Small fish, big implications: considerations for an ecosystem approach to capelin fisheries management
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Barents Sea

Data availability and evidence-based implications for capelin biology and ecology, by ecosystem components, for the Barents Sea capelin stock.  A detailed explanation of how we assess our state of knowledge based on this available information is included below. 

Ecological 

	Life stage
	Ecosystem Component
	Available data
	Time series
	Temporal match
	Spatial match
	Good (green)
Moderate (yellow)
Poor (red)
	Currently used in assessment
	Main sources of uncertainty
	Evidence based implications for capelin biology and ecology [unknown: 0, weak: 1, strong: 2]
	Justification
	Potential inclusion in assessment and advice as a next step

	Early life (larvae drift phase)
	Physical environment

	Temperature and salinity measurements as part of the larval survey in May/June

	1992-2006

	Yes
	Yes
	Moderate
	No
	
	2
	
	No

	
	Prey
	Case studies
	No systematic studies, but a few single investigations document capelin larvae diet
	Yes
	Yes
	Moderate
	No
	There are no time series for available food or stomach content for capelin larvae, only snapshots
	1
	
	No

	
	Distribution, abundance, biology
	Larval surveys: 
From 1967-1980 using variety of sampling gears;
From 1981-2006 in June using Gulf III plankton sampler.
	1967-2006
	Yes
	Yes
	Good
	No
	Prior to 1981, the full larvae distribution area was not always covered, and no abundance estimate was made. No recent data.
	1
	
	No

	
	Predators
	Case studies
	Predation by juvenile herring well documented, but not systematically monitored over time. Predation by sandeel and juvenile cod also documented.
	Yes
	Yes
	Moderate
	No
	Several studies documenting predation by herring juveniles, but no time series and less is known about other predators.  

	2
	Several studies document the potentially strong effect of predation by juvenile herring on larval capelin at small scale and at population level.
	Yes

	[bookmark: _Hlk190876254]Juvenile
(Immatures from first feeding season (age 0) until reached maturation)

	Physical environment
	Oceanographic data collected as part of the joint Norwegian-Russian capelin survey in autumn from 1972-2003 and the
Joint annual Russian-Norwegian Ecosystem survey in autumn from 2004-2024
	1972-2024

	Yes
	Yes
	Good
	No
	
	2
	Temperature shown to influence distribution of juvenile capelin.
	Yes

	
	Prey
	Diet data on immature capelin (>70 mm) as well as zooplankton data (WP2 vertical hauls) collected as part of the Barents Sea Ecosystem Survey
	2006-2024
	Yes
	Yes
	Good
	No
	Availability of mesozooplankton well documented through WP2 vertical hauls. Lower quality data on macrozooplankton which increases in importance as prey item when capelin grows
	2
	Relationship between zooplankton and capelin abundance indicate  bottom up effects. 
	Yes

	
	Distribution, abundance, biology
	Juvenile surveys:
Age 1+ monitored from 1972-2003 as part of joint Norwegian-Russian capelin acoustic survey in autumn;
Age 0 monitored from 1965-2003 as part of joint Norwegian-Russian 0-group survey in autumn. Swept area trawl estimate.

Joint annual Russian-Norwegian Ecosystem survey in autumn from 2004-2024 monitors 0-group capelin (Swept area trawl estimate), and immature capelin age 1+ (acoustic trawl estimate).
	1965-2024 for juvenile capelin age 0

1972-2024 for juvenile capelin age 1+
	Yes
	Yes
	Good
	Yes
	Uncertainty associated with separating juvenile and maturing component of stock. This is based on the autumn survey estimate and assumed to be length dependent  (<14 cm TL immatures).

	2
	Growth, maturation and distribution related to abundance.  
	No

	
	Predators
	Cod stomach sampling from Joint annual Russian-Norwegian groundfish survey in January-March and Ecosystem survey in August-September, as well as from commercial catches

Haddock stomach sampling from Joint annual Russian-Norwegian groundfish survey in January-March. 

	1984-2024
for cod during winter

2004-2024 for cod during autumn

1984-1991
for haddock during winter
	Yes
	Yes
	Good
	No
	Consumption by cod is well documented, but only a small proportion of the capelin consumed are length measured, so there is uncertainty related to the separation of immature and maturing capelin consumed. 
Only scatterd information about potential consumption by other predators.
	2
	Predation on immature capelin especially by cod important source of mortality.
	Yes

	Mature
	Physical environment
	In relation to maturing capelin during feeding, oceanographic data are collected as part of the joint Norwegian-Russian capelin survey in autumn from 1972-2003 and from the
Joint annual Russian-Norwegian Ecosystem survey in autumn from 2004-2024.

In relation to maturing capelin during pre-spawning, there are temperature and salinity data sampled as part of pre-spawning surveys 2019-2023

Oceanographic data are sampled as part of the groundfish survey in winter which overlaps geographically with capelin spawning migration area. Data from 1981-2024
	1972-2024
for maturing capelin during autumn late feeding season

2019-2023
for maturing capelin during pre-spawning

Winter survey data from 1981-2024
for maturing capelin during pre-spawning
 
	Yes
	Yes
	Good
	No
	
	2
	Temperature shown to influence distribution of maturing capelin. Some documentation that temperature influences spawning migration and distribution of spawning. Temperature data from the winter ground fish survey used to parameterize the cod predation model used in stock forecast for quota advice.

	Yes

	
	Prey
	Diet data on maturing capelin as well as zooplankton data collected as part of the Barents Sea Ecosystem Survey

	 2006-2024
	Yes
	Yes
	Good
	No
	Availability of mesozooplankton well documented. Lower quality data on macrozooplankton which is the most important prey item for larger capelin. 
	2
	Relationship between zooplankton and capelin abundance indicate  bottom up effects
	Yes

	
	Distribution, abundance, biology
	Maturing capelin during feeding monitored from 1972-2003 as part of joint Norwegian-Russian capelin trawl acoustic survey in autumn, and from 2004-2024 as part of the
joint annual Russian-Norwegian Ecosystem trawl acoustic survey in autumn. 

Acoustic trawl survey after pre-spawning capelin for abundance estimation 1987-1995, 1998, 2000, 2002, 2004, 2007-2009 and 2019-2023.

Capelin monitored as part of the groundfish survey in winter from 1981-2024


Spawning activity survey (egg sampling on spawning grounds) in February-March from 1971-1984 (not each year). 

	1972-2024 for autumn monitoring of maturing capelin.

1987-1995, 1998, 2000, 2002, 2004, 2007-2009 and
2019-2023 for pre-spawning monitoring.

1981-2024
for winter monitoring as part of ground fish survey. 

1971-1984 for spawning ground monitoring.
	Yes
	Yes
	Good
	Yes
	Uncertainty associated with inferring maturing component of stock. This is based on the autumn survey estimate and assumed to be length dependent  (>14 cm TL maturing).


Pre-spawning monitoring only in Norwegian waters
	2
	Biomass of maturing capelin used in stock forecast for quota advice.
	No

	
	Predators
	Cod stomach sampling from Joint annual Russian-Norwegian groundfish survey in January-March and Ecosystem survey in August-September, as well as from commercial catches

Haddock stomach sampling from Joint annual Russian-Norwegian groundfish survey in January-March.

	1984-2024
for cod during winter

2004-2024 for cod during autumn

1984-1991
for haddock during winter

	Yes
	Yes
	Good
	Yes
	Cod most important predator on maturing capelin and good documentation here. Only scattered documentation about diet of other potential predators. 
	2
	Significant predation by immature cod in winter, and predation by cod  from 1 January to 1 April explicitly modelled and used in stock forecast for quota advice. 
	No



Economic
	Data type
	Available data
	Time series
	Good (green)
Moderate (yellow)
Poor (red)
	Currently used in assessment
	Main sources of uncertainty
	Evidence based implications for capelin management
[unknown: 0, weak: 1, strong: 2]
	Justification
	Potential inclusion in assessment and advice as a next step

	Catch and landings 
	Landed catch by gear, season, and country

	1972-2024
	Good
	No
	
	1
	Good time series of fisheries data, but no studies on how fisheries affect the age structure of the stock. Catch reporting is believed to be accurate
	No

	Fishing Effort
	Number of vessels by gear

	1977-2024
	Good
	No
	Russian data lacking
	1
	
	No


	Value of catch and commodities
	Price per kilogram by utilization (human consumption, roe, and fish meal in early years of fishery)

	1977-2024
	Moderate
	No
	Russian data lacking
	1
	
	No


	Export earnings
	Export earnings by capelin utilization

	Not easily available
	Moderate
	No
	Russian data lacking
	1
	Difficult to access such data but they likely exist back to 1977
	No





Social

	Data type
	Available data
	Time series
	Good (green)
Moderate (yellow)
Poor (red)
	Currently used in assessment
	Main sources of uncertainty
	Evidence based implications for capelin management
[unknown: 0, weak: 1, strong: 2]
	Justification
	Potential inclusion in assessment and advice as a next step

	Community indicators
	Fishers, vessel owners, processing plant owners.
	
	Moderate 
	No
	Difficult to isolate data on impact of capelin only as other pelagic fish may be used as substitutes

	1
	Need to collaborate with social scientists and economists to integrate these data correctly in assessment

	Yes

	Cultural Heritage
	Importance for communities relying on pelagic fisheries
	
	Moderate 
	No
	
	1
	Fishermen target other pelagic fish when capelin is not available
	No

	Local food provisioning
	Not an important local food item 
	
	Green 
	No
	
	1
	
	No

	Stakeholder inclusion in assessment
	Participation of key industry stakeholders during assessment
	
	Green 
	Yes
	
	2
	Stakeholders are well-informed during the assessment process and have an opportunity to express their views
	



State of knowledge on capelin ecosystem dynamics

Ecological
Barents Sea capelin larvae typically hatch during May and are transported northeastwards from the coast of north Norway and Murmansk and spread onto the shelf north of 69° N with varying distribution patterns between years (Gjøsæter 1998). Larval surveys in spring were conducted most years in the period 1967 to 1980, during which the distribution of larvae was monitored using a variety of sampling gears, including bongo nets. From 1981 to 2006, larval surveys were conducted annually in June using a Gulf III plankton sampler, with the aim to monitor both the distribution and abundance of larvae (Alvheim 1985; Eriksen 2014). These surveys were conducted primarily to monitor spawning success, early signals of year class strength, and general capelin ecology. These larval indices were never used for informing stock assessments or for management purposes (Fig. 3). 
 
In August, 0-group capelin are distributed over a large part of the southern and central Barents Sea (Eriksen et al. 2012). Capelin larvae have small mouths relative to other fish species and feed on a wide variety of small food items: copepod nauplii, small copepods, invertebrate eggs and larvae, and dinoflagellates (Pedersen and Fossheim 2008). Larvae longer than 25 mm mostly feed on Calanus finmarchicus copepodites. A number of predators, such as juvenile Atlantic herring (Clupea harengus, 10-25 cm in length) (Huse and Toresen 2000; Hallfredsson and Pedersen 2009), pelagic juvenile cod (20-40 mm length) (Hallfredsson and Pedersen 2007), and lesser sandeel (Ammodytes marinus) prey on capelin larvae (Godiksen et al. 2006). Predators such as juvenile herring and sandeel may switch between feeding on either copepods or capelin larvae and krill which both have dark eyes (Godiksen et al. 2006), and predation intensity on capelin larvae depends on abundance of alternative prey (i.e., copepods and krill) for predators (Hallfredsson and Pedersen 2007, 2009). Predation on capelin larvae from strong year classes of juvenile herring distributed in the Barents Sea has been identified as a major cause of recruitment failure and population collapses although predation is likely not the only cause for weak year-classes (Gjøsæter et al. 2016). The varying degree of spatial overlap between capelin larvae and predators may modify the impact of predation on capelin recruitment (Carscadden et al. 2013a).  

Abundance of larvae in May and 0-group in August were not significantly correlated while abundance of 0-group in August and abundance of age-1 in September of the next year were highly correlated (Gundersen and Gjøsæter 1998; Gjøsæter et al. 2016) suggesting that annual recruitment variability mainly occurred during the early larval stage. Spawning stock biomass-recruitment at age-1 models give better fits to observed recruitment when biomass of juvenile herring was included as a predictor (Gjøsæter and Bogstad 1998; Mikkelsen and Pedersen 2004; Hjermann et al. 2010). 
  
Immature capelin are distributed across most of the southern Barents Sea when they are monitored during feeding in autumn, but typically further south than maturing capelin (Fauchald et al. 2006; Carscadden et al. 2013b). From 1972 to 2003, juvenile capelin (mostly age 1 and 2) were monitored as part of a joint Norwegian-Russian capelin monitoring survey, while 0-group capelin were surveyed as part of the Joint Norwegian-Russian 0-group fish survey from 1965-2003 (Eriksen et al. 2018). Since 2004, both immature and maturing capelin have been monitored as part of the Joint annual Russian-Norwegian Barents Sea Ecosystem Survey, which is an extensive acoustic-trawl survey carried out in August-September (Eriksen et al. 2018). The survey covers most of the Barents Sea, so it includes the distribution areas of immature capelin. These historical survey data contain information about the abundance, distribution and composition of immature capelin. Most of this information is reported as part of the annual stock assessment (JRN-AFWG 2024). However, data on immature capelin are not used as the basis for the quota advice, which is based on a forecast of the maturing stock component (JRN-AFWG 2024) (Fig. 3).

Diet data on immature capelin > 70 mm have been collected systematically during the Barents Sea Ecosystem Survey back to 2006 (Dalpadado et al. 2024). Immature capelin have copepods as their main prey, but their diet shifts towards euphausiids at larger sizes (Dalpadado and Mowbray 2013; Dalpadado et al. 2024). The diet data show that there is considerable inter-annual variability in capelin stomach fullness, and several studies have indicated a strong link between capelin and mesozooplankton in the Barents Sea (Gjøsæter 2002a; Dalpadado et al. 2024); there is an inverse relationship between the biomass of capelin and mesozooplankton and a positive correlation between mesozooplankton biomass and capelin stomach fullness (Dalpadado et al. 2024). There are also strong indications of density-dependent growth supporting a hypothesis of a bottom-up effect and potential food limitation for capelin (Berg et al. 2021; Dalpadado et al. 2024). 
 
From systematic stomach sampling programs there is extensive information on predation from Northeast Arctic cod (Boreogadus saida) and haddock (Melanogrammus aeglefinus) on capelin, both on the immature and mature part of the capelin stock. Haddock feeds on capelin especially during the spawning migration, but to a far less degree than cod (Bogstad and Gjøsæter 2001). For cod, quantitative information on the contents of more than 300 000 stomachs is available from surveys and commercial catches since 1984. Cod is the main predator of capelin in the Barents Sea and capelin is the main prey for cod (Bogstad and Gjøsæter 2001). The winter stomach data are used in the capelin assessment as the basis for the estimation of cod consumption of maturing capelin from 1 January to 1 April in the stock forecast model (ICES 2023a). Additional predators upon immature capelin include sea mammals, in particular humpback whales (Megaptera novaeangliae), minke whales (Balaenoptera acutorostrata), and harp seals (Pagophilus groenlandicus) (Skern-Mauritzen et al. 2022), other fish such as long rough dab (Hippoglossoides platessoides) and redfish (Sebastes spp.), as well as seabirds, in particular kittiwakes (Rissa tridactyla) and guillemots (Uria spp.) ​(Dolgov 2002). Information about diets of these other predators is very scarce compared to information on cod diet. 

 In winter and early spring, mature BS capelin migrate from the overwintering areas in central Barents Sea to the spawning areas along the coast of northern Norway and Murman (Russia) (Gjøsæter 1998; Alrabeei et al. 2021). The BS capelin usually spawns in March/April, but spawning may occur from February to June (Berg et al. 2021). The migration route, as well as timing and location of spawning are characterized by interannual variation. The timing and location of spawning has traditionally been associated with hydrographic factors such as temperature (Ushakov and Ozhigin 1985; Gjøsæter 1998), accentuated by earlier arrival at spawning sites in cold years with greater sea ice extent (Alrabeei et al. 2021). A recent study found that increased biomass of immature cod - the main capelin predator, corresponded with more eastward capelin spawning (Olsen et al. 2024). Others have emphasized that year-class strength and/or stock collapse may play a significant role in some years (Gjøsæter et al. 2009; Alrabeei et al. 2021).

There is no regular monitoring of mature BS capelin during the spawning-migration or pre-spawning, and data from pre-spawning monitoring have never been used as a basis for the quota advice for this stock (Gjøsæter 2002b; ICES 2024a) (Fig. 3) However, there have been several attempts to monitor the BS capelin during pre-spawning   with the aim of improved assessment and advice (Eriksen et al. 2018). The latest and most comprehensive attempt was carried out during 2019-2023 (Skaret et al. 2023; Skaret et al. submitted this issue). These surveys have provided valuable validation of the autumn survey and forecast model, but due to challenges with covering the migrating population of the patchily distributed capelin, the results have not been used for quota advice. The latest ICES capelin benchmark (ICES 2023b) recommended that a spawning survey could be used as a fallback in case the autumn survey failed. The maturing component of the stock, which is used in the stock forecast and potentially contributes to the fishery, is inferred from the autumn survey data (ICES 2024a). BS capelin maturation has been shown to be length dependent (Tjelmeland and Bogstad 1993; Baulier et al. 2012), and a cut-off at 14 cm is presently used to separate immatures from maturing capelin based on the autumn survey (ICES 2023a).   
 
The annual Joint Russian-Norwegian winter groundfish survey regularly provides data on mature capelin. This is primarily a swept area bottom trawl survey targeting the Northeast Arctic cod and haddock stocks, but capelin are caught in the bottom trawl and distribution is routinely reported (Fall et al. 2024). Despite the shortcomings of this survey for assessing capelin, the data have been demonstrated to reflect the general distribution of capelin in the winter (Fall and Bogstad 2019). 
  
BS capelin are demersal spawners that prefer sandy or gravel substrates at depths between 20 to 75 meters within a temperature range between 1.5 and 6.5 °C (Sætre and Gjøsæter 1975; Gjøsæter 1998). During egg incubation time, the eggs are exposed to predation from haddock (Dolgov 2002) diving ducks (Sætre and Gjøsæter 1975) and red king crab (Mikkelsen and Pedersen 2017), as well as density-dependent cannibalistic behavior by capelin (Slotte et al. 2006).  
 
Ecological investigations during the 1970s identified spawning beds, substrate, spawning behavior and some egg predators (Sætre and Gjøsæter 1975; Gjøsæter 1998), but information on spawning sites has also been documented by fishermen catching cod that feed on ripe capelin. Spawning ground surveys were conducted almost every year from 1971 to 1984, when spawning beds were located by using a Peterson grab for sediment samples from all known sites with suitable substrate along the northern Norwegian coast from about 16°E and eastwards. Similar surveys were occasionally conducted on the Russian side of the border (Gjøsæter 1998). After this survey series was discontinued, approximate positions of spawning activity were inferred from other sources (Alrabeei et al. 2021). The results from these investigations were mostly used in various ecological studies, in particular to inform modelling attempts to discern reasons for the temporal and spatial variation in spawning migration and spawning. 
 
Economic
Highly resolved data (e.g., by gear, season and country) on BS capelin catches have been collected since capelin became prominent in the Barents Sea commercial fisheries in the 1970s after the collapse of the Norwegian spring-spawning herring stock (Fig. 4a). The fishery was carried out both in winter/spring and autumn. When the fishery was reopened in 1991 following the first capelin collapse, the autumn fishery was downscaled, and after the reopening in 1999 following the second capelin collapse, there has only been a winter fishery from January-April. In recent years, catches have been minimal in January. Most of the catches are taken in the Norwegian EEZ, with Norway and Russia having mutual access to each other’s EEZs for fishing the quota.  
  
On the Norwegian side, purse seines have been the primary gear for the capelin fishery, with pelagic trawls introduced in the mid-1990s. Most of the concession permits for purse seines in Norway belong to the counties in the midwestern part of Norway (Norwegian Directorate of Fisheries 2024). The current distribution of the Norwegian total allowable catch (TAC) across vessel groups is: 72 % purse seine, 12 % trawl and 16 % coastal vessels (mainly trawl). In 2024, 63 purse seiners, 66 coastal vessels and 11 trawlers participated in the Norwegian fishery. The fishery is regulated by fixed vessel quotas for purse seiners and trawlers, and by a maximum quota per vessel for the coastal vessels group, with some over-regulation (i.e., the sum of maximum quotas is higher than the total quota allocated to the vessel group). In the coastal vessel group, participation is also limited by a lottery. Vessels may trade their Barents Sea capelin quota with quotas for IEGJM capelin or herring in the North Sea. 
  
Most of the Russian catches are taken by trawl. On the Russian side, there seems to be limited capacity for the capelin fishery given the short fishing season, and in 2024 only about 2/3 of their quota of 78 kt was taken. The fishery is usually very clean, but there are small by-catches of cod (with a very restrictive bycatch limit in Norwegian EEZ). 
  
Landings in the early years were mostly utilized for fishmeal and fish oil, but with advances in capture and processing technology, an important market for human consumption has since developed for frozen capelin, capelin roe and whole capelin with roe in Eastern Europe and Japan (Fig. 4a and 4b). The value of the Norwegian capelin fishery in 2023 was 348 million NOK (47 million CAD), with an average price of 9 NOK/Kg (1 CAD/Kg), which was historically high. Almost all the catch that year was used for human consumption. Part of the Russian catch is used for human consumption in Russia. In 2002, 59 Norwegian factories each processed at least five tonnes of capelin. Since 2010, this number has been around 25 factories in years when there has been a fishery in the Barents Sea.  
  
The market prices can affect the effort expended into fishery. In years when the catch quota recommendation is low, fishermen may delay catching capelin to target capelin roe, which is more valuable than processing capelin for fish meal and oil. Therefore, economics can directly affect how the fishery is conducted. In years where capelin catch is not advised, a gap in the income from fisheries is experienced by the stakeholders, with reduced employment opportunities and reduced profit. However, there are no capelin-only fishermen. Some processing factories were closed down following the first and second capelin collapses. In general, data related to export earnings and catch value of BS capelin are available but have not been analyzed as part of management-related research (Fig. 4a). 
 
Social
The main stakeholders for the capelin fisheries include the fishers, vessel owners and processing plant owners. On the fishers’ side, there are conflicting interests, from pelagic fishers mainly located in the west of Norway who want to maximize their catch, to cod fishermen concerned about the food supply for cod, to regional/local fishermen fishing for cod and other demersal species in coastal waters in the northern part of Norway concerned about other ecosystem values of capelin and would like the capelin fishery to be managed very precautionary.

The recent process of evaluating alternative HCRs for BS capelin started with a hearing where the stakeholders could propose alternative HCRs, and based on input from this meeting a list of alternative HCRs to be tested was made (IMR-PINRO 2024). After the HCR evaluation, the results were presented to the stakeholders. Stakeholders also have pathways to be heard at meetings with scientists and at the annual pre-meeting for Norwegian participants in the Joint Norwegian-Russian Fisheries Commission (Fig. 4b). 

