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Abstract 9 

Large areas of the Arctic are being transformed from seasonally ice-covered to ice-free zones. These 10 

changes in physical conditions affect the primary production regime and the higher trophic levels 11 

through a multitude of direct and indirect effects. We here analysed interannual variability in autumn 12 

biomasses of the main zooplankton groups and planktivorous fishes in the central and northern 13 

Barents Sea from 1980 to 2015, a period with a dramatic decrease in winter sea ice in the region. The 14 

analysed zooplankton groups were copepods, krill, and amphipods and the planktivorous fishes were 15 

capelin (Mallotus villosus) and polar cod (Boreogadus saida). By building a Bayesian state-space 16 

model, we estimated the direct associations between winter sea ice cover and year-to-year change in 17 

biomass of each key zooplankton group and fish species, as well as the indirect and delayed effects of 18 

winter sea ice cover through the other zooplankton groups and fish species. We found that low sea 19 

ice cover in winter was associated with increased population biomass of capelin and reduced 20 

biomasses of copepods and amphipods in the following autumn. Furthermore, results suggested 21 

strong predator-prey interactions, with capelin playing a central role. We found positive bottom-up 22 

effects by krill on capelin and by copepods on amphipods and negative top-down effects by capelin 23 

on krill and on copepods and by polar cod on amphipods. These predator-prey interactions led to 24 

indirect and delayed effects of sea ice cover, which were of comparable magnitudes as the direct 25 

associations. The indirect effects were of same sign as the direct associations and amplified the 26 

effects of sea ice cover on capelin, copepods and amphipods, whereas for krill, results indicated that 27 

reduction in sea ice increased biomass in the short-term but reduced biomass at longer terms 28 

because of increased predation pressure. These findings suggest that both bottom-up and top-down 29 

processes need to be taken into account when projecting the effects of future climate change on 30 

ecosystems. 31 
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Introduction 33 

Climate variability and change affect organisms directly as well as indirectly, via effects on predators, 34 

competitors and prey (Drinkwater et al., 2010; Pörtner and Peck, 2010). In general, the indirect 35 

effects appear to be quantitatively more important than the direct effects in driving changes in 36 

marine ecosystems (Ockendon et al., 2014). Identification of which direct and indirect effects are 37 

quantitatively important is therefore fundamental to understanding and predicting ecosystem 38 

changes. 39 

Arctic marine ecosystems are rapidly changing because of global warming. The maximum 40 

extent of the Arctic sea ice (which usually occurs in late winter) is decreasing at a rate of about 2.5 % 41 

per decade, transforming large areas from seasonally ice-covered to ice-free zones (Comiso et al., 42 

2017). One of the areas with the fastest declines in winter sea ice is the Barents Sea, located north of 43 

Norway and Russia, where the present-day extent of winter ice has been reduced to less than a third 44 

of the pre-satellite (1850−1978) mean (Comiso et al., 2017; Onarheim and Årthun, 2017).  45 

Most of the sea ice in the Barents Sea is formed seasonally, but multi-year ice is found in the 46 

northern Barents Sea (Vinje, 2001). The extent of ice cover is highly variable depending on climate 47 

conditions, and an area of about half the Barents Sea (around 0.7 million km2) can either be ice 48 

covered in cold years or remain open in warm years. The seasonal growth of phytoplankton is 49 

different in ice covered and ice free areas. In ice covered regions, the growth is highly influenced by 50 

ice melting causing vertical stability and thereby driving a short spring/summer phytoplankton bloom 51 

with low (about 50 g C m-2) primary production (Rey et al., 1987; Wassmann et al., 2006). In contrast, 52 

the spring blooms in the ice free regions are driven by seasonal warming, which result in deeper and 53 

less pronounced stratification intermittently broken up by strong winds; the spring blooms are 54 

therefore slower and prolonged but with considerably higher primary production (about 100 g C m-2 55 

per year, Wassmann et al., 2006). Thus in the ice free regions there is a more effective coupling to 56 

the next level in the pelagic food web, allowing more time for zooplankton to exploit the 57 

phytoplankton production. The Arctic blooms consist of two distinct categories of primary producers, 58 

ice algae growing within and on the underside of the sea ice, and phytoplankton growing in open 59 

waters (Søreide et al., 2010). Ice algae contribute only a small proportion of the primary production 60 

(around 3 % for the Barents Sea as a whole, Wassmann et al., 2006), but may nevertheless constitute 61 

an important food source for Arctic zooplankton when water column phytoplankton are not available 62 

during critical periods in their life history (Wang et al., 2015). In the Barents Sea, the reproduction 63 

and growth of the key Arctic zooplankton Calanus glacialis is dependent on both ice algae and open 64 

water phytoplankton production (Søreide et al., 2010). In the Bering Sea, Wang et al. (2015) showed 65 



3 
 

by use of compound specific isotopes that a sizable portion (27 – 74%) of the fatty acids in Calanus 66 

marshallae, Thysanoessa raschii and Themisto libellula are derived from ice algae. These studies 67 

indicate the importance of ice algal production (and hence sea ice extent) to some Arctic species. 68 

Reductions in the extent of winter sea ice are also correlated with other environmental changes, 69 

such as in water temperature, water mass distribution and timing of spring bloom, which may 70 

potentially have both positive and negative effects on zooplankton biomass, dependent on 71 

zooplankton species composition, area and time scale.  72 

The distributions of marine organisms have shifted poleward in response to the warming, 73 

causing large changes in species composition and ecosystem functioning (Pinsky et al., 2013; Frainer 74 

et al., 2017). In the Barents Sea, many boreal species have increased in biomass and distribution in 75 

response to warming, at the expense of Arctic species (Dalpadado et al., 2012; Fossheim et al., 2015; 76 

Eriksen et al., 2017). These changes may have occurred through a multitude of mechanisms related 77 

to changes in sea ice, light regime, temperature, water column stability, primary production and 78 

species interactions, with, e.g., increased dominance of boreal species being associated with 79 

increased overall predation rates (Frainer et al., 2017).  80 

The focus in this study is the pelagic ecosystem in the central and northern Barents Sea (Fig. 81 

1), where the transition from seasonally ice-covered to ice-free conditions is taking place. The 82 

dominant planktivorous fishes in this region are capelin, Mallotus villosus, and polar cod, Boreogadus 83 

saida (Gjøsæter, 1998; Orlova et al., 2009). The capelin is sub-Arctic and has copepods and krill as its 84 

main prey (>80 % of diet, Dalpadado and Mowbray, 2013). The polar cod is Arctic and has copepods, 85 

pelagic amphipods and, to a lesser extent, krill, as its main prey (Orlova et al., 2009; ICES, 2018). Two 86 

largely herbivorous copepod species dominate the mesozooplankton biomass in the Barents Sea, the 87 

boreal Calanus finmarchicus and the predominantly Arctic C. glacialis, with C. glacialis being the most 88 

abundant of the two in the central and northern regions (Orlova et al., 2011; Aarflot et al., 2017). In 89 

addition, the Arctic Calanus hyperboreus contributes to the mesozooplankton biomass, as well as 90 

several species of smaller copepods and other taxa such as Clione limacina (Aarflot et al., 2017). The 91 

dominant krill species in the region is the mainly boreal and largely herbivorous Thysanoessa inermis, 92 

but with, e.g., T. longicaudata, T. raschii and Meganyctiphanes norvegica also contributing to the 93 

biomass (Eriksen et al., 2016). The dominant pelagic amphipod is the Arctic Themisto libellula, which 94 

is carnivorous and has copepods as important parts of the diet (Auel et al., 2002; Dalpadado, 2002). 95 

We here build on previous studies that have investigated effects of climate and predator-96 

prey interactions on zooplankton and planktivorous fishes in the Barents Sea (e.g., Skjoldal et al., 97 

1992; Orlova et al., 2009; Dalpadado et al., 2012; Stige et al., 2018). In contrast to previous studies, 98 



4 
 

we estimated climate effects as well as bottom-up and top-down effects of species interactions in 99 

one state-space statistical framework. This approach allowed us to separate direct climate-species 100 

associations from indirect associations mediated by other species, and to account for the effects of 101 

observation noise. Our aim was to understand how climate changes, particularly changes in winter 102 

sea ice cover, have influenced the biomasses of the main zooplankton groups and planktivorous 103 

fishes in the central and northern Barents Sea, either through direct associations or indirectly 104 

through effects on the other zooplankton groups or fish species. 105 

 106 

Material and methods 107 

Time-series analysed 108 

We focused the analysis on time-series representing three key zooplankton groups in the central and 109 

northern Barents Sea, i.e. copepods, krill and amphipods, and the main planktivorous fishes, i.e. 110 

capelin and polar cod (Fig. 2A, Table 1). In addition we included time-series of key predators on the 111 

fish species, fishing, and climate (Fig. 2B). Please note that, for brevity, we referred to the 112 

zooplankton groups as copepods, krill and amphipods, but that the results did not necessarily reflect 113 

the dynamics of the smallest species and stages of each group, which were not sampled 114 

representatively (see Table 1 and below). It should also be noted that by grouping species and stages, 115 

we averaged out within-group and within-species heterogeneity in associations with climate and 116 

other species. The two dominant copepods, C. glacialis and C. finmarchicus, differ for example in 117 

their ecological roles by the former being better able than the latter to utilize the ice algae 118 

production (Broms et al., 2009; Søreide et al., 2010). C. glacialis is distributed in colder waters 119 

(Aarflot et al., 2017) and is on average larger (but with similar lipid-content for a given size, Renaud 120 

et al., 2018). The grouping of zooplankton species was dictated by data availability but nonetheless 121 

resulted in meaningful functional groups in terms of their roles as prey for the fish species. 122 

Copepods were represented by biomass (g dry weight m-2) of mesozooplankton, for brevity 123 

referred to as “copepods” due to their dominance in the mesozooplankton biomass (Orlova et al., 124 

2011; Aarflot et al., 2017). Copepods were sampled by the Institute of Marine Research (IMR) from 125 

August to early October 1981 and 1984–2015 throughout the water column in the Barents Sea (ICES, 126 

2018). The majority of the samples were taken using WP2 plankton nets (56 cm diameter, 180 µm 127 

mesh). Copepod biomass time-series were available as annual indices from three areas of the 128 

Barents Sea (Stige et al., 2018), as shown in Fig. 1. The three areas were the southwestern 129 

(characterized by surface waters >3 °C), central (0−3 °C) and northern (<0 °C) Barents Sea (with 130 

temperatures referring to long-term averages for August to early October, see Stige et al., 2014). The 131 
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copepod biomass time-series were constructed from the spatiotemporal observation data by using a 132 

statistical regression approach to account for interannual differences in sampling protocol (sampling 133 

location, -day, -gear and -depth, as described in Stige et al., 2014). The indices were on scale 134 

ln(weight +1), with 1 added to avoid taking the log of zero (adding, e.g., 0.1 instead of 1 led to more 135 

skewed ln-transformed data, with variability among very small values contributing more to the 136 

variance). We here combined the indices for the central (CopC) and northern (CopN) parts of the 137 

Barents Sea into one index (Cop, Fig. 2), using the formula Cop = ln([exp(CopC) + exp(CopN)] / 2). The 138 

two indices (CopC and CopN) have previously been found to associate similarly to climate variables 139 

and planktivorous fish biomass (Stige et al., 2014) and were here combined to reduce model 140 

complexity. The central and northern Barents Sea were, for simplicity, weighted equally rather than 141 

by their coverage area in the calculation of the index, as the extent of species distributions in the 142 

respective areas were uncertain.  143 

Krill biomass (g wet weight m-2) was estimated based on pelagic trawl samples in 144 

August−September 1980−2015 (Eriksen et al., 2016; ICES, 2018). The pelagic trawl had a 20 × 20-m 145 

mouth opening, seven panels, and a codend. Each panel consisted of meshes of different sizes 146 

varying from 100 mm in the first to 30 mm in the last and 7 mm in the codend. Sampling was 147 

routinely conducted with a trawl head line at 0, 20 m, and 40 m, and thus covered the upper 60 m 148 

(Eriksen et al., 2016). Krill conduct diel feeding migrations, migrating to the surface during the night 149 

to feed and to near the bottom during the day to avoid predation. To avoid bias from sampling time, 150 

we first calculated the annual arithmetic means of day (KrillD) and night (KrillN) catches in the upper 151 

60 m in the Barents Sea north of 74 °N and then computed a combined log-scale index, Krill = 152 

ln([KrillD + KrillN] / 2) (Fig. 2).  153 

Amphipod biomass (kg wet weight per nautical mile surveyed) was sampled by pelagic trawls 154 

(see trawl description and hauling procedure above) in August−September 1985−2015 (Eriksen et al., 155 

2016; ICES, 2018). The data in this investigation were restricted to latitudes 74−80 °N of the Barents 156 

Sea, as this area was surveyed most years and generally covered most of the non-zero amphipod 157 

catches. An annual amphipod index (Amph) was constructed from the spatiotemporal observation 158 

data by using a statistical regression approach to account for interannual differences in sampling 159 

protocol (sampling location, -gear and -depth, as described in Dalpadado et al., 2012). The scale of 160 

this index was ln(catch/distance + 0.1), with 0.1 added to avoid taking the logarithm of zero (adding 161 

0.1 led to less skewed data than adding 1) (Fig. 2). 162 

Population biomasses of age 1+ capelin (Cap, ln[1000 tonnes]) between 1980 and 2015 were 163 

taken from the ICES report (2016) and calculated from acoustic surveys carried out by IMR and the 164 
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Polar Research Institute of Marine Fisheries and Oceanography (PINRO) in the Barents Sea during 165 

September−October (usually late in September, Gjøsæter, 1998) (Fig. 2).  166 

Estimates of age 1+ polar cod biomass (Pol, ln[1000 tonnes]) from 1986 to 2015 were based 167 

on acoustic surveys taken from the annual IMR-PINRO survey reports (Skaret and Prozorkevich, 2016) 168 

(Fig. 2). 169 

Annual biomasses of age 3+ cod (Cod, ln[1000 tonnes]) and age 1−3 herring (Her, ln[1000 170 

tonnes]) were obtained from ICES (2016). The estimates were from virtual population analyses, 171 

mostly relying on fisheries catch data, and referred to biomass at the beginning of the year. Age 3+ 172 

cod are key predators on capelin at the central and northern Barents Sea feeding grounds, with 173 

highest overlap between cod and capelin in years when the cod stock is large (Gjøsæter, 1998; 174 

Johannesen et al., 2012; Fall et al., 2018; ICES, 2018). Age 1−3 herring are predators on capelin larvae 175 

and suspected to be responsible for recruitment failures and population collapses of capelin in the 176 

1980s, 1990s and 2000s (Gjøsæter et al., 2016). Cod is also a potential predator on polar cod, notably 177 

in recent years with extended cod distribution (Johannesen et al., 2012; ICES, 2018). Other potential 178 

predators, such as marine mammals (Bogstad et al., 2015), were not explicitly modelled due to 179 

scarcer observation data, but were accounted for in a process noise term in the statistical model (see 180 

the Statistical analyses section). 181 

A summer−autumn fishery for capelin occurs in August−December, i.e., both before and after 182 

the scientific survey around late September (Gjøsæter, 1998). For each year T, we calculated a crude 183 

index of fishing rate (fCAP) as sum of the catch (taken from ICES, 2016) in August−September in year T 184 

and October−December in year T−1, divided by the population biomass in year T−1. We also 185 

calculated the transformed variable FCAP = –ln(1 – fCAP), which approximated the reduction in 186 

ln(biomass) due to fishing (note, however, that FCAP may have underestimated the fishing mortality 187 

rate, because the change in population biomass during the period of fishing was ignored). We did not 188 

consider the capelin winter fisheries, as these fisheries target spawning fish, which do not contribute 189 

much to next autumn’s biomass due to the likely semelparous life cycle of capelin (Gjøsæter, 1998). 190 

Commercial fishing for polar cod in the study period has been negligible (ICES, 2018). 191 

We used annual mean winter sea ice concentration as a key climate variable (Ice). We chose 192 

to focus on this index as it measures the transition from seasonal ice cover to ice-free conditions, 193 

which is thought to have large influence on Arctic organisms (e.g., Søreide et al., 2010; Wang et al., 194 

2015). The index was calculated from monthly satellite-derived sea ice concentrations (Nimbus-7 195 

SMMR and DMSP SSM/I-SSMIS Passive Microwave Data, NSIDC-0051) provided by the National Snow 196 

and Ice Data Center (Cavalieri et al., 1996, updated yearly). The index was calculated for a 197 



7 
 

representative area in the central and northern Barents Sea (74−80 °N, 20−50 °E; Fig. 1). Ice for year 198 

T referred to the average ice cover between December of year T−1 and May of year T, which were 199 

the six months that had the highest sea ice concentrations for the analysed years, on average. 200 

To throw additional light on the mechanisms for the effects of climate and to assess the 201 

sensitivity of results to the choice of climate index, we considered six alternative climate indices 202 

correlated with Ice in a supplementary analysis. The six indices were sea ice cover in April, area of 203 

Arctic water masses in autumn, summer sea surface temperature, spring sea surface temperature, 204 

previous-autumn sea surface temperature, and previous-autumn water column temperature (Table 205 

S1, Fig. S1).   206 

Statistical analyses 207 

The statistical analysis quantified associations between year-to-year variations in winter sea ice cover 208 

in the central and northern Barents Sea (Ice) and biomasses of key zooplankton groups and 209 

planktivorous fish species, i.e. copepods, krill, amphipods, capelin and polar cod. Specifically, we 210 

investigated how Ice explained the variations in these organism groups either through direct 211 

associations or indirectly through associations with the other organism groups. In addition, we 212 

accounted for the effects of key fish predators on capelin and/or polar cod (Cod, Her) and harvesting 213 

(FCAP). 214 

All time-series were analysed in one statistical model that simultaneously estimated the 215 

strengths of bottom-up and top-down effects and the effects of climate (represented schematically 216 

in Fig. 3). We predicted that amphipods, capelin and polar cod potentially had negative top-down 217 

effects on their copepod prey, and that copepods potentially had positive bottom-up effects on 218 

amphipods, capelin and polar cod. Similarly, we predicted potentially negative top-down effects by 219 

capelin on krill and by polar cod on amphipods, with corresponding positive bottom-up effects the 220 

other way. Furthermore, we predicted that climate conditions, as represented by the sea ice index, 221 

potentially affected all five organism groups. We also took into account potential top-down effects 222 

by herring, cod and fishing on capelin, and by cod on polar cod. To limit model complexity, we did not 223 

analyse how climate or other factors influenced herring or cod, but only used these variables as 224 

covariates for explaining the variation in capelin and polar cod biomasses. For the same reason, we 225 

only included one climate variable in the model, and considered the alternative climate variables one 226 

at a time by replacing Ice with each variable in a series of alternative models.  227 

 The model was fitted in a Bayesian state-space framework, whereby the ecosystem variables 228 

and processes shown in Fig. 3 were described by a set of state variables and equations that are 229 

jointly referred to as the “process model”. The process model was linked to data by an observation 230 
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model. This way, uncertainties about biological processes and observation noise were explicitly 231 

accounted for, to provide unbiased parameter estimates and appropriate estimates of confidence 232 

intervals (Clark and Bjørnstad, 2004). 233 

The process model  234 

Equations 1−5 describe the dynamics of copepods (eq. 1), krill (eq. 2), amphipods (eq. 3), capelin (eq. 235 

4) and polar cod (eq. 5). 236 

(1) x1,T  = c10  + c11 x1,T-1   + c13 x3,T-1  + c14 x4,T-1  + c15 x5,T-1  + c16 z1,T     + δ1,T 237 

(2) x2,T  = c20   + c22 x2,T-1  + c24 x4,T-1   + c26 z1,T     + δ2,T 238 

(3) x3,T  = c30  + c31 x1,T-1   + c33 x3,T-1   + c35 x5,T-1  + c36 z1,T     + δ3,T 239 

(4) x4,T  = c40  + c41 x1,T-1 + c42 x2,T-1   + c44 x4,T-1   + c46 z1,T  + c47 z2,T  + c48 z3,T  + c49 z4,T  + δ4,T 240 

(5) x5,T  = c50  + c51 x1,T-1   + c53 x3,T-1   + c55 x5,T-1  + c56 z1,T  + c57 z2,T   + δ5,T 241 

The state variables x1,..., x5 represented the “true” log-biomasses of each of these zooplankton and 242 

fish groups. The state variables z1,T,..., z4,T were the covariates IceT, CodT, HerT-1 and FCAP,T, with the 243 

time-lag for herring included because predation mainly affects larvae (Gjøsæter et al., 2016). The 244 

subscript T represented the year (1980,..., 2015). In six alternative models Ice was replaced by the 245 

different alternative climate indices. The coefficients c10,...,c50 were intercepts that represented 246 

average productivity and scaling. Coefficients c11, c22, c33, c44, c55 quantified density dependence for 247 

each population, with no compensatory density dependence at cii = 1, complete compensation at cii = 248 

0, and overcompensation at cii < 0. With this formulation, the Gompertz model was written in a linear 249 

form, which simplifies statistical estimation and is also a good first-order approximations of more 250 

complex dynamics (Ives et al., 2003). The support in the data for using a Gompertz model was 251 

assessed for all populations by plotting log-biomass at time T against log-biomass at time T+1, which 252 

showed approximately linear relationships, as assumed by the Gompertz model (Fig. S2). 253 

The other coefficients cij quantified effects of biotic and abiotic environmental variables on 254 

log-biomass for each population. Coefficients c31, c41, c51 quantified effects of copepods on 255 

amphipods, capelin and polar cod; c42 the effect of krill on capelin; c13 and c53 the effects of 256 

amphipods on copepods and polar cod; c14 and c24 the effects of capelin on copepods and krill; c15 257 

and c35 the effects of polar cod on copepods and amphipods; c16,...,c56 the effects of sea ice (or the 258 

alternative climate variables) on each population; c47 and c57 the effects of cod on capelin and polar 259 

cod; c48 the effect of herring on capelin; and c49 the effect of fishing on capelin. This formulation 260 

assumed linear, additive effects on log-biomass, implying linear effects on instantaneous rate of 261 

change in biomass, which in turn is a function of mortality, growth, fecundity and net migration rates. 262 

The formulation also implied multiplicative effects on biomass. The latter assumption is not 263 
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necessarily true if, for example, predator effects on prey mortality depend on prey population size, as 264 

reported for cod predation effects on capelin (Hjermann et al., 2004). In a previous study, we found 265 

that alteration of this assumption for cod predation on capelin was not critically influencing 266 

inferences about zooplankton-capelin dynamics (Stige et al., 2018). 267 

Finally, (δ1,..., δ5) were process noise terms for each zooplankton and fish group that 268 

represented the effects of environmental factors that were not explicitly modelled. The process noise 269 

terms (δ1,..., δ5) were jointly drawn from a multivariate normal distribution centred around zero and 270 

with a variance-covariance matrix Σ. 271 

The observation model 272 

The state variables for copepods, krill, amphipods, capelin and polar cod were linked to the data by 273 

considering the time-series data CopT, KrillT, AmphT, CapT and PolT to be the sums of the state 274 

variables x1,T,..., x5,T and observation noise terms ε1,T,...,ε5,T. The observation noise terms ε1,T,...,ε5,T 275 

were assumed to be independent and normally distributed with means zero and standard deviations 276 

σ1,T,..., σ5,T. The observation variables Ice, Cod, Her and FCAP were identical to the corresponding state 277 

variables z1,..., z4, meaning that model parameters did not account for uncertainty in these variables. 278 

Fitting the model 279 

All parameters in the model were estimated jointly using the software Stan and the R interface ‘rstan’ 280 

(Stan Development Team, 2018c; Stan Development Team, 2018a). The model code is given in 281 

Appendix S1 and details about the model fitting and choice of prior distributions in Appendix S2. We 282 

chose non-informative priors for most model parameters to let the data drive the inferences. An 283 

exception was the coefficient for the effect of fishing, c49, for which we chose a narrow prior centred 284 

on the expected value of -1 (following the definition of the variable FCAP). Furthermore, due to the 285 

inherent difficulties in simultaneously estimating observation and process errors (Ives et al., 2003; 286 

Auger-Méthé et al., 2016), we used informative priors for the standard deviations for the observation 287 

noise σ1,T,..., σ5,T.  288 

Model diagnostics and sensitivity analyses 289 

We used the interactive model diagnostics tool ‘shinystan’ (Stan Development Team, 2018b) to 290 

assess convergence through, e.g., visual inspection of the mixing of the chains and inspection of 291 

Gelman and Rubin �̂� convergence diagnostics (Gelman and Rubin, 1992). 292 

 Our main model did not include interaction terms between copepods and krill as we assumed 293 

that possible competition for phytoplankton prey resources would happen at daily to weekly rather 294 
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than interannual time scales. The model further assumed no direct interactions between krill and 295 

polar cod, as krill seem to contribute less to the diet of polar cod than what amphipods and 296 

copepods do and to have lower spatial overlap (Orlova et al., 2009; ICES, 2018). We assessed the 297 

sensitivity to these assumptions by comparing the results of the main model with results of 298 

alternative models that included either copepod-krill or krill-polar cod interaction terms. 299 

Calculating indirect and delayed effects of climate 300 

The coefficients c16,...,c56 for the effects of Ice on each zooplankton group and fish species measured 301 

the “direct effects” of climate, with direct effects here referring to associations in the same year (and 302 

not necessarily to direct, causal relationships). In addition, we estimated how Ice affected each 303 

zooplankton group and fish species indirectly at different time-lags, through the other organism 304 

groups.  For example, the indirect, lag-1 effect of Ice on capelin through copepods was given by the 305 

product c16 c41, as c16 measured the effect of Ice on copepods in year T and c41 the effect of copepods 306 

on capelin in year T+1. The total indirect lag-1 effect of Ice on capelin was given by c16 c41 + c26 c42, 307 

where c26 c42 measured the indirect effect through krill. In similar ways, we calculated indirect lag-1 308 

effects of Ice on all zooplankton groups and fish species. 309 

We calculated the total direct and indirect effects of Ice at a range of time lags from 0 to 5 310 

years. For example, the total direct and indirect lag-1 effect of Ice on capelin is given by c16 c41 + c26 311 

c42 + c46 c44, where c46 c44 measured the density-dependent dampening of the direct effect of Ice on 312 

capelin. The lag-2 effect was found by replacing c16 with the lag-1 effect of Ice on copepods, c26 with 313 

the lag-1 effect of Ice on krill, and c46 with the lag-1 effect of Ice on capelin. Such calculations were 314 

done for each time lag for each zooplankton group and fish species. Hence, we estimated how a 315 

single year’s anomaly in Ice influenced dynamics over several years. 316 

To estimate how longer-term changes in Ice influenced the zooplankton groups and fish 317 

species, we added the direct effects of Ice to the delayed effects at all time lags. For example, the 318 

estimated effect of a persistent change in Ice on capelin after one year is c16 c41 + c26 c42 + c46 c44 + c46. 319 

Here, c16 c41 + c26 c42 + c46 c44 gave the lag-1 effect of Ice and c46 the direct effect. This way we 320 

estimated how persistent changes in Ice would influence the species, all other factors being equal. 321 

To estimate uncertainty, these calculations were done for each sample of the joint posterior 322 

distribution of the model parameters, and the 2.5 and 97.5 percentiles of the resulting distributions 323 

of indirect and lagged effects of Ice were used as 95 % credibility intervals. To investigate the 324 

sensitivity of these results to the choice of climate variable, we also conducted corresponding 325 

calculations for the alternative climate variables. 326 
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Results 327 

Model diagnostics  328 

The model captured the variability in the observed time-series well, with no systematic deviations 329 

between fitted and observed values (Fig. 2). Visual inspection of the chains suggested that the model 330 

had converged; the four parallel Hamiltonian Monte Carlo chains were well-mixed, had low 331 

autocorrelation after thinning and showed no trends after the burn-in iterations. There were no 332 

warnings of divergent transitions in the chains (Stan Development Team, 2018c). The Gelman and 333 

Rubin scale reduction factor, �̂� ‒ which compares within-chain and between-chain variance and is 334 

supposed to be close to 1 at convergence (Gelman and Rubin, 1992) ‒ was  <1.01 for all model 335 

parameters, providing additional support for convergence. 336 

Estimated direct sea ice effects 337 

The analysis showed direct positive associations between ice cover and biomasses of copepods and 338 

amphipods (coefficients c16 and c36), direct negative association between ice cover and biomass of 339 

capelin (coefficient c46) and indications of negative associations with biomasses of krill and polar cod 340 

(coefficients c26 and c56; shown on ln-scale in Fig. 4, on a normalized scale in Fig. S3, and tabulated in 341 

Table S2). Specifically, each 10 % increase in ice cover was estimated to lead to 9 % higher biomass of 342 

copepods (i.e. +0.09 on ln-scale, Fig. 4) with 95 % credibility intervals (c.i.) from 0 to +18 %, 18 % 343 

higher biomass of amphipods (c.i.: +3 %, +38 %), 19 % lower biomass of capelin (c.i.: -32 %, -1 %), 15 % 344 

lower biomass of krill (c.i.: -33 %, +9 %) and to 7 % lower biomass of polar cod (c.i.: -28 %, +17 %).  345 

Species interactions 346 

Results suggested positive bottom-up effect by krill on capelin (coefficient c42) and, with weaker 347 

statistical support, by copepods on amphipods (coefficient c31). Specifically, a doubling in krill (+0.69 348 

on ln-scale) was estimated to lead to 53 % increase in capelin biomass (c.i.: +18 %, +100 %) and a 349 

doubling in copepods was estimated to lead to 67 % increase in amphipod biomass (c.i.: -8 %, 350 

+198 %). We did not find statistical support for bottom-up effects by copepods on capelin or polar 351 

cod (coefficients c41 and c51) or by amphipods on polar cod (coefficient c53).  352 

Results suggested negative top-down effects by capelin on copepods (coefficient c14), by 353 

capelin on krill (coefficient c24) and by polar cod on amphipods (coefficient c35). Specifically, a 354 

doubling in capelin was estimated to lead to 10 % reduction in copepods (c.i.: -20 %, -1 %) and 21 % 355 

reduction in krill (c.i.: -38 %, 0%) and a doubling in polar cod to lead to 26 % reduction in amphipods 356 

(c.i.: -48 %, -2 %). The results also suggested significant negative top-down effects by cod and herring 357 
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on capelin (coefficients c47 and c48), but not by cod on polar cod (coefficient c57) or by polar cod or 358 

amphipods on copepods (coefficients c15 and c13). 359 

Other model parameters  360 

The posterior distributions for the effects of fishing (c49) and magnitudes of observation noise (σ1 , σ2 , 361 

σ3 , σ4 , σ5) were nearly identical to the priors (Table S2), suggesting that the data did not contain 362 

information to update the values of these parameters. According to the posterior median values of 363 

the scale parameters for observation noise, observation noise contributed 6%, 19%, 7%, 3% and 16%, 364 

respectively, of the variance in Cop, Krill, Amph, Cap and Pol. 365 

We did not find evidence for correlation in process noise between state variables (i.e., non-366 

zero off-diagonal elements in the process noise correlation matrix Ω, Table S2). By taking the square 367 

of the posterior medians of the scales of the process errors at the normalised scale the model was 368 

fitted to (τ1,..., τ5, Table S2), we found that process noise contributed 42%, 32%, 21%, 9% and 32%, 369 

respectively, of the variance in Cop, Krill, Amph, Cap and Pol. By subtracting the process and 370 

observation noise variances from the total variance, we found that the predictor variables accounted 371 

for 52%, 48%, 72%, 88% and 50%, respectively, of the variance in Cop, Krill, Amph, Cap and Pol. Note 372 

that the predictor variables included autoregressive terms, which contributed to the high percentage 373 

of variance explained in, e.g., Cap. 374 

Several of the coefficients were correlated, meaning that they were best interpreted pairwise 375 

(Fig. S4). We noted, for example, that the density dependence parameters for copepods and 376 

amphipods were correlated with parameters for effects of other species on copepods and 377 

amphipods, and that narrower credibility intervals for the latter effects were attained when 378 

excluding posterior samples that implied overcompensation in copepods and amphipods.   379 

Indirect and delayed climate effects 380 

Because of species interactions, changes in ice cover had a multitude of indirect effects at different 381 

time lags. Our results shown in Fig. 5 suggested that the indirect one-year delayed effects of ice cover 382 

through the other species were generally of comparable magnitude as the direct effects. However, 383 

there was considerable uncertainty associated to the estimates, as the 95 % credibility intervals for 384 

the indirect effects included zero for all zooplankton groups and fish species. Interestingly, the direct 385 

association between low ice cover and krill biomass was most likely positive (although the 95 % 386 

credibility interval included zero), while the indirect was most likely negative. 387 

Our results revealed how the effects of a one-year anomaly in ice cover played out over 388 

several years, when taking into account the direct as well as indirect effects (Fig. 6A). The shown 389 
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effects can be thought of as what might happen if ice cover was reduced by 25 % in one winter, e.g. 390 

from around the long-term average of 49 % to the observed minimum of 23 %, and then returned to 391 

the long-term average the subsequent winters. In reality, these effects could never be observed as 392 

“purely” as shown, because for each year, the ice cover as well as other drivers such as cod, herring 393 

and fishing changed into new states, and the effects of these changes added to the dynamics shown. 394 

The most striking results were found for krill: reduced ice cover in winter possibly led to increased 395 

krill biomass in autumn but reduced biomass two to six years later, consistent with the opposite signs 396 

of the direct and indirect climate effects (Fig. 5). A single year’s anomaly in ice cover affected capelin 397 

biomass for around three to four years. In contrast, there were limited delayed effects of ice cover on 398 

copepods and amphipods after one year. Reduced ice cover had uncertain effect on polar cod.  399 

 We also estimated the effects of a persistent reduction in ice cover (Fig. 6B). These results 400 

suggested that under such conditions copepod and amphipod biomasses would be reduced, capelin 401 

biomass increased and krill biomass, while initially increasing, would more likely be reduced in the 402 

long-term. The effect on polar cod was highly uncertain. 403 

Sensitivity analysis 404 

The main model assumed no direct interactions between polar cod and krill and between copepods 405 

and krill. To assess the validity and possible implications of these assumptions, we also fitted 406 

alternative models that included such interactions (Fig. S5). The alternative models showed no strong 407 

interactions between polar cod and krill or between copepods and krill (95 % credibility intervals for 408 

the relevant model parameters included zero). Furthermore, the other parameters in the model 409 

were not very sensitive to these alternative model formulations. 410 

Results of models with alternative climate variables 411 

The biotic variables (Cop, Krill, Amph, Cap and Pol) were similarly associated with area of Arctic water 412 

masses in autumn as with Ice, i.e., sea ice cover in winter (Fig. S6). The biotic variables also showed 413 

similar strengths of associations with previous-autumn water column temperature as with Ice, but 414 

with opposite sign. The associations of the biotic variables with sea ice cover in April were similar to 415 

the associations with Ice, but slightly weaker. Sea surface temperature was at most weakly 416 

associated with the biotic variables, except negative associations between summer and spring 417 

temperatures and amphipod biomass. The estimated bottom-up and top-down effects among 418 

zooplankton groups and fish were relatively independent of which climate variable was included in 419 

the model (Fig. S6). The finding that the indirect one-year delayed effects of ice cover through the 420 

other species were generally of comparable magnitude as the direct effects was also supported by 421 
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models with area of Arctic water masses in autumn, previous-autumn water column temperature or 422 

sea ice cover in April as climate variable (Fig. S7). 423 

 424 

Discussion 425 

Since the 1980s, increased sea temperatures and reduced sea ice cover in the Barents Sea (e.g., Fig. 2) 426 

have led to substantial changes in the ecosystem (Fossheim et al., 2015; Eriksen et al., 2017; ICES, 427 

2018). We identified in this study how changes in sea ice cover over the last 36 years were associated 428 

with the interannual variations in the biomasses of the main zooplankton groups and planktivorous 429 

fishes in the central and northern Barents Sea. Specifically, low winter sea ice cover in warm years 430 

was associated with increased biomasses of krill and capelin and reduced biomasses of copepods and 431 

amphipods the following autumn. These changes had various indirect effects over the subsequent 432 

years because of strong predator-prey interactions. The strongest predator-prey interactions that we 433 

identified were positive bottom-up effects by krill on capelin and by copepods on amphipods, and 434 

negative top-down effects by capelin on copepods and krill and by polar cod on amphipods. 435 

Direct associations with climate 436 

High biomass of krill and low biomasses of copepods and amphipods in the central and northern 437 

Barents Sea followed warm winters with low ice cover. Similar associations between zooplankton 438 

biomasses and physical conditions as measured by sea ice cover or correlated factors such as sea 439 

temperature or water mass distribution have also been reported previously (e.g., Dalpadado et al., 440 

2012; Stige et al., 2014; Orlova et al., 2015, and references therein). The results using alternative 441 

climate variables showed that the associations with winter sea ice were alternatively explainable 442 

through associations with previous-autumn water column temperature or area of Arctic water 443 

masses in autumn. This finding leaves the causal mechanisms behind the associations open for 444 

alternative interpretations, involving, e.g., sea ice effects on primary production, temperature effects 445 

on metabolic rates, and advection and distribution of water masses and species.  446 

 Low biomass of copepods following warm winters suggested that possible increase in 447 

biomass of the boreal C. finmarchicus was not sufficient to compensate for biomass reductions in the 448 

predominantly Arctic C. glacialis in the central and northern Barents Sea. These two copepod species 449 

show opposite associations with ambient temperatures in the Barents Sea: weakly positive for C. 450 

finmarchicus and strongly negative for C. glacialis (Aarflot et al., 2017). The reproduction of C. 451 

glacialis is thought to be impeded by loss of sea ice because of a poorer match between the seasonal 452 

timing of primary production and the food requirements of C. glacialis (Søreide et al., 2010), 453 
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although C. glacialis seem to be able to sustain ice-free conditions in some regions by basing egg 454 

production on stored lipids instead of the ice algae bloom (Daase et al., 2013). Warm winters may 455 

also cause mortality by elevating the metabolism and exhausting the lipid reserves during diapause, 456 

which seems to be a reason for population decline of Calanus marshallae in the Bering Sea in warm 457 

years (Coyle et al., 2011; Coyle and Gibson, 2017). Low biomass of amphipods following warm 458 

winters is consistent with the dominant Arctic amphipod T. libellula being nearly absent in Atlantic 459 

waters (T>3 °C) in the Barents Sea in autumn (Dalpadado, 2002). The near-absence of T. libellula in 460 

Atlantic waters could be due to physiological limitations, as metabolic rates increase sharply when 461 

temperatures surpass 5 °C (Percy, 1993), but other factors such as match-mismatch with copepod 462 

prey could also come into play (Dalpadado, 2002). The association between krill biomass and ice 463 

cover or other climate variables did not reach statistical significance but is consistent with 464 

observations by Orlova et al. (2015), who reported high krill abundance in winter in warm years, 465 

possibly caused by inflow of the predominantly boreal T. inermis into areas of the Barents Sea that 466 

are traditionally covered by Arctic waters. Eriksen et al. (2016) suggested that increased krill biomass 467 

in the Barents Sea during the last two decades occurred most likely due to increased occurrence of 468 

large boreal krill species (M. norvegica). 469 

 Perhaps counter-intuitively, warm winters with low ice cover were also associated with 470 

positive biomass growth of the sub-Arctic capelin. The positive association is, however, consistent 471 

with stage-resolved data showing that high winter-spring temperatures are associated with high 472 

abundance at age 0 and high summer temperatures with high mean body length at age 1 (ICES, 2018; 473 

Stige et al., 2018). Several mechanisms can potentially explain these associations. Fast growth at high 474 

temperatures is supported by studies of individual capelin and is explainable by temperature effects 475 

on metabolic rates (Gjøsæter and Loeng, 1987). Fast growth at high temperatures can also increase 476 

abundance, as fish larvae may grow rapidly out of the size range most susceptible to predation 477 

(Bailey and Houde, 1989). Temperature and ice cover may also be indicators of feeding conditions for 478 

capelin; low ice cover may for example mean a large area and long time period with light and 479 

temperature conditions suitable for capelin to feed, and to a large extent of zooplankton-rich Atlantic 480 

or mixed water masses (Orlova et al., 2015). 481 

 Somewhat surprisingly, we found that biomass growth of the Arctic polar cod was neither 482 

associated with ice cover in winter nor any of the other climate variables. The biomass growth of 483 

polar cod was furthermore not significantly associated with predator (cod) or prey (copepod) 484 

biomasses. The lack of significant associations should be interpreted with caution, as observation 485 

noise in the acoustic survey estimates of polar cod is of unknown magnitude and the survey did not 486 

cover the entire distribution area in all years. However, the strong auto-correlation in polar cod 487 
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biomass (as reflected in c55 between 0.5 and 1) and significant top-down effect by polar cod on 488 

amphipods might suggest that the polar cod time-series contains ecologically relevant information. 489 

The reasons for the weak associations may be investigated by stage-resolved analysis in later studies, 490 

to assess whether contrasting effects of climate at different stages cancel out (as shown for 491 

copepods, Persson et al., 2012).  492 

Bottom-up and top-down effects 493 

Positive bottom-up effect by copepods on amphipods is consistent with copepods being the key prey 494 

of the dominant amphipod in our samples, T. libellula (Auel et al., 2002). This finding complements 495 

previous studies based on shorter data time-series, which have not been able to separate the 496 

correlated effects of high copepod biomass and large extent of Arctic waters (Dalpadado, 2002; 497 

Dalpadado et al., 2012), by suggesting that both factors contributed to explain the variation in 498 

amphipod biomass.  499 

Positive bottom-up effect by krill on the capelin biomass is consistent with the results of a 500 

stage-wise analysis of capelin dynamics showing high survival of capelin to age-2 and age-3 in years 501 

with high krill biomass (Stige et al., 2018). The authors proposed that the krill-capelin survival 502 

association in the Barents Sea was caused by food limitation in spring causing starvation or increased 503 

susceptibility to predation. Similarly, Buren et al. (2014) suggested that food conditions for capelin in 504 

spring, when the stored energy level is low, might influence starvation or predation mortality and 505 

mediate bottom-up climate effects on capelin biomass in the marine ecosystem off the 506 

Newfoundland and Labrador Shelf (but see Frank et al. 2006 for an alternative interpretation). The 507 

stage-wise analysis by Stige et al. (2018) also suggested positive bottom-up effect by copepods on 508 

capelin, as high copepod biomass was associated with fast growth, which leads to early maturation 509 

and subsequently high mortality due to the semelparous life cycle of capelin. The lack of significant 510 

association in our analysis of aggregated biomass data should therefore not be taken as evidence for 511 

lack of biologically significant effect on population dynamics.  512 

The identification of strong top-down effects suggested that the dynamics were not solely 513 

driven by bottom-up processes, but also involved feedbacks between bottom-up and top-down 514 

effects. The estimated top-down effects by capelin on copepods and krill are consistent with previous 515 

studies showing inverse correlations of capelin with copepod and krill time-series in the Barents Sea 516 

(e.g., Skjoldal et al., 1992; Dalpadado et al., 2002; Stige et al., 2014). Capelin schools appear to be 517 

able to forage down the zooplankton biomass in an area in a matter of 3−4 days (Hassel et al., 1991). 518 

Moreover, capelin form density-dependent migratory waves that move out from the central 519 

distribution area as the zooplankton prey are depleted locally (Fauchald et al., 2006). We note that 520 
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our results support that capelin may have an indirect, negative effect on amphipods caused by 521 

asymmetric competition for copepod prey (as proposed by Orlova et al., 2005), and that krill may 522 

have an indirect, negative effect on copepods caused by apparent competition mediated by their 523 

shared predator, capelin (Stige et al., 2018). There is also a negative feedback between capelin and 524 

krill, whereby krill abundance (and size distribution, Dalpadado and Skjoldal, 1996) is reduced in high-525 

capelin years, which contributes to reduce biomass growth of capelin; this negative feedback is, 526 

however, not strong enough to cause predator-prey cycles (Stige et al., 2018). Negative top-down 527 

effect by polar cod on amphipods has, to our knowledge, not been shown before but is consistent 528 

with amphipods being a key prey of polar cod (Orlova et al., 2009; ICES, 2018) and the population 529 

biomass of polar cod and capelin being of comparable magnitudes (range approximately 0.1 – 2 530 

compared to 0.1 – 8 million tonnes, Fig. 2).  531 

Strong top-down effects on zooplankton biomass have also been reported for other 532 

ecosystems dominated by relatively few species and with extreme environmental conditions such as 533 

cold temperatures or low salinities, including the Baltic Sea and the Norwegian Sea (reviewed by 534 

Daewel et al., 2014) and the Black Sea (Daskalov et al., 2007). In contrast, bottom-up processes 535 

appeared equally or more important than top-down processes in shaping zooplankton dynamics in 536 

ecosystems with high to intermediate species diversity and moderate environmental conditions, 537 

including the North Sea, the Bay of Biscay, the Georges Bank and Gulf of Maine region and the 538 

southern Benguela upwelling system (Daewel et al., 2014). Similarly, fish populations appeared 539 

particularly prone to being top-down controlled by their predators in species-poor and cold 540 

ecosystems (Frank et al., 2007; Boyce et al., 2015).  541 

Indirect and delayed climate effects 542 

We identified mechanisms for indirect effects of climate on the main zooplankton groups and 543 

planktivorous fish species in the central and northern Barents Sea through the other analysed 544 

organism groups (summarised in Fig. 3). For copepods and krill, the indirect effects appeared to occur 545 

mainly through their main predator, capelin. For amphipods, the indirect effects potentially operated 546 

through copepods, their main prey, as well as through polar cod, their main predator. However, the 547 

bottom-up effect through copepods was quantitatively most important for our results as we found 548 

no association between sea ice cover and polar cod biomass. For capelin, indirect effects on biomass 549 

might have occurred through krill (prey), cod (predator) and herring (predator), although climate 550 

effects on cod and herring were not modelled in this study. For polar cod, we did not find evidence 551 

that species interactions led to indirect climate effects.  552 
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Climate warming has been associated with “borealization” of  demersal fish communities in 553 

the Barents Sea in recent decades, with the distribution of boreal species expanding northwards and 554 

the distribution of Arctic species retracting (Fossheim et al., 2015). Our findings suggested that 555 

warming, in our study expressed as reduced ice cover, had a corresponding direct effect on the main 556 

zooplankton groups, with the boreal krill most likely increasing in biomass in the central and northern 557 

Barents Sea and predominantly Arctic copepods and amphipods decreasing. However, the longer-558 

term effects of warming are not necessarily the same as the direct effects because of species 559 

interactions.  560 

Our results showed the importance of predator-prey interactions among key zooplankton 561 

and fish groups for indirect and delayed climate effects at different time-scales. The indirect effects 562 

were of same sign as and amplified direct effects of sea ice cover on capelin, copepods and 563 

amphipods. For these groups the short- and long-term effects of a change in ice cover were of same 564 

sign, but the magnitude of the effects varied over time. For krill, results indicated that reduction in 565 

sea ice increased biomass in the short-term but reduced biomass at longer terms because of 566 

increased predation pressure. For krill, the effect of ice cover therefore depended critically on the 567 

time-scale. These results should be interpreted cautiously because important mechanisms, such as 568 

climate effects on the predators of capelin, were not modelled. The results nonetheless demonstrate 569 

quantitatively how predator-prey interactions have led to indirect and delayed climate effects in the 570 

past, which need to be accounted for to realistically project future changes. 571 

Implications 572 

By simultaneously estimating climate effects and strengths of species interactions in one statistical 573 

model, we have identified likely pathways of direct and indirect effects of climate. Our results 574 

showed that the indirect effects may be similarly important as the direct effects to understand how 575 

the anticipated reductions in Arctic sea ice might influence the pelagic ecosystems. The ecosystem 576 

changes can therefore not be understood as a straight-forward bottom-up process driven by changes 577 

in physical conditions and lower trophic levels. In contrast, the changes are better understood by 578 

considering the interplay between bottom-up and top-down effects, with the main planktivorous fish, 579 

capelin, playing a key role in the changes in the central and northern Barents Sea. We propose that 580 

top-down effects should be considered to understand and predict how climate influences also other 581 

ecosystems, especially ecosystems with low species diversity and extreme environmental conditions, 582 

which appear to be particularly susceptible to top-down control (Frank et al., 2007; Daewel et al., 583 

2014; Boyce et al., 2015). 584 

 585 
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Table 1. Summary of the main biological time-series analysed (Fig. 2A). 761 

Index Description 

Copepods Mesozooplankton in C and N Barents Sea (Fig. 1), sampled from whole 
water column with 180 µm mesh plankton nets. Dominant taxa were 
Calanus glacialis, Calanus finmarchicus, Calanus hyperboreus, smaller 
copepod species and Clione limacina (Aarflot et al., 2017). 

Krill Large krill north of 75N in the Barents Sea, sampled from 0 to 60 m with 
7−100 mm mesh pelagic trawl. Dominant taxa were Thysanoessa inermis, 
Thysanoessa raschii, Thysanoessa longicaudata and Meganyctiphanes 
norvegica. Smaller T. longicaudata and juvenile euphausiids were not 
sampled representatively due to escapement through the mesh (Eriksen et 
al., 2016; ICES, 2018). 

Amphipods Large pelagic amphipods north of 75N in the Barents Sea, sampled from 0 
to 60 m with 7−100 mm mesh pelagic trawl. Dominant taxon was Themisto 
libellula, while smaller amphipods such as Themisto abyssorum were not 
sampled representatively (ICES, 2018). 

Capelin Age 1+ capelin (Mallotus villosus) in the Barents Sea, estimated by acoustic 
surveys (ICES, 2016). The survey usually covered the entire distribution 
area. 

Polar cod Age 1+ polar cod (Boreogadus saida) in the Barents Sea, estimated by 
acoustic surveys (Skaret and Prozorkevich, 2016). The survey covered the 
distribution area to variable extents.   

 762 
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FIGURES 764 

 765 

Figure 1. The Barents Sea study region. The curved lines separate southwestern (SW), central (C) and 766 
northern (N) areas dominated by different water masses and zooplankton species. The coverage of 767 
winter sea ice in the grey box (74−80 °N, 20−50 °E) was used as a main climate variable.  768 

  769 
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 770 

Figure 2. Time-series analysed. (A) Biomasses of main zooplankton groups and planktivorous fishes 771 
(referred to by acronyms Cop, Krill, Amph, Cap, Pol in text). Points and bars show observation time-772 
series ± 2 standard errors. Blue lines and grey shading show the mean and 95% credibility intervals of 773 
state variables from the posterior distributions. (B) Covariates thought to potentially influence 774 
biomasses of main zooplankton groups and planktivorous fishes (Cod, Her, FCAP, Ice, and two 775 
alternative climate variables, filled circles: area of Arctic water masses in autumn, open circles: 776 
previous-autumn water column temperature, Table S1; see Fig. S1 for all alternative climate variables). 777 

  778 
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 779 

   780 

Figure 3. Schematic representation of the analysed multi-species dynamics in the central and northern 781 
Barents Sea. Blue-shaded boxes represent focal species or species groups, for which strengths of both 782 
bottom-up and top-down effects were estimated (arrows). Open boxes represent other key abiotic or 783 
biotic variables that we estimated effects of. Arrow widths are approximately proportional to 784 
estimated effect sizes (posterior means, Table S2), with colours indicating sign (blue: positive, red: 785 
negative) and line types statistical significance (whole lines: 95 % credibility intervals exclude zero) of 786 
effects. 787 

 788 
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 789 

Figure 4. Estimated model coefficients. Points and bars show posterior means and 95 % credibility 790 
intervals. The coefficients show the ln-scale change in the response variable per ln-unit increase in the 791 
predictor variable. Exceptions are coefficients for the arithmetic scale predictor variable Ice, which 792 
show the ln-scale change in the response variable per 10 % increase in ice cover. Furthermore, the 793 
coefficient for FCAP is scaled to be −1 if reported catch and stock biomasses are correct and natural 794 
mortality during the period of fishing is ignored. Figure S3 and Table S2 give coefficient values at the 795 
normalized scale the model was fitted to. 796 

 797 
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 798 

Figure 5. Direct and indirect climate effects. Points and bars show posterior means and 95 % credibility 
intervals for the ln-scale change in the response variable of a 10 % decrease in ice cover. The direct effects 
are the estimated effects of Ice on each organism. The indirect effects are the estimated effects of Ice 
through the other analysed organisms and occur with a 1-year time lag. 
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Figure 6. Direct and delayed effects of a transient (A) or persistent (B) change in climate. Points and light-to-
dark-grey shading show posterior means and 95 %, 90 % and 80 % credibility intervals for the ln-scale change 
in the response variable of either a 25 % decrease in ice cover in a single year (A) or a persistent 25 % 
decrease in ice cover (B). The delayed effects at different time lags include both density-dependent 
dampening of the direct effect of Ice over time and indirect effects of Ice through other organisms. 

 


