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Larval fish competition in the NBS system
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Abstract

The Norwegian-Barents Sea (NBS) system is very productive. However, the extent at
which this productivity varies remains uncertain for many species. Cod (Gadus morhua),
haddock (Melanogrammus aeglefinus), and capelin (Mallotus villosus) are three key
species overlapping in a large portion of the NBS ecosystem. In this hypothesis-driven
study, we investigate the interaction of these three species during their pelagic larval stage
and assess the impact of their spatio-temporal overlap on survival. We hypothesise that the

spatio-temporal overlap between the larvae of the three species, as they likely drift


mailto:asofiaaferreira@gmail.com

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

Larval fish competition in the NBS system

together, influences their survival at later stages. We calculate the spatio-temporal overlap

of each pair of the three studied species and test it against their recruitment. We utilise a
multiple linear regression model with temperature, spawning stock biomass, and spatio-
temporal overlap among larvae, their food, and competitors as explanatory variables. We
explained ~ 43 %, ~ 24 %, and ~ 73 % of the variability in cod, haddock, and capelin
recruitment, respectively. The overlaps between larval cod and competing species and/or
food have a negative influence on cod recruitment, whereas the sign of the relationships
pertaining to haddock and capelin vary. These results improve the understanding of how

these fish species use their critical habitats to face emerging environmental stressors.

Keywords: recruitment dynamics; fish survival; larval competition; and spatio-temporal

modelling.

1. INTRODUCTION

The Norwegian-Barents Sea (NBS) system is a highly dynamic area with strong physical
and biological forcing (Sakshaug et al. 2009, Eide et al. 2013). The NBS is known for its
high productivity yet relatively low biological diversity, meaning that the few fish species
that take part in the NBS production cycles are present in high abundances (Hamre 1994).
Among its most important fish species are the Northeast Arctic cod (Gadus morhua, a
major predator) and its prey, that are: young stages of the Northeast Arctic haddock
(Melanogrammus aeglefinus), capelin (Mallotus villosus), and juvenile stages of

Norwegian spring-spawning herring (Clupea harengus) (Hamre 1994).

With the collapse of the Barents Sea capelin stock in the mid-late 1980s, the Northeast
Arctic cod stock decreased due to lack of food (Hamre 1994, Durant et al. 2021). The
factors that influenced their stocks may be directly or indirectly connected (Palsson 1994).
Cod, haddock, and capelin spawn on the Norwegian coast, and drift into the NBS system

to feed. In particular, capelin spawns along the Murman coast (although main spawning
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area is on the Norwegian side, Gjgseter 1998), while cod and haddock spawn along the
continental slope (with different centers of magnitude and depth, with haddock spawning
closer to the coast, Jakobsen & Ozhigin 2011). We thus hypothesise that the overlap
between cod, haddock, and capelin at the larval stage (and their prey) will play a crucial
role in the fish survival at later stages. Furthermore, the degree to which they overlap may

differ among years.

The three species use the oceanic regions of the NBS as feeding grounds, and then migrate
closer to the coast to spawn (Olsen et al. 2009). The lives of these species are therefore
highly intertwined as they compete for food resources, including the most dominant
zooplankton species in the NBS system, Calanus finmarchicus (Broms et al. 2009, Orlova
et al. 2010, Dalpadado et al. 2012, Aarflot et al. 2017, Prokopchuk & Trofimov 2019). C.
finmarchicus is documented as the main prey item for cod and capelin larvae (Sysoeva
1965, Ellertsen et al. 1984, Karamushko & Karamushko 1995, Kvile et al. 2014). For
haddock, there is evidence suggesting that Calanus spp. importance gradually decreases in
the diet of larvae larger than 19 mm long (Sysoyeva et al. 1976). Even if Calanus spp. are
less important in the diet of haddock larvae than in cod larvae, especially for larger ones, a
competition for C. finmarchicus may occur for larval cod (all sizes) and haddock (2-19
mm) (Sysoyeva et al. 1976, Rowlands et al. 2008). This is supported by the fact that larval
haddock exploit a wider range of prey types of smaller and slower moving organisms than
other gadoid species (Sysoeva & Bazlova 1967, Economou 1991, Rowlands et al. 2008).
Additionally, the three fish species (cod, haddock, and capelin) greatly influence each
other’s food availability acting as main prey item for each other at later stages (e.g. see cod

and capelin) (Sundby & Fossum 1990, Hamre 1994, Gjgseter 1998).
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The place and time where and when these fish spawn and first-feed are thus crucial factors
affecting their survival into later stages, yet they are also the most vulnerable to external
factors, such as climate change or oil extraction (Olsen et al. 2009). As observed by Olsen
et al. (2009), assessing the extent of the spatio-temporal overlap between these species
(even though they also considered saithe, Pollachius virens) is “imperative to understand
the total effects of all human activities in these [vulnerable] areas and to employ a
precautionary approach when managing existing and new human activities”. These authors
acknowledge examples of coastal activities greatly affecting spawning areas, such as
fishing, subsurface petroleum installations, offshore wind farms, aquaculture, and noise

from seismic exploration.

As the larval stages of the three species (Northeast Arctic cod, Northeast Arctic haddock,
and Barents Sea capelin) are known to overlap in time and space, we ask: what is the effect
of spatio-temporal overlap between the larval stages of the three fish species on their
survival to later stages? Our objectives are 1) to quantify the spatio-temporal overlap in
both space and time, and 2) to assess whether the spatio-temporal overlap affects the

survival of the three species.

2. METHODS

2.1. Data

Data on larval abundances of the three fish species (cod, haddock, and capelin) were
collected during the ichthyoplankton surveys run by the Knipovich Polar Research Institute
of Marine Fisheries and Oceanography (PINRO) in both spring (April — May) and summer
(June — July) from 1959 to 1993 along the northeastern Norwegian Sea and the

southwestern Barents Sea. In this study, we include stations where data were collected by
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both the ring trawl (150 cm diameter opening, 3 mm mesh size) and the egg net (80 cm
diameter opening, 0.505 mm mesh size, Mukhina et al. 2003) (Figure 1). While larvae are
also captured in egg nets, the egg nets sample larvae less efficiently than the ring trawls.
The main copepod prey of most of the fish larvae species studied here is C. finmarchicus.
It is also the only zooplankton species which has had the data digitised for this dataset due
to lack of current recourses on this specific project (C. finmarchicus accounted for 80-90%
of zooplankton community) (Aarflot et al. 2018, Prokopchuk & Trofimov 2019). Data on
C. finmarchicus were collected during the same survey as the fish larvae with a Juday
plankton net (37 cm diameter opening, 180 um mesh size) (Nesterova 1990).
Concentration of both fish larvae and copepod data were recorded as individual m= for
each size class (we do not use size class in the present study). In addition, data on herring
larvae were collected as the other species. However, because the spatial distribution of
these larvae does not match that of the sampling, we exclude herring larvae as a studied
species (s), and only considered it as a competitor, thus driving species (p). The herring
stock also collapsed in this area in the 1960-1970s, and recruitment was very low until

1983, thus no larvae were collected in several of the years.

Temperature data were from the Nordic Seas 4 km numerical ocean model hindcast
archive from 1959 to 1993 (Lien et al. 2013) as in Ferreira et al. (2020). In this study, we
use data for the upper 50 m of the water column and match the stations from the fish larvae

survey to predict the abundance of the four species of fish at their larval stages.

We define survival indices as: timeseries of recruitment at age 3 for cod and haddock
(1959-1993), and age 1 for capelin (1980-1993); as well as the 0-group timeseries (1980-

1993) of the three fish species. Data on recruitment and spawning stock biomass (SSB)
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were collected from the Arctic Fisheries Working Group (AFWG) from ICES (ICES

2020).

The following sections describe the methodology used to estimate the effect of the spatio-
temporal overlap between the larval stages and their competitors and/or food. Details are
found in Figure 2. We use the larval abundance data to develop a statistical model that fills
in the seasonal gaps, and quantifies the spatio-temporal distribution of each species from
day of year (DOY) 93 (~ April 3) to 208 (~ July 27, Supplementary Figure S1). DOY 93
and 208 are chosen based on data availability. However, we only consider the model
predictions within DOY 110 (~ June April 20) to 197 (~ July 16) as that is when the most
larvae were present, meaning that there is enough data within this period for the next step
(as observed in Supplementary Figure S2). The fish larvae models are based on Stige et al.
(2017) and Ferreira et al. (2020), and the copepod model is based on Kvile et al. (2014)
and Ferreira et al. (2020). Model equations and scores can be found in Table 1. Since the
data are zero-inflated, we use the Tweedie distribution (family=tw(), Dunn & Smyth 2005,
2008, Dunn 2017) within the Generalised Additive Models (GAM, mgcv package version

1.8-39, Wood 2017) within R version 4.1.2 (2021-11-01) (Team 2021).

. Generalised Additive Models (GAM modelling)

The first step of our approach (Figure 2) is to estimate the concentration of fish larvae of
cod, haddock, capelin, and herring, across space and time. We use Eq. (1), where Aby; is
the larval concentration at station x and time t (Lx). The coefficient « is the intercept. The
smooth, adaptive function f, of day of year (DOY) estimates the average seasonal change in
abundance, whereas f, of DOY estimated the DOY-dependent coefficient for the effect of

sea temperature anomaly (STempa) calculated as in Kvile et al. (2014) and estimates how
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the seasonal pattern varies with sea temperature (STemp). The two-dimensional smooth
function f; of longitude (LON) and latitude (LAT) estimates the time-averaged spatial
pattern. YEAR; and STAGE; are random effects of year and length-based stage,
respectively. There are five length classes for fish larvae: 0-5, 6-10, 11— 15, 16-20, and
21+ mm, henceforth referred to as stages. Based on these, the average length per species is
as follows: 13.43, 13.40, 11.71, and 18.50 cm for cod, haddock, capelin, and herring,
respectively. The higher length of herring confirms the reasoning for excluding it as a
studied species (s) as these are older individuals, thus with different dynamics. The
coefficients £ and S, account for sample size, with Neggnet being the number of egg net
hauls and Nringraw the number of ring trawl hauls per station st. We use different
coefficients for the effects of egg nets and ring trawls because the capture efficiency is
likely to differ between the two gears. Finally, & is a normally distributed error term. We
also add a weights term that considers the number of data points per DOY in logarithmic
scale, thus providing less weight on the DOYs with less data (except for herring). Eqg. (1)
(Figure 2) is applied to each of the four fish species separately. The smooth functions
applied to DOY are used with a single penalty built in smooth classes (bs) with an adaptive
smoother (“ad”) and a dimension of the basis used to represent the smooth term (k) of 9.
The spatial aspect is included as a tensor product smoother (te) with a bs set to a low rank
isotropic smoother of the LON and LAT covariates (“zp ) and a k of 5. YEAR is accounted
for as a random effect (“re”) with a k left to default (9) to allow for a smoother interannual

variability. A similar approach was used in Ferreira et al. (2020).

To estimate the concentration of zooplankton across space and time, we use Eq. (1) (Figure
2). Here, Aby: is copepod concentration in logarithmic scale [log(zoo+1) to account for
zero-inflated data] at station x and time t and represents the prey concentration (C.

finmarchicus, Zx) for cod, haddock, and capelin. We analyse 4 stage classes for C.
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finmarchicus, where Ns is nauplii, C1 is CI-I1I, C2 is CIV-V, and C3 is CVIM-F
(henceforth referred to as stages). We apply the C. finmarchicus model individually for
each stage, as opposed to modelling all stages together (as we do for the fish). We use the
method="ML" with k set to 5 for stages Nauplii and CVI, and 9 for stages CI-Ill and CIV-
V and bs set to “cr” for a cubic regression spline. All other terms are used as for the fish
models (all the R Software syntax used to run all models is available in the Supplementary
Table S1). Model results of Ly (larval abundance) and Zy: (C. finmarchicus abundance)
provide smooth, gap-free seasonal cycles of larval abundance from which we can estimate

the areas under the curves (Supplementary Figure S1).

Il. Area calculation

The second step of our approach (Figure 2) is to calculate the area under the Aby: curves as
in Eqg. (2). We thus use Ly as the abundance estimates for the fish species and calculated
the overlap between each of them and the other competing fish species (competitors); and
use Zy as the food estimate and calculate the overlap between each of the fish species and
their food (food). We also consider both factors together (competitors+food). We calculate
these using two approaches: an one-by-one and all-competitors-together. We calculate the
area under the Aby: curves as in Ferreira et al. (2020) (Eqg. (2), Figure 2), where A is defined
as the area under the curve of abundance (L) for two sets of data: a) the species being
studied (As), i.e. the studied species (henceforth referred to as s); or b) the driving species
(Ap), i.e. the species that interact, in some form, with the studied species (henceforth
referred to as p), either representing the abundance of competitors or of food). For
instance, in the case where cod is the studied species, the driving species would be
haddock, capelin, and herring as competitors, and C. finmarchicus as food. The
abundances of relevant species are summed up prior to calculating the area under their

curve (Ap) for different combinations: food (F), competitors 1 to 3 (C), or competitors 1 to
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3 and food (C+F, Figure 2). We calculate the area of the curve (A) for both sets (Asand
Ap), where the seasonal trends in both abundances follow a Gaussian curve defined by the

estimated standard deviation (sd) and the timing of the peak (m).

I1l. Spatio-temporal overlap (STO) calculation

The third step consists of the calculation of the spatio-temporal overlap metric so that STO
provides us the area where two areas (As and Ap) overlap: the area under both curves
(orange area, Durant et al. 2005, Durant et al. 2019). STO is thus calculated in Eg. (3)
(Figure 2) and represents the minimum of the integrals As and Ap between DOY min (154)
and DOYmax (197). STO has no units, as both concentrations cancel each other, therefore,
we consider STO a dimensionless metric. Further details on how to calculate STO can be
found in Durant et al. (2005) and the R scripts can be found in Durant et al. (2019). See
also Table 2 and respective explanation in Ferreira et al. (2020). STO represents the spatio-
temporal overlap between each of the studied fish species and their food (STOg), 1 to 3 of
its competitors (driving species, STOc), or 1 to 3 competitors and their food (driving

species, STOc + STOg).

IV. Correlation

STOc, STOr and STOc + STOEr are computed annually for 1959-1993 and for each station
where data are found. We then test them for their ability to explain variability in the
survival index of the studied species. We use recruitment (R) age 3 for cod and haddock,
and age 1 for capelin. Results for the 0-group index are shown in the Supplementary
Material. We follow Eq. (4) to build a multiple linear regression model (Figure 2). Here, Ry
is the recruitment index in year t, STO;j is the Spatio-Temporal Overlap metric that

corresponds to STOc, STOg or STO¢ + STOg and their correspondent slope (b1, b2, or bsa
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and bap), 4 is the species-specific lag (in years) of the STO in comparison to the year-class
of the R (age 3 for cod and haddock, and age 1 for capelin), STemp is the annual average
STemp, a is the intercept, ¢ and d are the slopes for STemp: and SSB, respectively, e is the
slope for the time step (year, t) of the regression line, andg is the normally distributed
error. Estimates of R; are based on the recent stock assessment (ICES 2020) and then tested
against the spatio-temporal overlap indices STO¢, STOg and STOc + STOg with the linear
regressions to assess whether any of the overlaps can explain R variability. We test for
collinearity among all variables using a variance inflation factors (VIF) analysis (Zuur et

al. 2007).

V. Recruitment variability

As a last step, we assess the effect of each of the explanatory variables in explaining the
recruitment variability of each of the fish species. We start by analysing both the multiple
r? and the sign of the multiple regression, linear models assessing recruitment variability,
as well as the contribution of the whole model (as shown in Figure 2). To assess the
individual contribution of each of the explanatory variables in the multiple regression
model explaining the recruitment variability, we use the package relaimpo (Gromping
2006) with the “proportional marginal variance decomposition” (pmvd), as in Durant et al.
(2021). This result provides information about how much STO contributed to the overall

variability in recruitment compared to the remaining variables (SSB, STemp, and t).

3. RESULTS

The spatio-temporal overlap between the studied species and its competitors (STOc,
orange) is analysed for each of the three fish species (cod, haddock, and capelin) as the
studied species (Figure 3). A similar approach is used to investigate the spatio-temporal

overlap between the studied species and its food (STOg, green) and both together (STO¢ +
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STOF, blue). We here show the correlations between the overlap indices (STOc, STOg and
STOc + STOg) and recruitment (R) with each studied species (cod, haddock, and capelin) in
detail (Figure 3). We find that all the relationships between the overlap indices of cod
larvae (STOc, STOg and STOc + STOg) and its recruitment are statistically significant (p-
value <0.012, Figure 3), with r? ranging from 29.4 to 42.6 % (recruitment at age 3). Only
one relationship is statistically significant for haddock with a r? of 23.7 % (recruitment at
age 3); as well as capelin with a r? of 72.5 % (recruitment at age 1). The Supplementary
Table S2 shows the parameter estimates for all the linear models as in Eq. (4) in Figure 2.
The analyses using the 0-group timeseries show different results (Supplementary Figure

S3) perhaps due to the fact of the various lengths in time.

Most of the relationships between cod R and the overlaps are positive (Supplementary
Table S1), meaning that the higher the overlap, the higher the R, except for the effect of the
overlap between haddock and cod larvae when compared together with food (STOc+STOF,
blue Comp 1, Figure 3). The VIF analysis (test of collinearity) detects three issues (marked
with an asterisk in Figure 3). The first concerns the cod larvae interaction with the food
and haddock, the second is with the cod larvae interaction with food and all the
competitors, and the third is with the haddock larvae and all the competitors (cod, capelin,
and herring). Therefore, we will not consider these results relevant. The signs of the
relationships with haddock R are a mix between negative and positive, but only one is
significant: the effect of the overlap between capelin and haddock larvae is positive and
significant (orange Comp 2, Figure 3, Supplementary Table S2). Competition alone has no
effect on capelin R as none of the STOc are significant (orange bars, Figure 3,
Supplementary Table S2). The effects of STO¢ + STOF are all negative (blue bars, Figure
3) meaning that the higher these overlaps, the lower capelin, but only one is significant: the

interaction between capelin larvae with food and herring.
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Some of the relationships between STOg and STOc+STOg, and the 0-group are statistically
significant (p-value < 0.040, Supplementary Figure S3, Supplementary Table S2) with r?
ranging from 69.8 to 78.9 % for cod, and 57.7 to 85.2 % for capelin. The relationships for
haddock are not significant (Supplementary Table S2). In terms of the sign of the
parameter estimates, the results are very similar to the significant ones found in the

analyses using R (Figure 3, Supplementary Table S1 and S2).

Prior to the calculation of STO, we model the abundance of each fish species (Aby;, Eq. (3)
in Figure 2 and Table 1). We observe that cod larval abundance (Lx) peaks between April
20 (DOY 110) and July 9 (DOY 190), even though most of the two-gear sampling
occurred in June-July), haddock between May 7 (DOY 127) and July 16 (DOY 197),
capelin between April 23 (DOY 113) and July 16 (DOY 197), herring between April 20
(DOY 110) and May 26 (DOY 146), whereas C. finmarchicus abundance (Zx) peaks
between April 28 (DOY 118) and July 16 (DOY 197). These peak dates suggest that peaks
may be multiple in some species and occur in different times, so the sampling may have
missed the actual peak dates for these species in some years, as the average peak dates in

those years fall on either the first or last date of our predictions (April 20 to July 16).

Their spatial distributions were considered similar as the four fish species and C.
finmarchicus were collected collectively during the same survey. Since it is only possible
to calculate the overlap indices where each pair of species occurrs both spatially
(Supplementary Figures S5 and S6) and temporally (Supplementary Figures S7 and S8),
the spatio-temporal distribution of the overlap indices are the highest with food and the

first competitor and lowest with herring. All these results (Supplementary Figures S5-8)
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reflect what is shown in Figure 3: higher overlap indices with food and first competitor and

lower with herring.

4. DISCUSSION

In this study, we assess the effect of the spatio-temporal overlap (STO) between the larval
stages of three of the most important fish species in the NBS: Northeast Arctic cod,
Northeast Arctic haddock, and Barents Sea capelin (Olsen et al. 2009) on their survival to
later stages. We find that the overlap with its prey and competitors can explain a
substantial part of a fish recruitment variability (~ 24 to ~ 73 %, Figure 3), thus
demonstrating that the survival dynamics are, beyond being dependent on the overlap of
fish larvae with food, also dependent on the overlap with competitors. We start by
quantifying the STO in both space and time, and then assessed whether the STO affects the
survival of the three species. Therefore, our results indicate that the survival of the NBS
fish is affected by the overlap between their larval stages with their competitors and/or

food.

The combined STO (STOc+STOg) proves to be the most successful at explaining the
survival indices of the fish species (highest r?), whereas the least successful is the STOc,
except for haddock. This indicates that the STO between larvae and their prey, C.
finmarchicus, plays a crucial role in the survival of these fish species in the NBS system
(Ferreira et al. 2020, Endo et al. 2022). In terms of biomass, C. finmarchicus contributes
with more than 80 % of biomass to the total zooplankton community in May (personal
communication by Irina Prokopchuk). Thus, the presence of competition only makes sense
if one considers the prey availability as well. This suggests that these species are likely

competing for food and other factors (e.g. simultaneously predated on) while sharing the
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same habitat. These findings can be interpreted in two ways. 1) As suggested by Endo et
al. (2022), spatially resolved data is needed in order to understand match-mismatch
dynamics. In our study, the overlap metric accounts for the spatial distribution of the
larvae, their competitors, and their prey (Supplementary Figures S5 and S6). 2) The same
authors suggested that food was not a limiting factor for cod larvae. In our study, we find
that food is a very important factor determining cod survival (even more so than the STO
with the cod competitors) possibly having a first effect on their growth from larval to
recruitment stages (Figure 3). However, we do recognise that food does not appear to be a

limiting factor.

The match-mismatch hypothesis states that the higher the prey-predator overlap in time
and space, the higher are the chances of predator survival (Hjort 1914, Cushing 1990,
Ferreira et al. 2020, Ferreira et al. 2023). Thus, it is expected that there is a positive
relationship between such overlap and survival. In our study, the recruitment of Northeast
Acrctic cod is positively correlated with most overlaps, except for when their larval stages
overlap with those of haddock when food is considered. This negative relationship may
indicate a competition for the same food items which, in this case, is C. finmarchicus.
However, in other cod populations, larvae feed on other copepod species (Oithona similis
and Pseudocalanus spp.), such is the case of Georges Bank’s cod or the Atlantic cod off
the Gulf of St. Lawrence (Kane 1984, Robert et al. 2011). Furthermore, even though
haddock recruitment cannot be explained by the STO with cod larvae, the same STO can
explain cod recruitment. This suggests that Northeast Arctic cod larvae are negatively
impacted by the presence of haddock larvae when C. finmarchicus is present, but not the
other way around, possibly because C. finmarchicus are less important for haddock than
euphausiids for haddock larvae (Sysoeva & Bazlova 1967) but they are for cod (Sysoeva

1965).
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The only significant relationship we found to explain the Northeast Arctic haddock
recruitment is the STO between haddock larvae and capelin (Figure 3, Supplementary
Table S2). As suggested by Gjasater et al. (2015), the amount of competition at the early
life stages impacts predation mortality. In addition, the presence of a known competitor at
the larval stage may lead to increased feeding, especially when haddock are known
predators of capelin larvae at larger stages (Gjoseater et al. 2015). Therefore, it is beneficial
for haddock to grow into juveniles when there are capelin larvae present. However, there is
no known evidence of this occurring during the stages considered here. It is important to
note that the presence of “food” alone (C. finmarchicus) did not explain haddock
recruitment, which indicates that haddock larvae may not only feed on C. finmarchicus:
see the case for the North Sea and the Irish Sea (Economou 1991, Rowlands et al. 2008,

respectively) as well as in the Barents Sea (Sysoeva & Bazlova 1967).

The recruitment of Barents Sea capelin is positively impacted by the STO of their larvae
with C. finmarchicus (positive relationship) and with herring larvae (negative relationship,
Figure 3), possibly because these two species may be competing for C. finmarchicus. The
highest percentages explaining fish recruitment in our study are found for this species,
where we explained up to ~ 73 % of capelin recruitment at age 1 with the STO's at the
larval stages. However, it is important to note that the recruitment timeseries of capelin is

shorter than that of the other species.

The recruitment of Northeast Arctic haddock is also impacted by increasing temperatures
(Bogstad et al. 2013, Landa et al. 2014). Stige et al. (2019) suggested that it is the mean

body size of larval and/or juvenile haddock that is associated with high survival during the
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first winter and with strong recruitment three years later. Their results support the
hypothesis that, by having a larger mean body size at age 0, these fish grow more rapidly
out of the size range most susceptible to predation by, for instance, adult cod, or by
adjusting their winter energy stores. However, these authors acknowledge that it is
important to assess the impact of environmental factors on size and abundance during the
first growing season. High temperature is linked to, for instance, a high survival of eggs,
larvae and early juveniles (Stige et al. 2019), and because egg mortality has been found to
be greater for cod than for haddock (Langangen et al. 2013), higher temperatures paired
with low egg mortality would thus be expected to lead to higher recruitment. In our study,
we do not account for size, egg mortality, or predation by adult fish, which, paired with
strong environmental data, would perhaps improve our findings, particularly those of

haddock.

As per our results, haddock recruitment is not affected by the interactions haddock larvae
experience, except for when capelin larvae are present (Figure 3). Little is known as to
what extent haddock and capelin compete at these stages, but there is evidence that larval
haddock compete with cod of similar sizes in Georges Bank (Kane 1984) and the Irish Sea
(Rowlands et al. 2008). However, our results suggest that further studies should look at the

effects of capelin, not cod, on haddock recruitment dynamics.

Regarding the recruitment of Barents Sea capelin, Langangen et al. (2013) did not find
evidence for the effect of larval length on abundance. Interestingly, capelin recruitment
seems to be highly affected by predation, specifically by predation by young herring
(Gjgsater & Bogstad 1998, Hjermann et al. 2010, Gjasater et al. 2015), which indicates

that future studies of match-mismatch dynamics should account for the overlap dynamics



403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

Larval fish competition in the NBS system

with predators as well. Nevertheless, even though Gjgsater et al. (2015) acknowledged
that other factors may have led to the almost total recruitment failures, the authors still
suggest predation as the main factor for these failures. In our study, we explained ~ 73 %
of capelin recruitment, where strong evidence was found for the positive impact of food
and negative impact of herring on capelin recruitment at age 1 (Figure 3). This means that,
when capelin larvae coexist in space and time with one of their main competitors, their
chances of survival to age 1 decrease. However, there is no evidence that small capelin
larvae are competing for Calanus and euphausiids (Pedersen & Fossheim 2008), thus
suggesting another mechanism such as competition for another food source or increased
predation. Nonetheless, we acknowledge that future studies should include predation by
older herring, cod, haddock, red king crab, diving birds, and even capelin (Gjgseter et al.
2015). Again, the length of the capelin timeseries may have impacted our results and thus

confirm the previously found fluctuations for capelin (Gundersen & Gjgeaster 1998).

4.1. Room for improvement

Regarding the lack of evidence to explain haddock and capelin recruitment in most
combinations (Figure 3), the spatio-temporal overlap metric may not have been the ideal
approach to assess the match-mismatch dynamics with their competitors and food. There
are several reasons as to why. In terms of modelling, our results may have been different if
we had used different modelling approaches, as using stage-specific modelling (as in
Ferreira et al. 2020). The spatio-temporal abundance distributions of each of the species
derived from the models may be lacking detail and patterns that are important, thus
weakening the ability to discern relationships in the next step of the analysis. In the next

paragraphs, we discuss which biological reasons should be considered further.
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4.1.1. Spatio-temporal coverage

Northeast Arctic haddock spawns pelagic eggs from March to June, peaking in late April
and early May (Olsen et al. 2009), whereas our study period starts on April 20 and ends on
July 16 (Supplementary Figure S1). Even though the dataset shows a peak in mid-May for
both haddock and capelin, the temporal coverage of the survey is insufficient during that
period (see Supplementary Figures S2 and S4), thus our analysis may be missing the main
peak in haddock and capelin larvae which, in turn, affects the relationship with their
survival. Our data period (April 20 to July 16) encapsulates an apparent second peak but
that may not have been enough to explain more than ~ 24 % of the variability in haddock

recruitment.

The spatial distribution of the survey in which our study is based covers the main transport
paths of eggs and larvae from the spawning grounds of the Northeast Arctic cod, Northeast
Acrctic haddock, and partly Barents Sea capelin (see, for instance, Olsen et al. 2009,
Bogstad et al. 2013). However, it does not cover the spawning distribution of Norwegian
spring-spawning herring (also evident in the lack of overlap in Supplementary Figures S5
and S6). It is also important to note the different lengths of the recruitment and 0-group
timeseries in our study. Special attention should be paid to the results due to these

differences.

4.1.2. Other prey, competitors, or predators

Northeast Arctic cod and Northeast Arctic haddock compete for the same prey species
(Durant et al. 2020) and inhabit the same area, therefore leading to a spatial-temporal
overlap between them. C. finmarchicus is a high energetic food and dominant species in

the area (Broms et al. 2009, Orlova et al. 2010, Dalpadado et al. 2012, Aarflot et al. 2017,
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Prokopchuk & Trofimov 2019). They also match in time and space with the fish species

we study. However, there are indications that haddock larvae may have a wider range of

prey species than other gadoids, such as cod (Sysoeva & Bazlova 1967, Economou 1991,
Palsson 1994), which suggests that we may not be accounting for more preferable prey

species for haddock larvae in the NBS. The same may be true for capelin.

In terms of competition, other fish species compete with haddock within the NBS system
that our study does not account for. For instance, Norway pout and whiting larvae have
been observed as competitors of haddock larvae in the North Sea (Economou 1991), two
fish species not covered by our dataset. In addition, adults of the Northeast Arctic cod are
also known predators of haddock and capelin early life stages (see Holt et al. 2019 but not
necessarily at the larval stage, Durant et al. 2023), which shows that cod adults may affect
the survival of haddock and capelin, even though they do not match in water layers. More
recently, Yaragina et al. (2022) reported an increasing trend of gelatinous zooplankton
(possibly due to an increase in temperature) as bycatch from the same data sampling as the
one used in this study. The species they found are known predators of fish eggs and larvae,
as well as competitors with the fish larvae for zooplankton prey. The spatial and temporal
effects of both such predators as well as competition as investigated here may contribute to
the spatially explicit mortality experienced by the fish larvae, which are known to play an
important role in survival from different spawning grounds (Langangen et al. 2016). All
these interactions are likely to affect the survival and recruitment of fish larvae (Akimova
et al. 2019), and should, therefore, be considered when assessing spatio-temporal predator-

prey overlap and its effects on recruitment.

4.1.3. Weak larvae-Recruitment link
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According to Stige et al. (2019), there is a strong link between the abundances of Northeast
Acrctic cod larvae to age 1 to 3, whereas the same is not true for Northeast Arctic haddock
and capelin (see their Figure 4). These non-significant relationships for haddock and
capelin may be the reason why our STO at the larval stages does not explain the
recruitment of haddock recruitment at age 3 (Supplementary Table S2). However, as also
shown by Stige et al. (2019), the link between the abundances of the larvae and the 0-
group is statistically significant for capelin (not for haddock), which may explain the much
higher r? (between the overlap and the competitors and their food) we find for capelin than
for haddock (Supplementary Figure 2). The diet of the Northeast Arctic haddock larvae
remains largely understudied. Therefore, we should encourage seeking high-quality diet
and prey abundance data for haddock larvae if we want to understand the potential

competition with cod or capelin.

4.2. Future implications

When pairing the effects of food and competitors together, these two factors can explain up
to ~ 43 % of the recruitment variability of Northeast Arctic cod, as well as ~ 24 and ~ 73 %
of that of haddock and capelin, respectively. Our results suggest a strong link between cod
recruitment and its larval stage abundance, which is in accordance with the literature
(Helle 1994, Helle et al. 2000, Bogstad et al. 2015, Stige et al. 2019), and should thus be
further assessed in future studies. Furthermore, in our study, we account for the effect of
STemp both on the spatio-temporal distribution of larval abundances (Eg. (1) in Figure 2),
and on the interannual variability of recruitment as it may be linked to temperature trends
(Eq. (4) in Figure 2). Thus, future studies could benefit from using temperature in
predicting future predator-prey relationships and how these affect the future fluctuations of
fish recruitment, as temperature is considered a main driver of cod recruitment for various

stocks (Planque et al. 2003, Hiissy 2011, Bogstad et al. 2013).
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5.Conclusions

Our study sheds light on a key topic in fish ecology: how recruitment is affected by the
first weeks and months of life of fish larvae. We are able to successfully describe the
variability in the recruitment of the Northeast Arctic cod, the Northeast Arctic haddock,
and the Barents Sea capelin by assessing the overlap with their food and/or competitors at
the larval stage. Furthermore, we identify future implications as well as improvements to
this type of study: future studies should account for the spatio-temporal overlap between
larvae and their predators, as well as for environmental factors, such as temperature, affect

earlier life stages, and, subsequently, recruitment.

References

Aarflot JM, Aksnes DL, Opdal AF, Skjoldal HR, Fiksen @ (2018) Caught in broad daylight:
Topographic constraints of zooplankton depth distributions. Limnology and
Oceanography 999:1-11

Aarflot JM, Skjoldal HR, Dalpadado P, Skern-Mauritzen M, editor: David Fields H (2017)
Contribution of Calanus species to the mesozooplankton biomass in the Barents Sea.
ICES Journal of Marine Science 75(7):2342--2354

Akimova A, Hufnagl M, Peck MA (2019) Spatiotemporal dynamics of predators and
survival of marine fish early life stages: Atlantic cod (Gadus morhua) in the North Sea.
Progress in Oceanography 176:102121

Bogstad B, Dingsgr GE, Ingvaldsen RB, Gjgsater H (2013) Changes in the relationship
between sea temperature and recruitment of cod, haddock and herring in the Barents Sea.
Marine Biology Research 9(9):895--907

Bogstad B, Yaragina NA, Nash RDM (2015) The early life-history dynamics of Northeast
Acrctic cod: levels of natural mortality and abundance during the first 3 years of life.
Canadian Journal of Fisheries and Aquatic Sciences 73(2):246-256

Broms C, Melle W, Kaartvedt S (2009) Oceanic distribution and life cycle of Calanus
species in the Norwegian Sea and adjacent waters. Deep Sea Research Part Il: Topical
Studies in Oceanography 56(21):1910-1921

Cushing DH (1990) Plankton Production and Year-class Strength in Fish Populations: an



535

536
537
538

539

540
541

542
543

544
545
546

547
548
549

550
551

552
553
554

555
556
557

558
559

560
561
562

563
564
565

566
567
568

569
570
571

572
573
574

575
576

577

Larval fish competition in the NBS system

Update of the Match/Mismatch Hypothesis. Advances in Marine Biology 26:249-293

Dalpadado P, Ingvaldsen RB, Stige LC, Bogstad B, Knutsen T, Ottersen G, Ellertsen B
(2012) Climate effects on Barents Sea ecosystem dynamics. ICES Journal of Marine
Science 69(7):1303-1316

Dunn PK (2017) Tweedie: Evaluation of Tweedie exponential family models.

Dunn PK, Smyth GK (2005) Series evaluation of Tweedie exponential dispersion model
densities. Statistics and Computing 15(4):267-280

Dunn PK, Smyth GK (2008) Evaluation of Tweedie exponential dispersion model densities
by Fourier inversion. Statistics and Computing 18(1):73-86

Durant JM, Aarvold L, Langangen @ (2021) Stock collapse and its effect on species
interactions: Cod and herring in the Norwegian-Barents Seas system as an example.
Ecology and Evolution 11(23):16993-17004

Durant JM, Hjermann D@, Anker-Nilssen T, Beaugrand G, Mysterud A, Pettorelli N,
Stenseth NC (2005) Timing and abundance as key mechanisms affecting trophic
interactions in variable environments. Ecology Letters 8(9):952-958

Durant JM, Holt RE, Ono K, Langangen @ (2023) Predatory walls may impair climate
warming associated population expansion. Ecology n/a(n/a):e4130

Durant JM, Molinero J-C, Ottersen G, Reygondeau G, Stige LC, Langangen @ (2019)
Contrasting effects of rising temperatures on trophic interactions in marine ecosystems.
Scientific Reports 9(1):15213

Durant JM, Ono K, Stenseth NC, Langangen @ (2020) Nonlinearity in interspecific
interactions in response to climate change: Cod and haddock as an example. Global
Change Biology 26(10):5554-5563

Economou AN (1991) Food and feeding ecology of five gadoid larvae in the northern North
Sea. ICES Journal of Marine Science 47(3):339-351

Eide A, Heen K, Armstrong C, Flaaten O, Vasiliev A (2013) Challenges and successes in
the management of a shared fish stock — the case of the Russian-Norwegian Barents Sea
cod fishery. Acta Borealia 30(1):1-20

Ellertsen B, Fossum P, Solemdal P, Sundby S, Tilseth S (1984) A case study on the
distribution of cod larvae and availability of prey organisms in relation to physical
processes in Lofoten. Flgdevigen rapportser 1:453-477

Endo CAK, Stige LC, Skogen MD, Ciannelli L, Vikebg FV (2022) Two Decades of Match-
Mismatch in Northeast Arctic Cod — Feeding Conditions and Survival. Frontiers in
Marine Science 9:767290

Ferreira ASA, Neuheimer AB, Durant JM (2023) Impacts of the match-mismatch hypothesis
across three trophic levels — a case study in the North Sea. ICES Journal of Marine
Science 80(2):308-316

Ferreira ASA, Stige LC, Neuheimer AB, Bogstad B, Yaragina N, Prokopchuk I, Durant JM
(2020) Match-mismatch dynamics in the Norwegian-Barents Sea system. Marine
Ecology Progress Series 650:81-94

Gjgseeter H (1998) The population biology and exploitation of capelin (Mallotus villosus) in
the Barents Sea. Sarsia 83(6):453-496

Gjgseeter H, Bogstad B (1998) Effects of the presence of herring (Clupea harengus) on the



578
579

580
581
582

583
584

585
586
587

588
589

590
591
592

593
594
595

596
597
598
599

600
601
602

603
604
605

606
607

608

609
610

611
612

613
614

615
616
617

618
619
620

Larval fish competition in the NBS system

stock-recruitment relationship of Barents Sea capelin (Mallotus villosus). Fisheries
Research 38(1):57-71

Gjeseeter H, Hallfredsson EH, Mikkelsen N, Bogstad B, Pedersen T (2015) Predation on
early life stages is decisive for year-class strength in the Barents Sea capelin (Mallotus
villosus) stock. ICES Journal of Marine Science 73(2):182-195 %@ 1054-3139

Grdémping U (2006) relaimpo: Relative Importance for Linear Regression in R. Journal of
Statistical Software(17):1-27

Gundersen AC, Gjgaster H (1998) A comparison between abundance estimates of the
Barents Sea capelin (Mallotus villosus Miiller) at the larval, 0-group and 1-group stage,
for the year classes 1981-1994. ICES Journal of Marine Science 55(1):95-101

Hamre J (1994) Biodiversity and exploitation of the main fish stocks in the Norwegian-
Barents Sea ecosystem. Biodiversity & Conservation 3(6):473-492

Helle K (1994) Distribution of early juvenile Arcto-Norwegian cod (Gadus morhua L.) in
relation to food abundance and watermass properties. ICES Marine Science Symposia
Copenhagen 198:440-448

Helle K, Bogstad B, Marshall CT, Michalsen K, Ottersen G, Pennington M (2000) An
evaluation of recruitment indices for Arcto-Norwegian cod (Gadus morhua L.). Fisheries
Research 48(1):55-67

Hjermann D@, Bogstad B, Dingsgr GE, Gjgseter H, Ottersen G, Eikeset AM, Stenseth NC
(2010) Trophic interactions affecting a key ecosystem component: a multistage analysis
of the recruitment of the Barents Sea capelin (Mallotus villosus). Canadian Journal of
Fisheries and Aquatic Sciences 67(9):1363-1375

Hjort J Fluctuations in the great fisheries of northern Europe viewed in the light of biological
research. Rapports et Procis- Verbaux des RPunions, Conseil International pour
I'Exploration de la Mer

Holt RE, Bogstad B, Durant JM, Dolgov AV, Ottersen G (2019) Barents Sea cod (Gadus
morhua) diet composition: long-term interannual, seasonal, and ontogenetic patterns.
ICES Journal of Marine Science 76(6):1641-1652

Huissy K (2011) Review of western Baltic cod (Gadus morhua) recruitment dynamics. ICES
Journal of Marine Science 68(7):1459-1471

ICES (2020). Arctic Fisheries Working Group (AFWG), 2:52, 577 p.

Jakobsen T, Ozhigin VK (2011) The Barents Sea: Ecosystem, resources, management. Half
a century of Russian-Norwegian cooperation. Tapir Academic Press

Kane J (1984) The feeding habits of co-occurring cod and haddock larvae from Georges
Bank. Marine ecology progress series Oldendorf 16(1):9-20

Karamushko O, Karamushko L (1995) Feeding and bioenergetics of the main commercial
fish of the Barents Sea on the different stages of ontogenesis. Kol'skii nauch. tsentr RAN

Kvile K, Dalpadado P, Orlova E, Stenseth NC, Stige LC (2014) Temperature effects on
Calanus finmarchicus vary in space, time and between developmental stages. Marine
Ecology Progress Series 517:85-104

Landa CS, Ottersen G, Sundby S, Dingsgr GE, Stiansen JE (2014) Recruitment, distribution
boundary and habitat temperature of an arcto-boreal gadoid in a climatically changing
environment: a case study on Northeast Arctic haddock (Melanogrammus aeglefinus).



621

622
623
624

625
626
627

628
629

630
631
632

633
634

635
636
637

638
639
640

641
642

643
644
645

646
647
648

649
650
651

652
653
654

655
656
657
658

659
660

661
662
663

Larval fish competition in the NBS system

Fisheries Oceanography 23(6):506-520

Langangen @, Ottersen G, Ciannelli L, Vikebg FB, Stige LC (2016) Reproductive strategy
of a migratory fish stock: implications of spatial variations in natural mortality. Canadian
Journal of Fisheries and Aquatic Sciences 73(12):1742-1749

Langangen @, Stige LC, Yaragina NA, Vikebg FB, Bogstad B, Gusdal Y (2013) Egg
mortality of northeast Arctic cod (Gadus morhua) and haddock (Melanogrammus
aeglefinus). ICES Journal of Marine Science 71(5):1129-1136

Lien VS, Gusdal Y, Albretsen J, Melsom A, Vikebg FB (2013). Evaluation of a Nordic Seas
4 km numerical ocean model hindcast archive (SVIM), 1960-2011, 7, 1-80 p.

Mukhina NV, Marshall CT, Yaragina NA (2003) Tracking the signal in year-class strength
of Northeast Arctic cod through multiple survey estimates of egg, larval and juvenile
abundance. Journal of Sea Research 50(1):57-75

Nesterova VN (1990). Plankton biomass along the drift route of cod larvae (reference
material), 64 p.

Olsen E, Aanes S, Mehl S, Holst JC, Aglen A, Gjgsater H (2009) Cod, haddock, saithe,
herring, and capelin in the Barents Sea and adjacent waters: a review of the biological
value of the area. ICES Journal of Marine Science 67(1):87-101

Orlova EL, Boitsov VD, Nesterova VN (2010) The influence of hydrographic conditions on
the structure and functioning of the trophic complex plankton — pelagic fishes — cod.
Murmansk: Polar Research Institute of Marine Fisheries and Oceanography (PINRO)

Palsson O (1994) A review of the trophic interactions of cod stocks in the North Atlantic.
ICES Marine Science Symposium(198):553-575

Pedersen T, Fossheim M (2008) Diet of 0-group stages of capelin (Mallotus villosus),
herring (Clupea harengus) and cod (Gadus morhua) during spring and summer in the
Barents Sea. Marine Biology 153(6):1037-1046

Planque B, Fox CJ, Saunders MA, Rockett P (2003) On the prediction of short term changes
in the recruitment of North Sea cod (Gadus morhua) using statistical temperature
forecasts. Scientia Marina 67(S1):211-218

Prokopchuk 1P, Trofimov AG (2019) Interannual dynamics of zooplankton in the Kola
Section of the Barents Sea during the recent warming period. ICES Journal of Marine
Science 76(Supplement_1):i10-i23

Robert D, Levesque K, Gagné JA, Fortier L (2011) Change in prey selectivity during the
larval life of Atlantic cod in the southern Gulf of St Lawrence. Journal of Plankton
Research 33(1):195-200

Rowlands WL, Dickey-Collas M, Geffen AJ, Nash RDM (2008) Diet overlap and prey
selection through metamorphosis in Irish Sea cod (Gadus morhua), haddock
(Melanogrammus aeglefinus), and whiting (Merlangius merlangus). Canadian Journal
of Fisheries and Aquatic Sciences 65(7):1297-1306

Sakshaug E, Johnsen GH, Kovacs KM (2009) Ecosystem Barents Sea. Tapir Academic
Press, Oslo, Norway

Stige LC, Rogers LA, Neuheimer AB, Hunsicker ME, Yaragina NA, Ottersen G, Ciannelli
L, Langangen &, Durant JM (2019) Density- and size-dependent mortality in fish early
life stages. Fish and Fisheries 20(5):962-976



664
665
666

667
668
669

670
671
672

673
674

675
676

677
678

679
680
681

682

683

684

685

686

687

Larval fish competition in the NBS system

Stige LC, Yaragina NA, Langangen @, Bogstad B, Stenseth NC, Ottersen G (2017) Effect
of a fish stock's demographic structure on offspring survival and sensitivity to climate.
Proceedings of the National Academy of Sciences 114(6):1347-1352

Sundby S, Fossum P (1990) Feeding conditions of Arcto-norwegian cod larvae compared
with the Rothschild-Osborn theory on small-scale turbulence and plankton contact rates.
Journal of Plankton Research 12(6):1153-1162

Sysoeva K (1965) The relation between the feeding of cod larvae and pelagic fry and the
distribution and abundance of their principal food organisms. International Commission
of the Northwest Atlantic Fisheries Special Publication 6:411-416

Sysoeva TK, Bazlova LG (1967) Materials on the diet of larvae and pelagic fry of haddock
in the Barents Sea in 1959-1961. Trudy PINRO 20:65-82

Sysoyeva TK, Ptitsyna LG, Gerasimova LV (1976) Feeding, growth and survival of larvae
and fry of the Barents Sea haddock. Trudy PINRO vyp. 37:7-19

Team RC (2021) R: A language and environment for statistical computing. Vienna, Austria
Wood SN (2017) Generalized Additive Models: an introduction with R (2nd edition).

Yaragina NA, Stige LC, Langangen @ (2022) Bycatch data from ichthyoplankton surveys
reveal long-term trends in gelatinous zooplankton in the Norwegian and Barents Seas.
ICES Journal of Marine Science 79(3):868-881

Zuur AF, leno EN, Smith GM (2007) Analysing ecological data, Vol 680. Springer

Acknowledgements

ASAF acknowledges funding by the industry-funded project SYMBIOSIS 111 (2019-2022).

We thank Per Fauchald for discussions initiating this study.



Larval fish competition in the NBS system

688 Tables

689  Table 1 — Model equations and deviance explained (%) for each species to use in Eq. (1).
690  The multiple r? is shown in brackets. Number of data points in logarithmic scale was used
691  asaweights term in all models except for herring. Species: cod, haddock (had), capelin
692 (cap), herring (her), and C. finmarchicus (zoo). x: station; t: time; st: station; Ab:

693  abundance; DOY: day of year; STempa: sea temperature; Lon: longitude, Lat: latitude,
694  YEAR: year; STAGE.: fish larval stage; Neggnet: Nnumber of egg net hauls; Nringtrawi: NUmMber
695  of ring trawl hauls; o intercept; £ and 5: coefficients accounting for sample size; fi-s:

696 adaptive functions; & normally distributed error term.

Species Model formulation ‘ Dev. exp. [%] (r?)

Ab(cod),; = a + fi(DOY,) + f,(DOY,;) - STemp gy
Cod +f;(Lon,, Lat,) + YEAR, + STAGE; 43.5 (0.05)

+ B ln(Neggnet,st + 1) + By ln(Nringtrawl,st + 1) Tt Exe

Ab(had),; = a + f1(DOY,) + f,(DOY;) - STemp g+
Haddock +f;(Lon,, Lat,) + YEAR, + STAGE,; 25.6 (0.03)
+ B ln(Neggnet.st + 1) t B ln(Nringtrawllst + 1) + Exe
Ab(cap)y: = a + f1(DOY;) + f,(DOY,) - STemp .

Capelin +f3(Lony, Lat,) + YEAR, + STAGE, 64.3 (0.05)
+ ﬁl ) ln(Neggnet,st + 1) + ,32 : ln(Nringtrawl,st + 1) + Ext
Ab(her), = a + f,(DOY) + /,(DOY,) - STemp e

Herring +f;(Lony, Lat,) + YEAR, + STAGE, 74.4 (0.05)

+ ﬁl ) ln(Neggnet,st + 1) + ,32 : ln(Nringtrawl,st + 1) + Ext

Nauplii 36.7 (0.19)

Ab(200),, = a + f,(DOY,) CI-1I 52.5 (-0.50)
Zooplankton | +£,(DOY;) - STemp gy

+fs(Lony, Lat,) + YEAR, + €y, CIV-V | 47.5(0.22)

cVI 50.5 (0.13)
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Figure 1 — Spatial distribution of original larval data for the four species of fish, all years

(1959-1993, Mukhina et al. 2003).
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. GAM modeiling !
Ha“::u Prediction | Abg = @+ fL(DOY,) + f2{DOV,) - STemP g
I
Abundance, Abg, tgﬁ;, Laty) + YEAR; +&g
® L

r———
Figh larvas, L, Zooplankbon, Z

+ By - N g met s + 1)
+ g+ In[Nemgerawise + 1)

Ab,

Tmemooy] | S N0.0k) Eg. (1)

Il. Area calculatlon

=)

Studied Driving species, Ap
3PECiEn. A5 Competiions andior kood

Aby
b
v
81
8
N

Time [DOY] Eq. )
li. STO calculatlon A i
| |
I ® |
Spatio-Temporal Overlap, STO i ) i o= j-mr-ﬂmin(.{g..-!n]dm
— | A , DOV,
I I
5TO. 1 |
| Time [DOY] | Eq. @)
IV. Correlatlon | Ryma4b -ST0p; s +c-STemp; +
i ETO = ! d 558y +e-t+5
Recruitment, /7 | E f | Re=a+ +c - STemp, +
R =H5T0.) l g | d-S5B,+e-t+g
= | I
A —Hft'_ ff: ) ) : : Ri=a+ +
- | o | c:5Temp, +d- 558, +e-t+ &
' Time [¥ear] e Egs. (4)
V. Recrultment variabllity . ;
i Food - | |
I .
Correlation | Ez:z .F':' i F: Food
coefficient, 7 ! = I
| Fomi BT |
: A camp| 7| E‘, !
! Multiple r2 !

Figure 2 — Schematic of methodology applied within the study. In step "I: GAM
modelling", the model framework in bold represents the model for both ichthyoplankton
(Lx) and zooplankton (Z), whereas the non-bold part of the equation is added to the

ichthyoplankton only (see details in Supplementary Table S1).
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Figure 3 — Multiple r? between recruitment and the spatio-temporal overlaps: STOr
(green), STOc (orange), STOc + STOk (blue), and the overall contribution of the multiple
regression, linear model (dark grey) as calculated in step 4 (Figure 2 and Supplementary
Table S1). Dashed borders paired with light grey indicate that the relationship is not
significant. Full borders with full colours indicate significant relationships. The length of
the bar in green (STOg), orange (STOc), and blue (STOc¢ + STOF) indicates the relative
importance of the overlap (STO) on recruitment variability. Recruitment of cod and
haddock is at age 3, and capelin is at age 1. The full length of the bars (colours and grey)
represents the r?; however, the coloured section represents the percentage of r2 that is

explained by the overlap indices. Comp 1-3 refer to haddock, capelin, and herring for cod;
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cod, capelin, and herring for haddock; and cod, haddock, and herring for capelin. Haddock
(had), capelin (cap), herring (her). Full borders paired with light grey indicate a statistically
significant relationship (p-value < 0.05). "*" indicates when the covariate combination
failed the collinearity test. "-", "-+", "+", "+- and "++" indicate the sign of the parameter
estimates of the linear relationship between R and each of the STO (Eq. (4) in Figure 2,
Supplementary Table S1), where two signs indicate the sign for STO¢ coefficient first and
then the one for STOg. * denotes relationships that did not pass the for collinearity test.
Competitors (comp) 1 and 2, respectively: haddock and capelin for cod, cod and capelin

for haddock, and cod and haddock for capelin.



