. Conversely, prey
dynamics exert bottom-up control on predator productivity and dis-
tribution in marine (Ware & Thomson, 2005) and terrestrial ecosys-
tems (Eide et al., 2012). Thus, predator-prey relationships constitute
complex feedback dynamics determined by internal and external
factors.

Smaller and usually highly productive forage species such as
small fish and crustaceans (e.g. capelin (Mallotus villosus) and shrimp)
constitute substantial parts of marine ecosystems' biomass and cru-
cial bottlenecks for energy flow to higher trophic levels. Forage spe-
cies experience particularly high predation throughout ontogenesis
(Richards & Jacobson, 2016) and high population fluctuations due to
shorter life span, varying availability of food and predation pressure
(Pikitch et al., 2014). Additionally, forage species represent crucial
marine resources as directly harvested species and food source for
valuable higher trophic species.

For management, trophic interactions matter because they de-
termine productivity, sustainable yields and resilience to anthro-
pogenic stressors. Fishing not only impacts abundance and species
composition directly but also ecosystem functioning, indirectly
modifying species abundances (Plaganyi et al., 2022). Thus, assess-
ing predation pressures is important for sustainable harvesting, es-
pecially for forage species (Pope et al., 2021; Trijoulet et al., 2019).
Although predation is often assumed to increase with prey or pred-
ator density (Rindorf et al., 2010), predation dynamics are not nec-
essarily simple functions of predator-prey ratios but are affected
by density-dependent prey and predator behaviour such as prey
schooling (Siders et al., 2020) or seeking refuge in complex habitat
(Savino & Stein, 1989). Fishing can alter predator-prey dynamics by
changing abundances (Durante et al., 2020), especially for heavily
predated species or predators with a strong dependence on specific
prey. Considering these interactions in management may prevent

unsustainable harvest strategies for both target species as well
as other ecosystem components (DeMaster et al., 2001; Plaganyi
et al.,, 2022).

Diet data are key in understanding trophic interactions and
energy flow in ecosystems (Nielsen et al., 2017) and important in
ecosystem modelling to quantify trophic interactions (Tarnecki
et al., 2016). Fine-scale diet data can inform about predation dy-
namics over time and space (Boyd, 1996) to uncover spatio-temporal
variation in prey mortality (Griss et al., 2020), identify drivers
of variation, produce prey biomass indices (Ng et al., 2021) and
aid in understanding changes in production (Gaichas et al., 2010)
and ecosystem dynamics to inform resource management (Griiss
et al., 2020). Accounting for spatial dynamics may be particularly im-
portant for finely structured and often vulnerable ecosystems such
as coasts, fjords, reefs or seamounts.

We explored the diet composition of higher trophic demersal fish
in three large fjord ecosystems in northern Norway, using spatially
and taxonomically highly resolved data and geostatistical modelling.
Our focus was on northern shrimp (Pandalus borealis), a key forage
species for demersal fish (Parsons, 2005a) and target of a relevant
inshore trawl fishery. Bottom trawling has been banned for 50years
in two study fjords, but reopening of shrimp trawling is presently
considered, increasing the need for studying trophic dependencies
of other species on shrimp and potential ecosystem effects of fish-
ing. This is a unique case where fine-scale diet data may provide in-
sights on spatial predator-prey dynamics in fjords under different
fishing pressure (ongoing shrimp trawling vs. zero trawling), under
the hypothesis that shrimp biomass and predatory consumption is
lower in the fjord where shrimp trawling occurs. Our aims were to
(i) compare diet composition among fish predators and fjords, (ii)
determine the abiotic, biotic and geospatial variables explaining
variation in shrimp predation and (iii) estimate fjord-specific shrimp
consumption by Atlantic cod (Gadus morhua). Finally, we discuss the
implications of spatial variation in shrimp predation and demersal
fish abundance for stock assessment and management.

2 | MATERIALS AND METHODS

Surveys with stratified random sampling using a demersal trawl
were conducted in three fjords in northern Norway in 2009-2010
and 2018-2019 (Figure 1). All organisms caught were identified and
registered. Individual measurements were taken for subsamples of
all fish and crustacean species, including stomach contents from
important predator species. Stomach contents were identified to
lowest taxonomic level possible and weighed to determine diet com-
position. Statistical analyses focused on prevalence and biomass of
shrimp in predator diets. Additionally, we modelled shrimp (prey) and
predator densities in space to explore their relationship with pre-
dation rates. Lastly, we estimated shrimp consumption by Atlantic
cod per fjord from density and predation models. All analyses were
conducted in R version 4.2.2 (R Core Team, 2022) with sdmTMB
(Anderson et al., 2022) for statistical modelling.
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FIGURE 1 Study area and sampling locations in the three fjords in northern Norway in 2009-2010 (purple) and 2018-2019 (green).

The conducted trawling survey was an exemption from the
Directorate of Fisheries while no ethical approval was needed for

the stomach analysis.

2.1 | Studyarea

The three study fjords in northern Norway (Kvaenangen,
Porsanger and Tana) (Figure 1) are 60-120km long, with complex
bathymetries and maximum depths varying from around 300 to
450m. The fjord systems are influenced by inflow of freshwater
from rivers and coastal currents. Inner parts of Kvaenangen and
Porsanger fjords are separated from outer parts by sills (beds of
sediment and rock). The inner Porsanger basin is separated from
the outer fjord by a shallow sill and characterized by cold bottom
water (around 0°C).

Porsanger and Tana were closed for shrimp trawling in the early
1970s because of high bycatches of overfished demersal fish. The
neighbouring fjord Kvanangen has had an active shrimp trawl fish-
ery since the 1930s (Hjort & Ruud, 1938) with annual landings in
2010-2020 of 100-200 tonnes, and was included in the study as
comparison. Demersal fish are caught in all three fjords with long-
lines and gillnets.

While coastal Atlantic cod is assessed and managed as separate
stock (north of 67° N), shrimp and other demersal fish in the study
area are managed together with larger offshore management units
or not assessed at all. Shrimp populations in the three fjords are
part of one management unit for shrimp north of 62° N dominated

by the Barents Sea, despite different genetic structures (Hansen
et al., 2021). Regulations of the shrimp fishery (licences, compulsory
sorting grid, temporary spatial closures and no trawling shallower
than 170m depth) mainly aim at reducing fish bycatch.

2.2 | Data
221 | 2009-2010

In 2009 and 2010, the Porsanger ecosystem was comprehen-
sively surveyed (see Pedersen et al., 2018). Stomach data from
these investigations were included to assess potential temporal
changes in cod diets. Stratified random surveys were conducted
in February, April/May and August in 2009 and 2010 (in total 53
trawl stations). Demersal trawling was performed using a Super
Campelen 1400 mesh shrimp trawl with an 8 mm net inside the
codend for 30min at approximately three knots. A total of 607
cod stomachs from 40 stations were analysed (see Appendix S1,
Tables S1 and S2).

222 | 2018-2019

The fjords Kveenangen, Porsanger and Tana were surveyed in 2018-
2019 to evaluate the reopening of areas closed for shrimp trawl-
ing (Savik et al., 2020). Surveys were conducted in 2018 (autumn)
and 2019 (autumn and spring) with a commercial trawler (LK7560,
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14.95m vessel length), using a 1600-mesh shrimp trawl with 15mm
mesh size in the codend and without sorting grid (dispensation given
by the Norwegian Directorate of Fisheries). Trawling time was 15 min
at 1.5-1.7 knots. Across fjords, 220 trawl stations were placed in a
random-stratified design within areas considered accessible to de-
mersal trawling based on bathymetry and bottom sediment. Samples
were collected from an average of 22 stations per fjord and survey
season (Figure 1; Table S1). Up to 10 stomachs per haul from each
relevant predator species were analysed (3490 stomachs in total)
(Tables S1 and S2).

2.2.3 | Stomach content analysis

Standard protocols were used for stomach content analysis (de-
tails in Appendices S1 and S2) of Atlantic cod in both periods, and
in 2018-2019 of saithe (Pollachius virens), haddock (Melanogrammus
aeglefinus), golden redfish (Sebastes norvegicus), shorthorn scul-
pin (Myoxocephalus scorpius) and whiting (Merlangius merlangus).
Haddock and cod were commonly caught, while other species had

comparatively low sampling sizes (Table S2). Prey species were

weighed and categorized into major groups based on taxonomic and

ecological criteria (Figure 2; Figures S1 and S2).

2.3 | Statistical analysis

We analysed the data with generalized additive mixed models.
Because there was no continuous time series and coverage was
more limited in 2009-2010 compared to 2018-2019, we included
period as categorical variable. To account for underlying spatial pro-
cesses, we added Gaussian Markov random fields estimated through
stochastic partial differential equation approximation (Lindgren
et al.,, 2011) using sdmTMB (Anderson et al., 2022).

Based on distance between sampling locations and expected
range of spatial correlation, spatial meshes were created with R-
INLA (Bakka et al., 2018), using maximum and minimum distances
between vertices of 30 and 10km, respectively. Meshes were con-
strained with nonconvex boundaries for each fjord, separating fjords
(Figure M1). For all models, backward model selection using AIC was
applied to sets of response-specific fixed effects. Model perfor-

mance was evaluated through simulated residual distributions using
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FIGURE 2 Total proportion of prey groups (total prey weight/total stomach content weight) across all stomachs per predator species
and fjord for the period 2018-2019. The 2009-2010 period for cod in Porsanger is shown as Porsanger09. Light purple (shrimp) represents

Pandalid shrimp (almost exclusively northern shrimp).
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the DHARMa package (Hartig, 2021). In-depth model information
can be found in Appendix S2.

2.31 | Models

Models used in the present study were defined as:

ElYial = #igr

g = (X0 +5(X2M) + 0y + ),

With mean u for expected values of E[y,»ya], Yiq representing
the response data for station i in fjord a; f a link function; X,
represents a vector of predictors for station in fjord (either cat-
egorical or continuous); g represents a vector of fixed-effect co-
efficients; s denotes smoothing splines; w; a spatial random field;
and a, random intercepts by group. The spatial random field was
modelled as spatially correlated random effects w; with a Matérn
covariance matrix Z,a; =f(x;,y;) ~ GF(0,Z,). Response variables
and corresponding link functions were: (i) predation probability
represented by presence/absence of shrimp in predator stom-
ach as logit-link binomial distribution, Binomial(N, u); (ii) predator
consumption as biomass of shrimp in stomach; and (iii) density
(biomass per trawl distance) of all predators, cod and shrimp as
tweedie distribution (Poisson-Gamma compound distribution)
with log-link: Tweedie(u, p, ) (power parameter p was restricted
to 1<p<2 for continuously distributed positive values and pos-
itive mass at 0). The distribution was selected because the data
contained several zero observations combined with continuous
positive catch weights.

All analyses (see Appendix S2, model information) included ran-
dom effects and fixed effects. Possible explanatory variables were
selected based on initial investigation and data availability, with fjord
and period (2009-2010 or 2018-2019) as categorical fixed effects
in all models, and bottom depth (m), predator lengths (cm), shrimp
densities (kg/nmi) and predator biomass (kg) as continuous fixed ef-
fects. In addition, season (spring, summer, autumn and winter) was
included in all models as random intercepts a(ariapie) ~ N(0,02), as
was predator species for predation models. Continuous fixed ef-
fects were standardized using z-score normalization to facilitate
model convergence and effect size comparison. Thin plate regres-
sion splines (‘mgvc’ R package; Anderson, 2019) restricted to three
knots were applied to all continuous effects.

Equally spaced interpolation grids with grid cells of 0.5 km?
were used to predict the estimated quantities in space. For all pre-
diction points, bottom depth was based on GEBCO bathymetric
data (download.gebco.net). Prey and predator densities were pre-
dicted from final models derived in the present study. All other
continuous effects were set to their average, while categorical
effects were included with all levels. Random intercepts for pred-

ator species and season were set to O (population-level prediction)

Journal of Applied Ecology E EE‘E@,"’“

or included with specific factor levels (e.g. cod in autumn) where

relevant.

2.3.2 | Consumption

We applied the evacuation model from dos Santos and
Jobling (1992) as adapted in Bogstad and Gjgseeter (1994) to es-
timate shrimp consumption by cod (excluding inner Porsanger
due to the absence of cod). Estimates were derived from model
predictions across the interpolation grid of stomach content,
shrimp density and cod density. The latter two were scaled to grid
cell area using different swept widths depending on species and
gear: for shrimp, 11.7 and 18 m for 2009-2010 and 2018-2019,
respectively, and for cod 20 and 25 m, respectively. Bogstad and

Gjgsaeter (1994) defined consumption as:

Wit X IN2 x e¢T xrx D
CFjord = H.r2 ’

where W, , is total cod biomass (tonnes), T mean temperature (°C),
r is the ratio S/W, where S=average stomach content of shrimp,
D =days of overlap between cod and shrimp, the half-life of a same-
sized meal as the fish body weight in days H=20.75 (dos Santos &
Jobling, 1992) and ¢=0.11 and z=0.54 are species-independent
temperature and shape parameters, respectively. For overlapping
days, we used 90 to represent a temporal range comparable to a
survey period.

To derive stomach content ratio r, we converted average cod
length to weight by estimating the allometric length-weight rela-
tionship for cod from all individual measurements: W = a - LP where
W is body weight (g), L is length (cm) and a and b are the allometric
coefficient and exponent, respectively. Estimated parameters were
a=0.006 and b=3.093 using a linear model after log-transforming
length and weight.

To propagate uncertainty from each model predicting stomach
content, shrimp biomass, cod biomass, length-weight relationship
and consumption, we applied a bootstrap process with 500 itera-
tions. Each iteration consisted of simulated predictions drawn per
grid cell or area (length-weight) from means and standard errors of
all models, resampled individual cod length from observed data and
parameter distributions (H, temperature).

3 | RESULTS

The six demersal fish predators displayed a diverse diet, including
epi-/infauna, pelagic and demersal crustaceans, and forage fish
species (Figure 2; Figures S1 and S2). The diet varied between spe-
cies and within species among fjords. Shrimp was a common dietary
component for most predators, especially for cod and in Porsanger
(Figure 2). Similarly, sculpin showed a preference for shrimp and

capelin (Figure 2; Figure S1), but samples were limited to the inner
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Porsanger basin where other predators were absent. Haddock fa-
voured benthic epi-/infauna (Figure 2; Figure S1). In Tana, cod pri-
marily consumed capelin and gadids (mostly haddock). Sample sizes
of redfish, saithe and whiting were small with large inter-fjord vari-
ation (Table S2).

3.1 | Density

Cod and other demersal predators exhibited highest densities
in Kvaenangen and Tana (Figure 3) and were prevalent through-
out the fjords, particularly in shallower regions (Figures S3 and
S4). The higher density in shallower areas was driven by substan-
tial nearshore catches of juvenile haddock. In contrast, Porsanger
showed lower predator densities, with cod noticeably absent in the
innermost basin. This pattern remained consistent across time pe-
riods (Figure S3), indicating that the inner Porsanger area is unfa-
vourable for cod. Seasonally, density of cod was higher in autumn
and winter compared to spring and summer, a trend observed for
all predators (Tables M1-M4). Most variation in predator and cod
density was attributed to observed shrimp density and bathymetry
(only cod) (Table M1), with spatial random fields capturing minimal
additional spatial variation (Figures M3 and M5).

Shrimp density was similar between fjords (Figure 3) but varied
substantially within fjords (Zimmermann et al., 2023). Shrimp den-
sity depended strongly on depth (Table M5), with highest shrimp
densities in the deeper fjord basins, while the spatial random field

captured clusters of high densities in shallower areas (mostly inner

100.0
B
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Porsanger) (Figure M7). Shrimp distribution remained consistent be-
tween 2009-2010 and 2018-2019 (Figure 3; Figure S5), showing a
slight, non-significant decrease between these periods (Table Mé).
Seasonal impact on shrimp density was low, and cod biomass was
irrelevant and excluded from the final model.

3.2 | Consumption of shrimp

Substantial intra- and inter-fjord variation in consumption of
shrimp by cod was found. Shrimp was more important in cod diet
in Porsanger compared to Kvaenangen and Tana (Figures 4, 5, and
7). In Porsanger, consumed biomass of shrimp by cod was high in
both time periods (Figures 6 and 7; Figure S8), whereas shrimp oc-
curred more frequently in cod stomachs in 2009-2010 (Figure 4;
Figures S2 and S9). Seasonal variation was low (Figure S10;
Table M9), instead probability of shrimp in cod diet was mostly
explained by shrimp density and cod length, with probability of
consumption peaking at intermediate predator sizes. Cod biomass
was irrelevant, and depth had only a marginal improvement on
model performance and was excluded from the selected model
(Tables M7 and M8). Fixed effects explained most of the observed
variation, with the spatial random field contributing only mini-
mally, primarily in Porsanger, with short Matérn correlation range
(Figure M9; Table M8).

Shrimp biomass per predator stomach varied spatially between
and within fjords but was highest in Porsanger (Figures 5 and 6).

Predator length and spatial random field were the most relevant

—

%‘0
= <

<s°

FIGURE 3 The boxplot shows predicted estimates of density (kg/nm) on log-scale from the models, summarized per fjord and when
relevant for period, for cod (black), all demersal predators (dark blue) and shrimp (turquoise). Shown are medians (black lines), 25th and 75th

percentiles (boxes), 1.5 interquartile ranges (whiskers) and outliers (dots).

85U20| 7 SUOWILLIOD 3A1RRID 3|cedl|dde ayy Aq pauob ke Sao e O ‘SN JO S3jni 10} A%eiq1T 8UIIUO A8]IM UO (SUOHIPUCO-PUB-SWLBY L0 A8 |1 AReIq 1 BUTUO//SHNY) SUORIPUOD pUe SWie | 8u138S *[7202/70/80] U0 AriqiT8uluO ABIIM ‘NIDHTE 4O A LISYIAINN Ad £091T ¥992-GIET/TTTT OT/I0p/LI0Y A8 |IM AReiq Ul UO'S FPUIN0ad)//SdRY WOl pepeo|umoq v ‘¥20¢ #99259ET



TENGVALL eT AL.

693

71.2| Probabiliy of shrimp

in cod stomach (%)
100
75
50

70.8 25

0

Latitude
S
N

-

B

.

70.0

é

Kvaenangen

Journal of Applied Ecology E EEEE;:M

Porsanger

200 225

25.0 27.5

Longitude

FIGURE 4 Probability of shrimp occurrence in cod stomachs (%) for the periods 2009-2010 (inset map) and 2018-2019 as predicted by
the selected model (fjord, period, season, shrimp density and cod length). Information on shrimp density was included for all integration
points. Season and length were set to the global means for the predictions shown here.

predictors of consumed shrimp biomass, followed by depth and
shrimp density (Table M9). The fixed effects were good predictors
for deeper areas of the fjords, while the spatial random field ex-
plained the variation in shallower regions of the fjords, particularly
for Porsanger (Figure M11). In contrast to a clear, nearly linear in-
crease of shrimp prevalence in cod stomachs with increasing shrimp
density (Figure S6A), consumed shrimp biomass in predator stom-
achs slightly declined after peaking around 75 kg/nm shrimp density
(Figure 5b). The slight decline was driven by few sculpin stomach
samples from Inner Porsanger where shrimp densities were highest,
and cod absent.

The biomass and proportion of consumed shrimp differed be-
tween predators but increased strongly with predator size until
predators reached lengths of around 70cm (Figure 5c). Despite
few samples of larger predators, cod up to ~120cm in length con-
sumed shrimp. Cod was the main predator across all three fjords but
consumed the highest biomass of shrimp in Porsanger (Figure 5d,;
Figure M10). Sculpin consumed a disproportionally high biomass
of shrimp given their small size compared to the other predators
(Figure 5d; Figure S7; Table M10), while shrimp consumption was
minor and uncertain for saithe, redfish and whiting due to small sam-
ple sizes (Figures 2 and 5d).

Estimated total shrimp consumption by cod by fjord and shrimp
consumed relative both to its own biomass and cod biomass were
highest in Porsanger (median of 145t, ratios of 0.25 and 0.08 in
2018-2019, Figure 7). The consumption ratios (consumed shrimp
biomass by cod either relative to shrimp biomass or to cod biomass)
were consistent across time periods despite absolute shrimp, cod

and consumption of shrimp biomass levels scaling higher in 2009-
2010. Consumption ratio per unit of shrimp biomass was lowest in
Kvaenangen (0.08). Whereas the low shrimp biomass relative to a
large cod biomass in Tana led to a higher consumption ratio (0.19),
despite relatively low importance of shrimp in cod diet (Figures 2
and 5). In Kvaenangen and Tana, consumption ratios per unit of cod
biomass were equally low (0.04) due to a low overall consumption

compared to the cod biomass (Figure 7, right panel).

4 | DISCUSSION

Our study shows substantial spatial variation in diet composition
of predatory demersal fish and predation on a key forage species,
northern shrimp, in fjord ecosystems in northern Norway. A high
consumption of shrimp by Atlantic cod indicates a strong associa-
tion between cod and shrimp in fjords closed to shrimp trawling.
Particularly in Porsanger, we found highest consumption ratios
even though it held the lowest shrimp density. Whereas in Tana,
a large discrepancy between cod and shrimp biomass, despite a
comparatively low share of shrimp in cod diet, indicated a high
consumption ratio relative to shrimp biomass. Despite contrast-
ing causes, shrimp populations in these two fjords experience in
the absence of fishing much higher predation pressure than the
shrimp population in the fjord with ongoing trawling, Kvaenangen.
While predator species and size were good predictors of shrimp
predation, the relationships with bathymetry, prey density and
geospatial variables (random spatial effects) were complex. The
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FIGURE 5 Conditional effects of bottom depth (a), shrimp density (b), predator length (c) and predator species (random intercept,
including fjord-specific mean length per species) (d) on shrimp biomass in stomachs estimated in the selected model. Estimates are shown
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results indicate distinctly different food web dynamics between
these fjords that may be partly shaped by differences in fishing
activities.

Predator-prey dynamics shape food web structures (Preisser
et al.,, 2005; Sinclair et al, 2003; Worm & Myers, 2003).
Historically, predator populations, and notably cod, often fluc-
tuate with prey abundance such as shrimp (Parsons, 2005a), si-
multaneously predation mortality is a key regulator of shrimp
population dynamics (Link & Idoine, 2009; Parsons, 2005b; Worm
& Myers, 2003). Our findings revealed shrimp density to be an
important factor for predator dynamics, while predator biomass
was not relevant for shrimp density, emphasizing the role of prey
availability as a key factor for the consumed amount of shrimp
by cod. Based on the survey data from 2009 to 2010 used here,
Pedersen et al. (2018) found shrimp to be the most important
prey for local cod in Porsanger, consistent with our analysis. High
spatial variability in species densities and diets within and among
fjords underlines the complexity of highly structured coastal eco-
systems such as fjords. Fjords can act as nursery areas for juvenile

demersal fish, and shrimp was mainly consumed by small to mid-
sized cod, suggesting that younger cod might feed in these fjords
before switching to their preferred prey, capelin, when they reach
bigger sizes (Holt et al., 2019). Consequently, predation is likely to
vary spatiotemporally in heterogeneous or partially confined eco-
systems (e.g. coasts, fjords or reefs) (Siple et al., 2021). Intra-fjord
variation was highest in Porsanger, where in the absence of most
predators except for sculpin, shrimp occur in very high densities
in the partially separated, cold inner basin. This indicates preda-
tion release altering shrimp dynamics in the inner basin in com-
parison to the rest of the fjord where high predation pressure and
comparatively low shrimp densities were found, suggesting that
more contrast in cod densities is needed to detect a statistically
relevant effect on shrimp density. Despite ongoing shrimp fishing
in Kvaenangen, shrimp and cod densities in the three fjords were
not different (Zimmermann et al., 2023). Trawling in Kvaenangen
represents top-down mortality for shrimp, potentially substituting
predation pressure and disturbing the bottom substrate, possibly
enhancing food availability for shrimp. Top-down pressure from
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FIGURE 6 Shrimp biomass in predator stomach (g) on log-scale modelled for the periods 2009-2010 (inset map) and 2018-2019 with
fixed (fjord, period, season, depth, predator length, shrimp density and predator species) and random effects. Information on shrimp was
included for all integration points. Season and length were set to the population mean for the predictions shown here.

cod consumption in Porsanger and Tana may play a similar role as
exerted by harvesting in Kvaenangen.

Successful resource management requires knowledge of preda-
tor-prey dynamics in space and time, shaped by food web dynam-
ics, environmental cues, behaviour and spatial overlap (Tromeur &
Loeuille, 2017; Yodzis, 1994). A main source of error in stock as-
sessment and management advice is limited information on key bi-
ological processes, notably predation mortality as main component
of natural mortality (Pope et al., 2021). While consumption from
major predators has been used as indices for temporal variation in
natural mortality, spatial variation in predation mortality has rarely
been considered, reflecting the general lack of spatial structure in
fisheries management (Cardinale et al., 2023). Our findings show
spatial variation of consumption ratios in line with natural mortality
rates of shrimp in these fjords estimated from length frequencies
(Batevik, 2020). Comparing diet data from areas with contrasting
trawling regimes presents a unique case to determine potential
feedbacks between predation and fishing pressure, as both can
exert top-down control. The substantial spatial differences revealed
by our analysis suggest that spatial variation in consumption should
be explored and, if relevant, included in stock assessments, espe-
cially when there is genetic or other stock structure that supports
different dynamics between subpopulations. Geospatial modelling
of consumption indices from diet information can aid in revealing
spatio-temporal predator-prey dynamics. Even though stomach
data are only snapshots in time and space, they can serve as indica-
tors of prey abundance or predation mortality in management strat-
egies (Siple et al., 2021) and provide additional insight into model
performance (Gaichas et al., 2010). Introducing spatially explicit

consumption indices could help to scale sustainable fishing pres-
sure appropriately across subpopulations often found in coastal
ecosystems.

Demersal trawls sample larger organisms near the sea floor
where most of the species diversity is found, underrepresenting spe-
cies in other layers or with low catchability. For instance, saithe, an
abundant top predator with a similar trophic niche as cod, tends to
swim too fast to be caught in demersal trawls. Because of low sample
size, it remains unclear whether saithe is a relevant shrimp predator
in the study area. Similarly, we did not assess bottom-up productiv-
ity as driver of ecosystem dynamics and differences thereof. Fjord-
specific hydrographic features affect water circulation, nutrient
inflow and possibly overall trophic energy flow. Finally, survey de-
signs and gear differed between 2009-2010 and 2018-2019, which
complicates comparing absolute consumption temporally. However,
diet composition and density of key species were largely similar
during the two survey periods.

Fjords are not closed systems but partially open to the ocean,
allowing for migratory movement (e.g. cod and capelin), causing
substantial fluctuations in biomass that may alter trophic dynam-
ics intra- and inter-annually. The large cod stock in the Barents
Sea (‘skrei’), genetically different from coastal cod (Breistein
etal., 2022; Johansen et al., 2020) and managed as separate stocks
(Howell et al., 2023; ICES, 2023), makes annual spawning migra-
tions to the Norwegian coast and into the fjords (Berg et al., 2016).
Extrapolating the estimated shrimp consumption by cod to a
whole year could be problematic as annual cod biomass fluctu-
ates strongly due to skrei migrations and population dynamics.
Contrary to highly migratory Barents Sea cod, Norwegian coastal
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FIGURE 7 Consumption over a season (90days) of shrimp by cod in biomass (tonnes) per fjord (in dark blue) in comparison to cod biomass
(black) and shrimp biomass (turquoise) (left panel). Consumption ratio of shrimp biomass by cod shown per unit of cod biomass (orange) or
per unit of shrimp biomass (blue) (right panel). Box plots are based on bootstrapped biomass and consumption estimates (500 repetitions),
showing median (black lines), 25th and 75th percentiles (boxes), 1.5 interquartile range (whiskers) and outliers (dots). Excluding inner basin of

Porsanger.

cod is more stationary (Pedersen et al., 2008), and based on oto-
liths, cod caught on the surveys in 2018-2019 were mainly coastal
cod (Sgvik et al., 2020). The study area constitutes a relevant
part of the coastal cod distribution north of 67° N (ICES, 2023),
although the estimated biomass here corresponds to only a few
percent of the current spawning stock biomass. However, survey
and assessment estimates are often difficult to compare. Because
population and cod-shrimp dynamics likely differ substantially
between fjords, biomass, consumption indices and mortality
should ideally be estimated at fjord level in stock assessment to
determine potential differences in dynamics. Additionally, prey
switching linked to prey abundance and individual size has been
observed in cod (Holt et al., 2019); thus, the role of other relevant
prey species should be further explored. Here, however, we did
not find a relevant effect of other prey such as capelin and gadids
on shrimp consumption.

5 | CONCLUSIONS

We found clear intra- and inter-fjord differences in diet composition
of demersal fish and predation on shrimp as a key prey species, with

implications for population dynamics of both prey and predators. In
the two fjords closed to trawling, reopening for shrimp trawling after
50years might therefore decrease foraging opportunities for cod in
these fjords and undermine ongoing rebuilding efforts of local fjord
subpopulations, particularly in Porsanger. Fjord-level stock structure
of coastal cod is supported by genetic investigations that revealed
genetic differentiation among coastal cod sampled from different
fjords (Breistein et al., 2022).

Neglecting spatiotemporal patterns and differing predation
pressures may lead to an inaccurate perception of stock productiv-
ity (Goethel et al., 2023; Trijoulet et al., 2019). Especially in highly
structured or partially confined ecosystems, it could result in bi-
ased estimates of sustainable catch of cod and shrimp. Predation
is rarely included in stock assessments and advice, with excep-
tions such as multiple stocks in the North Sea, Barents Sea cap-
elin, cod, and haddock (ICES, 2022). Similarly, spatial structure is
considered in stock assessments of few commercial fish stocks in
the Northeast Atlantic Ocean (e.g. shrimp in the Norwegian Deep
and Skagerrak, North Sea cod), and has typically no management
implications (Cardinale et al., 2023). Spatially differing predation
levels and stronger reliance of cod on shrimp indicate the need to
either (a) consider spatial dynamics of predators when assessing
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prey species to avoid unsustainable management of predators and
prey or (b) implement spatial regulation of shrimp fishing in im-
portant feeding areas to support rebuilding of local cod stocks and
avoid that combined mortality from fisheries and predation cause
prey stock decline (Overholtz et al., 2000). Area-specific con-
sumption ratios, as presented here, may serve as spatial indices to
scale predation mortality in future assessments. Explicit analysis
of spatiotemporal patterns in trophic interactions and their impli-
cations for predation mortality can add a multispecies aspect to
single-species stock assessments as an important step toward an
ecosystem-based approach.
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