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Abstract

The Barents Sea stock of capelin (Mallotus villosus) has suffered three major collapses of
the stock (>90% reduction) since 1985, due to recruitment failures. As capelin is a key
species in the area, these population collapses had major ecosystem consequences. By
analysing data on spawner biomass and three recruitment stages (larvae, zero-group and
1-year-olds), we demonstrate that much of the recruitment failures are caused by
predation from herring (Clupea harengus), zero-group cod (Gadus morhua) and adult
cod. Recruitment is furthermore positively correlated with the sea temperature in winter
and spring. Harvesting of maturing capelin on the way to the spawning grounds reduced
the abundance of larvae significantly, but this reduction is to a large extent compensated
later in life, as mortality is strongly density-dependent between the larval stage and age 1.
Altogether, our study indicates a very high importance of trophic interactions, consistent

with similar findings in other high-latitude marine ecosystems.

Keywords: Capelin, herring, cod, Barents Sea, General Additive Models (GAM),

bottom-up, top-down
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Introduction

It is well recognized that in addition to fishing, fish stocks are affected by interactions
with other species (predators, prey and competitors) and climate, which should therefore
ideally be taken into account when managing fish stocks (Botsford et al. 1997, Collie and
Gislason 2001). However, the management of most fish stocks mainly considers the
effect of fisheries due to lack of estimates of other effects. In particular, fishing relies on
the natural ability of the fish population to replace itself, and a crucial question is to
which degree fisheries on the spawning stock reduces recruitment (Needle 2001).
However, the potentially large number of interacting factors (prey availability, predator
abundance and the abiotic environment) affecting recruitment conspire to make
development of predictive recruitment models difficult (Fogarty et al. 1991, Myers 1998).
Also, traditional recruitment studies analyse the transition from spawning stock biomass
to recruits, the two endpoints of a very diverse process which encompass several stages
where different mechanisms may operate (Bjorkstedt 2000, Brooks and Powers 2007). By
using data from several stages during the recruitment process, the chance of uncovering
the mechanisms behind recruitment variations should increase, and also some spurious
correlations could be avoided (as one often can a priori rule out some mechanisms for a
specific stage). Also, while the classic spawner-recruitment relationships (such as
Beverton-Holt and Ricker) all imply some form of density-dependence (compensation),
Brooks and Powers (2007) have pointed out the importance of whether compensation
occurs early or late during the recruitment process.

The approach of viewing recruitment as a step-wise process, using abundance at

one stage as a function of abundance at the previous stage, is well recognized in
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theoretical studies (Paulik 1973, Bjorkstedt 2000, Brooks and Powers 2007) but has been
less common in empirical studies (exceptions include Ciannelli et al. 2005 and Dingser et
al. 2007). First, there are often lack of data for such studies; second, the studies utilizing
indices of abundance during several phases of recruitment have focused on different
questions, e.g., searching for the "stage of year-class determination" by correlating the
abundance at each pre-recruitment phase with the abundance at the age of recruitment to
the fishery (e.g., Helle et al. 2000).

In this paper, we analyse the recruitment of Barents Sea capelin (Mallotus
villosus) during three phases of recruitment. Capelin is a key species in several
ecosystems in the North Atlantic (e.g., Carscadden et al. 2001). In the Barents Sea
ecosystem, it is a critical food source for some of the largest populations of predators,
such as North-East Arctic cod (Gadus morhua) (Marshall et al. 1999, Hjermann et al.
2007, Bogetveit et al. 2008) and the common guillemot (Uria aalge) (Barrett and
Krasnov 1996, Bogstad et al. 2000). Also, it is the most effective grazer on zooplankton
in the central and northern parts of the Barents Sea (Gjeosater 1998, Hassel et al. 1991).
As huge numbers of mature capelin migrate southwards to the coast to spawn in the
spring, large amounts of energy are effectively transported southwards, making the
energy produced in the open northern Barents Sea accessible for species confined to
southern and coastal areas (Fig. 1).

The Barents Sea capelin stock has gone through strong fluctuations during the last
couple of decades, including three collapses of >90% reduction of stock size (ICES
2006a). The first of these collapses had large ecosystem effects (Gjoseter et al. 2009),

including decreased growth (Mehl and Sunnand 1991) and increased cannibalism (ICES

Fig. 1
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2006b, Fig. 3.10) among cod, invasions of harp seal (Phoca groenlandica) along the
Norwegian coast (Haug et al. 1991), and a loss of 85-90% (more than 200 000 pairs) of
the common guillemot breeding colony at Bear Island (Vader et al. 1990, Strem 2005).
Through the effects on cod, the collapses have also had substantial economic effects
(Hamre 1994).

The first of the three recorded collapses came as a surprise both for scientists and
managers, and Hamre (1994) suggested that the main mechanism was massive mortality
of capelin larvae during summer due to predation from 1-2 year old Norwegian Spring-
Spawning (NSS) herring (Clupea harengus). NSS herring spends most of its life cycle in
the Norwegian Sea and along the Norwegian west coast, but partly uses the Barents Sea
as a nursery area (mainly for 0-2 year olds). The hypothesis proposed by Hamre (1994)
has later been supported by statistical analyses of the stock-recruitment relationship of
capelin (Gjesater and Bogstad 1998, Hjermann et al. 2004a, Mikkelsen and Pedersen
2004) as well as by field studies (Godiksen et al. 2006, Hallfredsson 2006). On the other
hand, Dingser et al. (2007) analyzed recruitment to the zero-group stage as a function of
spawner biomass and covariates, and found no effect of herring abundance. Moreover,
predation on larvae by zero-group cod (Hallfredsson and Pedersen 2007), as well as
climate and climate-related changes in prey abundance (Gjesater 1998), can be of
importance. The role of capelin fisheries has been a matter of discussion. During the
1970s, capelin landings were high (up to 3.0 million tonnes) but capelin recruitment was
nevertheless good, and Gjeseter (1995), analysing data on larval production, concluded
that there was no substantial effect of the capelin fishery on the collapses of the 1980s

and 1990s. In contrast, others have claimed that the capelin fishery was an important
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cause of the 1980s collapse (Hopkins and Nilssen 1991, Ushakov and Prozorkevich 2002,
Hjermann et al. 2004a).

Data on capelin abundance exists for several early stages: early larval (in June,
spawning takes place around April 1%), zero-group (in September; i.e., right after the
presumptive period of herring predation), and as 1-year olds (in September-October the
year after spawning). This paper reports the results of a comprehensive analysis of these
data, making us able to pinpoint the effect of different factors at different stages. The only
previous analysis of these data is by Gundersen and Gjeseter (1998), who did not
explicitly analyse the effect of covariates and whose data only included capelin year
classes 1981-1994. Using four different transition models, we clarify the importance of
different stages and factors for recruitment. Specifically, we evaluate the role of predation
and to what extent harvesting of mature capelin contributed to the recruitment failure
during the mentioned three collapses. We also evaluate whether mechanisms may have
changed over time. Through a systematic evaluation of the recruitment process on the
different life stages of the capelin, we show how the dynamics of this keystone species is

affected by predation from other species, fishing, and indirectly and directly by climate.
Materials and Methods

Data on four stages (Fig. 2, Fig. 3) for year-classes 1981-2006 were used in our analysis:
(1) Abundance index of the parental generation of capelin, given as maturing stock
biomass (MSB, measured in 1000 t) approximately half a year before spawning,

based on acoustic measurements in September of year -1 (the survey is described
by Gjeseter et al. 1998). Individuals larger than 14.0 cm are assumed to spawn

the next spring (Gjesater 1998).

Fig. 2

Fig. 3
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The abundance of capelin larvae (10'? individuals) in June year ¢ (Larvae) (ICES
2006a). In some years there were restrictions on entering the Russian Exclusive
Economic Zone (EEZ), which have lead to incomplete coverage to a smaller or
larger degree (depending on the distribution of larvae that year). Based on larvae
distribution maps, the abundance might potentially have been significantly
underestimated in the years 1996-1999, 2001-2002 and 2004. While a correction
of the data may be possible using spatial analyses, it is quite difficult because
there is large between-year variation in both the capelin's spatial extent as well as
in the spatial pattern of density within the capelin distribution. We have
considered such an analysis to be outside the scope of this paper.

Abundance indices (unit: 10° individuals) of zero-group capelin calculated using
the stratified sample mean of pelagic trawl data from the international zero-group
survey in September year ¢ (Zero; see Dingser 2005 and ICES 2007).

Estimates of the number of one-year old capelin (unit: 10° individuals) in
September year t+1 (Agel), based on the same acoustic survey as in (1). For the
years prior to 1981, we use back-calculated values of survey abundance at age 2
the following year, since survey coverage of 1-year-old fish was poor during this
period (Gjesater et al. 1998).

We used regression analyses to analyse stage-to-stage survival, investigating the

effects of a number of covariates on survival (Tab. 1, 2) based on the following (see also

Fig. 2):

(1

During the winter (after MSB is estimated, and before spawning), maturing

capelin on their spawning migration are subject to predation by several fish,

Tab. 1

Tab. 2
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mammal and bird species. Of these, especially cod is of importance (Bogstad and
Gjeseter 2001); because of its large biomass, it is the dominant predator of
capelin of this ocean (Bogstad et al. 2000, Dolgov 2002). The cod's predation is
mainly due to subadult (3-6 year old) cod (CodSubad; Dolgov 2002). Adult cod
(ca. age 7 and up) are on their annual spawning migration west and south of the
capelin's distribution (Bogstad and Gjesater 2001), and younger cod (age 1-2) are
less piscivorous. Moreover, capelin is also targeted by fisheries during this stage,
which here is taken into account using the log-transformed biomass of the catch

(LogCatch).

(2) Between the larval and zero-group stage (i.e., in summer), capelin is eaten by

several planktivorous predators. In years when 1-2 year-old herring (Herr12) are
abundant, this is the dominant planktivorous fish in the coastal areas in summer.
Analyses of these time series (Gjosater and Bogstad 1998) together with stomach
samples of herring, (Hallfredsson and Pedersen 2009) have indicated a significant
impact on the capelin. Also the density of zero-group cod (CodZero) may be high,
and they can eat a significant amount of capelin according to field studies

(Hallfredsson and Pedersen 2007).

(3) Between the zero-group and one-year stage, capelin might be affected by

predation by cod in winter/spring (mostly subadult cod, CodSubad) as well as in
summer (in this case, all piscivorous cod, Cod). Although capelin overlaps with
young herring only to a small degree during this stage, there is a possibility for a

competition effect by herring depleting advecting plankton resources.

(4) During all stages, food availability (plankton abundance) may be an important
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185 factor. Russian plankton data during spring and summer (May-July) is available
186 but exists only until 1990. For the stagewise analyses we used sea temperature as
187 a proxy, which affects in situ biological productivity positively. In addition, high
188 temperatures indicate a high inflow of Atlantic, zooplankton-rich water to the

189 Barents Sea (Wassmann et al. 2006). We use Kola section temperatures, depth 0-
190 200 m (Tereshchenko 1996) which have been shown to be a good indicator of the
191 climate of the Barents Sea as a whole (e.g., Ottersen and Sundby 1995, Wassmann
192 et al. 2006).

193 We did not try to include the predation by birds and mammals. Minke whales

194 (Balaenoptera acutorostrata) and harp seals (Phoca groenlandica) are important

195  predators. Based on diet samples, it has been estimated that average annual consumption
196  of capelin is 140 000 metric tons and 260-410 000 metric tons for minke whales and harp
197  seals, respectively (Bogstad et al. 2000). There is, however, not enough data on neither
198  diet or abundance of mammals to estimate the consumption for each specific year .

199  However, cod clearly consumes even more capelin than mammals do (up to 3 million
200  metric tons annually; ICES 2007). Also, mammal populations can be considered to be
201  changing relatively slowly compared to the fast fluctuations of capelin population. The
202 same applies to birds, which are less important as predators (annual consumption of

203  capelin: around 100 000 metric tons; Barrett et al. 2002). Although the total annual

204  removal of capelin caused by these predators may change little from year to year, the
205 removal relative to the total stock, and thereby the predatory impact, may change

206  considerably.

207 We used Generalized Additive Models (GAM) models on the form
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eq. 1 log(Stage;j) = a + G(log(Stage i.1;)) + HX) + ... + ¢

where Stage;; is the abundance at stage i (i = 2,3,4) in cohortj (j = 1981,1982, ...,2006)
and X is a covariate. The functions G and H may be linear (i.e., b-LogMSB,.;), or non-
linear (e.g., a spline function), and there may be several covariate terms (see below).
Note that if mortality is density-independent, we expect G to be linear with a slope of 1.
If G has a slope of 0, mortality is highly density-dependent, exactly compensating for
changes in density (abundance of one stage is independent of abundance at the previous
stage). We used the package mgcv (Wood 2006) of R, where the degrees of freedom of
the smooth function is chosen automatically based on the General Cross-Validation
(GCV) score, including d.f.=1 (i.e., a linear effect). We used thin plate regression splines
(Wood 2006) and specified the maximum dimension of the smooth term to 3 (k=3) to
avoid overly "wiggly" regression lines.

We searched for the optimal model by searching through combinations of
biologically plausible explanatory variables for each stage (Tab. 2) using GCV score
(Wood 2006) as a guide. Young herring abundance was log-transformed to reduce the
influence of outliers. Due to a relatively high ratio between numbers of potential
variables and sample size we did not check for interaction effects. The exception was that
we tested for interaction between herring and zero-group cod in the stage 2-3 transition,
based on inspection of the plotted residuals of a model with additive effect of herring and
zero-group cod. For the models involving larvae (transitions 1-2 and 2-3), we tried to

include a dummy variable for the years when larval abundance might have been

10
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significantly underestimated owing to restrictions on entering the Russian EEZ (see
above). We checked whether the residuals were autocorrelated by plotting the partial
autocorrelations of the residuals.

The flexibility of GAM increases the probability of achieving spurious results. To
reduce this problem, we considered non-monotonous relationships explaining an
unrealistically high fraction of deviance, likely to be spurious results. When a GAM
model produced such a relationship, we replaced it with a monotonous relationship using
"hockey stick GAM" (HSGAM), the GAM equivalent of hockey stick regression (e.g.,
Maceina 2007). That is, we restricted the relationship to be flat (slope zero) below or
above some threshold (chosen by minimizing residual variance). For instance, a HSGAM

model with the restriction that ¥ has no effect below the threshold Y, may look like this:

eq. 2a log(Stage;j) = a1 + G(log(Stage i.1;)) + HX)) + ... t+¢; for Yi<=Yy,

eq. 2b log(Stage; ;) = a, + G(log(Stage ;1)) + HX)) + H(Y)) + ... + ¢ for Y> Y,

where coefficients a; and a, are set so that the function is continuous. The threshold Yy, is
found using a routine to search for the global minimum of the deviance. Because of this
approach, GCV values are not representative; we therefore also give Akaike's
Information Criterion (AIC) adjusted for small sample size (Burnham and Anderson
2002), as this criterion can correctly take the extra threshold variable into account.

We wanted to evaluate the effect of plankton abundance during spring and
summer during the larval stage, but this could not be done within the stagewise analyses

since the data were available only for 1959-1990. In order to obtain a long enough time

11
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series, we made a simple model for recruitment at age 1 (stage 4) as a function of MSB
(stage 1) for a different period than the rest of the analysis, the cohorts 1974-1990. As
covariates we used those found to be important in the stagewise analyses. We then added
plankton abundance to evaluate the additional effect of this variable. We used data either
from only the western ("North Cape") transect closest to main spawning areas
(ZooNCSouthy) or both transects (including ZooSouthy). In any case we used data from
the southern part of the covered area in order to restrict to the area covered by capelin
larvae (Tab. 1).

Finally, the robustness of the models was tested using k-fold cross-validation
(Fielding and Bell 1997): the time series (length N) is divided in k (more or less) equally
long parts. For each part of the time series, the model parameters are estimated excluding
this part from the data. Then these parameters are used to predict the response for the

other part. We used k = 5 or 6 (for time series starting in 1981 or 1974, respectively).
Results

For all transitions, we found models that were able to explain over half of the variation
(56-80% of the deviance explained, Tab. 3). Model residuals were not significantly
autocorrelated at lag 1 and 2 years; overall, there were not more autocorrelations with
p<0.05 than expected by chance (Suppl. Fig. 1). The k-fold cross-validation tests (Suppl.
Fig. 2) showed that the models were quite robust, i.e. returned quite good out-of data
predictions in most cases, except for the stage 2 to 3 (larvae to zero-group) transition
(commented further below).

Stage 1 (maturing biomass) to 2 (larvae)

The best GAM models for larval abundance as a function of MSB (Tab. 3) had a positive

12

Tab. 3

Tab. 4

Fig. 4
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effect of MSB (p<0.001) as well as negative effects of cod age 3-6 biomass (CodSubad,
p<0.001) and the proportion of capelin caught in the fisheries between survey time and
spawning (LogCatch, p=0.007), and a weaker positive effect of temperature in the winter
and spring (Temp Wintspr, p=0.05). A model with these four explanatory variables
explained a large part (72%) of the deviation in larvae abundance (Tab. 3a, Fig. 4a-d).
The effect of log(MSB) was weakly non-linear; if it was forced to be linear, the estimated
slope was 1.33 (SE 0.30), i.e., not significantly different from a straight line with a slope
of 1. Thus, there was no evidence of density-dependent mortality at this stage (Tab. 4a).
The effect of harvesting is mostly due to the high harvest in the years 1982-1986, when
68-87 % of the mature biomass was harvested. After 1986, the harvest has been
maximum 44 % of the biomass. A dummy variable for coverage of the larval distribution
(complete/incomplete) was on the border of significance (p = 0.10) and reduced the GCV
value somewhat (1.5 units). However, the effect of the dummy variable was opposite of
what was expected (positive effect of incomplete coverage), and we concluded this was a
spurious effect.

Stage 2 (larvae) to 3 (zero-group)

Surprisingly (in view of existing literature), the effect of young herring biomass (Herr;>)
alone on survival through this stage was not very strong (p = 0.062). In fact, the
abundance of zero-group cod (CodZero) had a much more consistent negative effect on
survival (p = 0.002). However, there was a significant interaction between Herr;; and
CodZero (p=0.006; Tab. 3b). A model including this interaction (Fig. 5) indicates that
high abundance of one predator increases the negative effect of the other. Fig. 5b also

shows that the abundance of the two predators is correlated, which makes it difficult to

13

Fig.5
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separate the effects of the two. The slope of log(Larvae) was significantly lower than 1
(Tab. 4b), indicating strong density-dependent mortality. A dummy variable for years
with incomplete coverage of the larval distribution did not improve the model (p = 0.23).
Compared to the other transitions, this model showed poor results for the k-fold cross-
validation test (Suppl. Fig. 2b): the second collapse (start of the 1990s) is not well
predicted based on the data of the other periods. The cross-validation results were not
much affected if zero-group cod was deleted from the model, but worse in some periods
(the late 1990s) if we deleted herring from the model (Suppl. Fig. 2b)
Stage 3 (zero-group) to 4 (age 1)
For this stage, we found two alternative sets of covariates (denoted model 1 and model 2)
that could explain the variation in survival (Tab. 3c): (1) abundance of herring (Herr;,)
and temperature during winter and spring (Temp Wintspr), and (2) abundance of subadult
cod (CodSubad). The effects of the covariates were also non-linear in both cases; we used
HSGAM models (Fig. 6). In any case, the slope of log(Zero) indicated strong density-
dependent survival, especially at low abundance (see Tab. 4c and Fig. 6; for model 1,
slope varies from approx. 0.25 to 0.5).
Effects of zooplankton abundance and other covariates on recruitment

We made a baseline model where stage 4 abundance (age 1, year t+1) was
modeled as a function of stage 1 (MSB, year t-1) Herr;; (in year t), CodSubad (year t or
t+1) and TempWintspr (year t or t+1) based on model fit. The explanatory variables were
selected on basis of the stagewise regression results (see above), but the model was fitted
to the longest time series covering stage 1, stage 4 and zooplankton data, i.e., cohorts

1974-1990. The best fit (explaining 72% of the deviance) was obtained by using

14

Fig. 6
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TempWintspr for year t+1 and CodSubad for year t. Herr;, (with a threshold effect) and
TempWintspr were statistically significant (P = 0.003 and P = 0.006, respectively), while
the effect of MSB (P = 0.26) and CodSubad (P = 0.19) was not. When zooplankton was
added to this baseline model, there was no improvement in model fit, neither for
zooplankton in the western transect (P=0.41) or for both transects (P=0.99). See suppl.

Fig 3 for graphs of showing the covariate effects.
Discussion

This study supports that capelin, a key species in the food-web of the Barents Sea, is
heavily affected by predation (i.e., top-down control) on every stage of recruitment.
However, mortality also appears to be density-and climate-dependent, which may
indicate bottom-up effects. While the results of model selection based on retrospective
analyses of time series data always has some uncertainty (i.e., the possibility of spurious
relationships), we tried to keep the number of potential variables relatively low (Tab. 2),
and as the results are in line with field studies (e.g., Hallfredsson 2006, Hallfredsson and
Pedersen 2007, Fossheim et al. 2006) we have quite high confidence in the results. The
high impact of predation is consistent with studies from other northerly ecosystems (e.g.,
Frank et al. 2005, Savenkoff et al. 2007). Petrie et al. (2009) suggest that the tendency for
strong top-down effects stem from the lower diversity and higher species specificity of
predation in northerly ecosystems, a view that is supported by the highly species-specific
predation effects found in the present study.

From stage 1 to 2, subadult (3-6 year old) cod has the largest impact. Stage 1
marks the end of the feeding season of the matures (i.e. before the maturing capelin

separates from the rest of the stock in the central Barents Sea and start the spawning
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migration towards the coast). During this migration, they are followed by large amounts
of predatory fish, as well as birds, seals and whales, which by these results have a
substantial impact on the biomass that survives until spawning and thereby on the
abundance of larvae. This impact is substantially larger than the impact of fishing, at least
since 1990, when fisheries have been relatively small compared to the stock abundance
(22-31 % of the mature biomass in all years when fishing has been allowed except one).
It is likely that the variations in cod abundance has had a larger effect on this stage
transition. According to the model estimates, a 3-fold increase in the biomass of subadult
cod — similar to the increase from 1990 to 1993 - is associated with a reduction in
log(Larvae) of 3.23, i.e., a reduction in larval abundance of 96%. Although this is likely
to be an overestimate of the effect, it clearly is an indication that cod predation can be
highly influential.

During the next relatively short phase over the summer, the capelin larvae are
strongly affected by the abundance of young herring as well as zero-group cod. The effect
of young herring was first suggested by Hamre (1994) and later supported by the stock-
recruitment analysis of Gjesater and Bogstad (1998) as well as field data (Hallfredsson
and Pedersen 2009). However, we found a less clear-cut effect of herring than expected.
What the data tell us is that survival during summer is likely to be high if there is low
abundance of both predators, and low if there is a high abundance of both. If there is
much young herring but little zero-group cod, the outcome is highly variable; survival
can be good (as in 2006) or bad (as in 1998). Statistically, the best model indicates that
mortality is affected by an interaction between the two types of predators, herring and

zero-group cod. However, the interaction effect is uncertain as it depends on quite few
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369  data points and especially as we lack the combination of little herring and much zero-
370  group cod. The apparent interaction effect may also be an artefact resulting from leaving
371  out confounding parameters, such as climate (affecting spatial distribution of the

372 predators) and abundance of alternative prey for the herring and zero-group cod.

373  Godiksen et al. (2006) found that individual herring switches between selectively eating
374  either copepods or krill and capelin larvae, which indicates that krill and capelin larvae
375  occur together in the same patches. Therefore, the effect of the two predators also

376  depends on the abundance of copepods. Time series on copepod abundance at this time of
377  the year are unfortunately not available. Since copepod abundance is also related to

378  predator abundance (both are linked to climate), this may disturb the apparent effects of
379  predators.

380 Capelin larvae are rapidly digested in herring stomachs (Huse and Toresen 2000),
381  but by using the anterior part of the stomach and using the presence of larval eyes

382  (Godiksen et al. 2006) it has been made possible to estimate predation rates based on
383  predator stomachs. Hallfredsson and Pedersen (2007, 2009) tried to estimate mortality
384  rates of capelin due to herring and zero-group cod predation. For herring, they found a
385  predation mortality of 7 and 10% per day (in 2001 and 2003, respectively) at the stations
386  where herring was found (Hallfredsson and Pedersen 2009). Averaged over all stations,
387  the daily mortality rates were 2.6% (2001) and 0.004% (2003); the latter estimate is

388  extremely uncertain as the herring was highly aggregated that year, being difficult to
389  sample using a regular sampling grid. For cod, the daily mortality rate, averaged over all
390  stations was 1.7% in 2002 and 1.5% in 2003 (Hallfredsson and Pedersen 2007). For

391  comparison, the mortality rate of capelin larvae in predator-free bag experiments was 1%
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per day (Fossheim 2006).

Finally, this analysis indicates that either cod or herring abundance affects
survival in the one-year period following the zero-group stage. Of these two alternative
models, we believe, based on the size and spatial distribution of the capelin at this stage,
that the model with cod has most credibility. During summer the year after spawning, cod
and capelin often overlap substantially in the capelin's feeding grounds; hence cod
predation in this area may have a substantial impact. (The same conclusion was drawn by
Dingser et al. 2007, using the same data). These feeding grounds are situated far north of
the herring's northern limit, and also the capelin at this stage is too large to be a preferred
prey of herring. The shape of the density-dependent survival may also be linked to
predation: as capelin becomes scarce, cod may switch to other prey and thereby capelin
survival increases. This is of course speculation; also note that the shape of this curve
depends a lot on two years with low capelin abundance and high survival.

While reproduction and mortality until the larval stage is not significantly density-
dependent, mortality is strongly density-dependent from the larval stage onwards. Eq. 1
contains measurement error in the abundance estimates of both stages, which leads to a
downward bias in the slope of abundance at the previous stage (G in eq. 1) (Carroll et al.
1995) and thereby an upward bias in the strength of density-dependence (1-slope). This
bias is quite small when variation in abundance is large (Suppl. Fig. 4), which it is in
capelin: the ratio between the largest and smallest abundance is 154, 366, 762, and 350
for stage 1-4, respectively. For stage 1 and 4, Tjelmeland (2002) modelled the uncertainty
for the abundance estimates of age 2-3 capelin 1972-2000, the coefficient of variation

(CV) was mostly below 20%; it exceeded 20% in 1 and 5 years in the case of 2-year and
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3-year olds, respectively (maximum CV was ca. 60%). In accordance with this, Leland et
al. (2007) found the CV to be 20% in most years for NSS herring, another large stock
measured acoustically. For zero-group abundance (stage 3), measurement error CV was
32% on average over all years (range 10%-64%; Dingser 2005). The uncertainty of the
stage 2 (larval capelin) abundance estimates have not been estimated. The uncertainty of
larval (ichthyoplankton) abnundance estimates is generally difficult to estimate. In a
comparable oceanic larval survey, Pepin and Anderson (1997) indicated that the CV was
around 15%. Using a simulation approach, Voss and Hinrichsen (2003) found that the
mean error was 10%-20% (depending on wind stress) without accounting for transport
losses out of the surveyed area, which in their case reached up to >10% when winds were
strong. As shown in Suppl. Fig. 4c, if we assume that our estimates have a CV of 30%,
the bias of the slope of G is 0.05, i.e. quite small compared to the slope values.

The strong density-dependence diminishes the effect of processes occurring on
early stages, especially before the larval stage. Therefore, although spawner abundance
and harvesting mature capelin was found to affect recruitment at the larval stage (stage 1
to 2), it has a very small effect on overall recruitment (stage 1 to 4). Density-dependence
from the larval stage onwards strongly reduces the effect of spawner abundance. From
the larval to the zero-group stage, the slope of G in eq. 1 is estimated to be 0.45 (Tab. 4).
For example, if harvest reduces larval abundance by 25%, the change in log(Zero) is
0.45*log(1-0.25) = -0.13. To get the reduction at the zero-group stage, we back-
transform: 1-exp(-0.13) = 0.12. Thus, a 25% reduction at the larval stage is reduced to
12% at the zero-group stage, and (by a similar calculation) to only 3-7% at the age of one

year.
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The conclusion is that harvesting probably played only a minor role in the
collapses, including the first one in the 1980s, a result which is consistent with Gjesater's
(1995) conclusions based on larval and zero-group abundance prior to the collapse. This
contradicts the conclusion of Hjermann et al. (2004a), who, based on a data set consisting
of age 1-4 capelin only, suggested that harvest was an important reason for the 1980s
collapse. However, the harvest during autumn 1985 and spring 1986 reduced spawner
biomass to extremely low levels, which might have delayed the stock's recovery
(Gjoszter 1995). The minor role of harvesting in stock collapses corresponds well with
anecdotal information going as far back as to the 16th century, which describes that
capelin “disappeared” at irregular intervals. From the recent history, it is known that such
periods of capelin disappearance are associated with strong year classes of herring
(Gjesater 1995).

We also found capelin recruitment to be positively related to sea temperatures
both in the case of the spawner-larvae transition and the zero-group-age 1 transition. In
this area, high sea temperatures are associated with higher primary production as well as
higher influx of zooplankton from the Norwegian Sea (Dalpadado et al. 2003, Wassmann
et al. 2006). Being a planktivore, this could suggest that capelin to some degree also is
limited by food abundance (bottom-up control). In the case of adult capelin, they are able
to deplete local zooplankton stocks in a few days (Haug et al. 1991). However, we found
no effect of zooplankton biomass in spring and early summer on recruitment. The reason
may be that zooplankton biomass for a large part is determined by the abundance of
Calanus finmarchicus. In contrast to herring and cod, whose larvae appear to be tightly

coordinated in space and time to C. finmarchicus, capelin larvae mainly eat other kinds of
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zooplankton (Fossheim 2006). Indeed, the relationship between temperature and capelin
recruitment may instead be linked to oceanographic features such as eddies and coastal
jets: Fossheim et al. (2006) suggested that an important factor for capelin recruitment can
be the number and timing of short-lived springtime eddies, which carries warm, oceanic
and plankton-rich water on to the shelf. However, compared to the beach-spawning
capelin populations in Canada (Leggett and Deblois 1994), the effects of climate on the
recruitment of this capelin stock seem to be relatively small. However, climate has a
strong indirect, lagged effect on this capelin stock by affecting the recruitment of the
capelin predators cod and herring (Hjermann et al. 2004b).

While this study is largely based on survey data, the data of age 3 and older cod
and herring age 1 and 2 are based on VPA estimates. In particular the herring estimates
are uncertain, since they are based on assuming a natural mortality for ages 1 and 2 which
is constant through time and high (instantaneous mortality M=0.9). Also, one source of
error is that some cohorts of young herring stay largely in the fjords of Northern Norway
or in the Norwegian Sea instead of in the Barents Sea, and therefore do not overlap with
larval capelin. This is not conveyed by VPA estimates (since they are back-calculated
from catches of the entire herring stock, after the cohorts have migrated to the Norwegian
Sea). In addition, some cohorts are mainly found in the Barents Sea also at age 3 (ICES
2006a). Acoustic survey estimates of herring in the Barents Sea (ICES 2006a) exist for
most, but not all, of the years 1984 and onwards. However, in addition to the holes in the
survey data series, the survey estimates from before 1990 are not compatible with later
data due to a change in echosounder equipment (Rettingen and Tjelmeland 2003). Also,

the young herring has not always been surveyed at the same time of the year, and they are
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generally difficult to survey since they are often located near the surface. Thus we
decided that using the VPA estimates was the best choice.

Some additional information can, however, be derived from the survey data. In
some years with large overall abundance of 1-2 year old herring (according to VPA
estimates), the survey indicated a relatively low herring density in the Barents Sea
(probably because much of the herring was in the fjords). This is the case for one of the
years where the survival of larvae was unexpectedly high (2003). However, in two other
years with high capelin survival (1999 and 2006), both VPA estimates and survey data
show that the Barents Sea contained much young herring. The good survival of capelin in
this period may have been due to little spatial overlap between capelin larval drift routes
from the spawning grounds (which varies strongly from year to year) and young herring.
For instance, in 2006, the capelin had an extreme westerly spawning, and the larvae
probably overlapped to a limited degree with herring while drifting north- and eastwards.

Direct measurements of the capelin spawning stock are not available and could
not be included in the present analysis. Such estimation has been attempted by acoustic
surveys in spring, but such surveys have been discontinued since they were not able to
cover the capelin stock properly during the capelin migration to the coast. Therefore, the
spawning stock estimates used for instance for management purposes are modelled based
on the MSB (Gjeseter et al. 2002).

After the disastrous collapse of the capelin stock in the mid-1980s, and the second
collapse in the early 1990s, the leading hypothesis has been that a high abundance of
young herring causes massive larval mortality, recruitment failure and stock collapse. Our

analysis supports that herring is an important cause, as herring abundance alone explains
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21-23 % of the deviance in the abundance of age 1 capelin. All observed capelin
collapses have happened in connection with high abundance of young herring; however,
there have also been some years with high herring abundance but good recruitment of
capelin. This indicates that a high abundance of young herring is necessary but not a
sufficient condition for capelin collapse. The present results point out the importance of
cod predation (both from zero-group and older cod), as well as a certain influence of
climate. These results could be incorporated in the management advice of capelin, e.g. by
indicating the probability of major changes in stock size in the medium term (3-4 years).
Erroneous conclusions due to spurious correlations is always a hazard when
investigating environment- recruitment relationships, and the flip side of the versatility of
GAMs non-linear functions is that it makes GAM even more prone to such errors
(Megrey et al. 2005). By analysing intermediate stages of recruitment, and by using
HSGAM when this appears more adequate, we are better able to pinpoint which factors
that affect which stages. Through careful assessment of our statistically derived results,
we can conclude that not only herring but also cod at various stages, as well as climate,
appear to play a key role in determining the population dynamics of the capelin living in

the Barents Sea.
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Table 1. Overview of explanatory variables used in this paper. The data series marked

with (*), were only available for the period 1981-2006 and therefore not used for the

stage 1-stage 4 transition. The data series marked with (7) were only used for the stage 1-

stage 4 transition.

Covariate
LogCatch,

Herrl2,

CodSubad,

CodAll;

*CodZero,

Log-transformed harvested biomass (tons-10°) of maturing (>14 cm)
capelin, based on the catch between the September survey in year ¢-/
and spawning in year ¢. Because many years had zero catch, LogCatch =
log(Harvest + constant) where constant was quite arbitrarily set to 39
(half the minimum non-zero value of Harvest).

Biomass (tons'10°) of young (age 1-2) herring based on the SeaStar
assessment (ICES 2006b), estimated for 1 January year ¢. SeaStar is
based on several sources of data including age-specific catch statistics
and survey data.

Biomass (tons-10°) of cod age 3-6 (i.e., subadult piscivorous cod,
expected to overlap with capelin in the winter months) assessed by
VPA/XSA (ICES 2006a), estimated for 1 January year ¢. The
assessment is primarily based on age-specific catch statistics with
additional input from survey data.

Biomass (tons-10°) of cod age 3-13 (i.e., all piscivorous cod) assessed
by VPA/XSA (ICES 2006a), estimated for 1 January year ¢

Abundance index of zero-group cod (unit: 10° individuals) based on the

stratified sample mean from the international zero-group survey in
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TempWintspr;

TempSummer;

7ZooSouth;

7ZooNCSouth,

September year ¢ (Dingser 2005, revised values given by ICES 2007).
The survey is performed using pelagic trawling.

Average sea temperature (°C) at 0-200 m depth in the Kola section in
winter/spring (December year ¢-/ to June year ¢). The Kola section goes
from 70°30° N to 72°30° N along 33°30’ E; See Tereshchenko (1996).
Data from recent years were kindly provided by PINRO, Murmansk.
Average sea temperature (°C) at 0-200 m depth in the Kola section in
summer (June-August year ¢)

Average biomass of zooplankton in the six innermost stations of both
transects of Nesterova (1990) (i.e., the North Cape transect and the Kola
transect). Positions are 25°29'-23°12' E, 71°26'-72°27' N and 33°30'E,
69°30'-70°45' N for the two sets of stations.

Average biomass of zooplankton in the six innermost stations of the
North Cape transect (25°29'-23°12' E, 71°26'-72°27' N). In most years,
this transect is most representative for capelin larval distribution, as

there is little spawning as far east as the Kola transect.

716
717
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Table 2. Potential explanatory variables tested for each transition. For each transition, the
left column gives the a priori expectation of the sign of the relationship; e.g., predators
are expected to have negative effects (an empty cell indicates that the variable was not
considered). The second column gives the number of times the coefficient was
statistically significant (P<0.05, regardless of sign) and the number of times it was tested
during model selection. We never considered CodSubad and CodAll together in the same
model, nor Temp Wintspr and TempSummer. Incomplete = 1 for years with incomplete
coverage of the larval distribution, and 0 for years with complete coverage. The bottom

line gives the total number of models tested in each case.

Transition between stages

Covariate 1-2 (MSB to larvae) 2-3 (larvae to zero)  3-4 (zero to age 1)
A priori  P<0.05 Apriori P<0.05 Apriori P<0.05

LogCatch, - 7/12

Herrl2, - 0/12 - 6/18

CodSubad, - 8/8 - 3/12

CodAll, - 7/8 - 0/12

CodZero, - 8/12 - 4/18

Herri2,*CodZero, +/= 4/4

Temp Wintspr, +/- 8/12 +/- 5/12

TempSummer, +/- 0/10 +/- 5/12

ZooSouth;,

ZooNCSouth,

Incomplete - 4/12 + 0/10

Number of models 23 19 34
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Table 3. Model selection using GAM, showing the three best models for each procedure
as measured by the general cross-validation criterion (GCV). Only models where all
covariates had a p<0.15 are shown. The table shows the proportion of deviance explained
by the model (Dev. expl.), approximate number of degrees of freedom (d.f), GCV, and
Akaike's Information criterion adjusted for small sample size (AAICc) relative to the top
model. For some GAM models (marked with footnotes in the GCV column), some of the
effects were non-monotonic, and these were re-estimated using HSGAM (see footnotes).
Differences in AICc can be considered significant when they exceed 2. The models

shown in Table 4 and Figure 4-6 are marked by an asterisk in the left column.
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739

Dev. d.f. GCV AAICc

expl.
(a) Stage 1 (spawners) to stage 2 (larvae)
* log(MSB,.;) + CodSubad, + LogCatch,.; + 0.72 4.07 1.147 0
TempWintspr,
log(MSB¢.,) + CodSubad; + LogCatch,. 0.68 343 1.260 2.73
log(MSB.;) + CodAll; + LogCatchy., + 0.67 405 1.373 4.69
TempWintspr,
(b)  Stage 2 (larvae) to stage 3 (zero-group)
* log(Larvae,) + CodZero, + log(Herr12 ) + 0.64 4.66 1.725 0
CodZero*log(Herr12,)
log(Larvae,) + CodZero, 0.54 2.84 1.861 3.63
log(Larvae,) + log(Herr12,) 042 2.00 2.197 3.70
() Stage 3 (zero-group) to stage 4 (one-year olds)
log(Zero,) + CodZero, + TempSummer., 0.70 448 1.020" 426
* log(Zeroy) + log(Herr12 ) + TempWintspry:| 072 497 1.027? 0
* log(Zero,) + CodSubad,; 0.66 325 1.029Y 293

740 Y The effect of CodZero, was strongly non-monotonic; with HSGAM, p>0.20 for CodZero or
741 TempSummer

742 ? The effects of log(Herr12), + TempWintspr:; were non-monotonic; with HSGAM, p<0.001 for
743 log(Herr12), and p=0.016 for TempWintspr., 0.75 of the deviance explained, GCV > 0.782
744 Y The effect of log(Zero,) was non-monotonic; with HSGAM, p=0.010 for log(Zero,),

745 0.66 of the deviance explained, GCV > (0.942

746
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747  Table 4. Model estimates for the selected models (marked with an asterisk in Table 2).
748  Estimated degrees of freedom (edf) equal 1 indicates a linear term, for which the estimate
749  and standard error (SE) of the slope is given. F and p values are approximate in the case
750  of non-linear terms. The importance of each term is indicated by ADev, the decrease in
751  proportion of deviance explained when the term is deleted from the model (when the term
752 was involved in an interaction term, this term was deleted too). The intercept is only

753  included when it includes meaningful information, i.e. in models without non-linear (and
754  non-parametric) terms. Also see Figures 4-6.

755

(a) Stage 1 (spawners) to stage 2 (larvae)

edf Estimate SE F P ADev
log(MSB;.) 1.07 10.39 <0.001 0.26
CodSubad, 1 -2.94 0.60 2390 <0.001 0.32
LogCatch,, 1 -0.81 0.28 8.65 0.007 0.11
TempWintspr, 1 0.84 040 449 0.046 0.05

756  (b) Stage 2 (larvae) to stage 3 (zero-group)

edf Estimate SE F p
log(Larvae,) 1 0.45 0.15 9.09  0.007 0.13
log(Herrl2)) 1.66 1.54  0.238 0.22
CodZero, 1 -0.039  0.013 9.33  0.006 0.22
log(Herr12)* CodZero, 1 -0.049 0.016 9.47  0.006 0.17
757
758
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(c) Stage 3 (zero-group) to stage 4 (one-year olds)

edf Estimate SE F p
Model 1|
log(Zero,) 1.52 6.86  0.005 0.12
log(Herri2,) (when <-0.24) 0
log(Herri2,) (when > -0.24) 1 -1.41 031  20.60 0.000 0.21
TempWintspry. (when < 3.79) 0
TempWintspr. (when > 3.79) 1.09 505 0.016 0.09
Model 2
Intercept 1 5.19 1.01  26.40 0.000
log(Zero;) (when < 1.81) 0
log(Zero,) (when > 1.81) 1 0.61 0.22 7.94  0.010 0.12
CodSubad, 1 -1.92 0.74 6.69  0.017 0.10
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Figure captions

Fig. 1. Simplified map showing the migrations of the capelin (dark grey) as well as the
distribution of North-East Arctic cod in winter (dotted) and young herring in summer
(hatched). In winter, the capelin distribution is split; immatures overwinter in the central
Barents Sea, while matures migrate towards the coast and spawn there in early spring
(April). Distributions vary greatly between years depending on, for instance, climate. The
red line shows the position of the Kola transect (temperature data).

Fig. 2. The capelin recruitment process and the capelin survey data used in this paper. In
the acoustic surveys (in September), capelin abundance is estimated by both age and
length. Capelin larger than 14 cm at the time of the acoustic survey (maturing stock
biomass, MSB) are assumed to mature during the winter and to spawn the following
spring, and thereafter die. Abundance is furthermore estimated at the larval stage, the 0-

group stage and in the September acoustic survey as 1-year olds.

Fig. 3. Abundance of capelin cohorts 1974-2006 (year of spawning) on stages 1-4. Note
logarithmic y-axes of capelin estimates. Parent generations are represented by biomass of
maturing fish in September (MSB,.1, filled circles). The two bar plots on the bottom show
the annual biomass of the capelin predators cod (3-6: black; age 7-13: grey) and young

herring.
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Fig. 4. Stage 1 (maturing biomass) to stage 2 (larvae). Significant and non-significant
effects of maturing biomass (MSB;.;) and covariates on the abundance of larvae given the
models in Tab. 4a. Spawning stock biomass is represented by MSB.;. In this figure and
in Figures 5-7, the vertical axis shows the abundance of log(Stage; ;) adjusted for the
effect of the other explanatory variables (letting all other variables be equal to the mean
value). In these figures, the dotted lines indicate the confidence interval (CI; here defined

as standard error times two).

Fig. 5. Stage 2 (larvae) to stage 3 (zero-group); effects given the model in Tab. 4b. a)
Vertical axis shows the abundance of log(Stage; ;) adjusted for the effect of the other
explanatory variables (letting all other variables be equal to their respective mean value).
Dotted lines indicate the confidence interval (CI; here defined as standard error times
two). b) Effects of predation by herring and cod, showing the interaction between these
two predatory species (change in abundance of one of them has a high impact on the
effect of the other). The contour lines indicate the predicted abundance of zero-group
capelin (log(Zero)) assuming log(Larvae;) to be equal to mean(log(Larvae;)). Abundance
of zero-group is high in the upper right corner, i.e., when both herring and zero-group cod
abundance is high. The symbols show the observed values of log(Zero;) adjusted for
variation in larval abundance, i.e., adjusted by the deviance of log(Larvae;) from
mean(log(Larvae)). Symbols denote low survival (crosses; log(Zero;) <2), average
survival (open circles; log(Zero) between 2 and 3), and high survival (closed circles;
log(Zeroy) >3).

Fig. 6. Stage 3 (zero-group) to stage 4 (one-year olds). Effects of zero-group abundance

and explanatory variables on the abundance of one-year old capelin, as given by the
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models in Tab. 4¢c. Panel a-c and d-e represent the two alternative models (denoted Model
1 and 2 in Tab. 4c¢). For further explanation, see Fig. 4. Vertical axis is abundance of
log(Stage; ;) adjusted for the effect of the other explanatory variables (letting all other
variables be equal to the mean value). Dotted lines indicate the confidence interval (CI;

here defined as standard error times two).
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844 FOR ELECTRONIC SUPPLEMENT

232 Supplementary Fig. 1. Partial autocorrelations (denoted "Partial ACF" in figures) of
847  residuals from the models. The dotted line represents the critical correlation level

848  (p=0.05). (a) Stage 1 (spawners) to stage 2 (larvae); (b) Stage 2 (larvae) to stage 3 (zero-
849  group); (c) Stage 3 (zero-group) to stage 4 (one-year olds); (d) Overall recruitment (stage
850  1to4).In figure (c), autocorrelations are shown for both model 1 (open circles;

851  covariates are herring and temperature) and model 2 (filled circles; subadult cod is the

852  covariate)
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Supplementary Figure 2. Results from k-fold cross-validation. The figures show cross-
validation predictions (black line) with 95% confidence interval (grey area) as well as
observations (red line). Row 1-4 shows models for stage 1-2 (a), 2-3 (b-d), 3-4 (e-f) and
1-4 (g), respectively. For the stage 2-3 transition (larvae to zero-group), the graphs shows
results from the "best" model (b), a model with only herring as covariate (c) and a model

with only zero-group cod as covariate (d). For the stage 3-4 transition, model 1 (e) and 2

(f) are shown (see text).
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873 Supplementary Figure 3. Recruitment models: age 1 (stage 4) as a function of maturing stock biomass (stage 1) and covariates
874 that were found to be significant in the stagewise analyses. Each row represents one model: the best models without zooplankton
875 (top row), the best model with zooplankton in the North Cape transect as a covariate (middle row), the best model with zooplankton
876 in the both transects as a covariate (bottom row). Models were fitted to data for the cohorts 1974-1990. Tests for the factors used in
877 the models are shown on next page (Supplementary Table 1).
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879 Supplementary Table 1. the recruitment models shown in Supplementary Figure 3
880 (previous page).

881 a. Recruitment without zooplankton as covariate:

882 edf Ref.df F p-value

883 s (log.msb) 1 1.5 1.491 0.259

884 s (log.herrl2) 1 1.5 10.808  0.003

885 s (cod.subadl) 1 1.5 1.920 0.192

886 s (temp.wintspr2) 1 1.5 8.971 0.006

887 Dev. expl.= 0.722 GCv= 1.082 n =17

888 b. Recruitment with zooplankton abundance in western transect as covariate:
889 edf Ref.df F p-value

890 s (log.msb) 1 1.5 1.349  0.289

891 s (var.thresh) 1 1.5 6.813 0.016

892 s (cod.subadl) 1 1.5 1.618  0.239

893 s (temp.wintspr2) 1 1.5 5.992 0.023

894 s (zoopl.nc.south) 1 1.5 0.002 0.991

895 Dev. expl.= 0.722 GCV= 1.287 n =17

896

897 ¢. Recruitment with zooplankton abundance in both transects as covariate:
898 edf Ref.df F p-value

899 s (log.msb) 1 1.5 0.632 0.506

900 s (var.thresh) 1 1.5 10.595  0.004

901 s (cod.subadl) 1 1.5 1.806 0.210

902 s (temp.wintspr2) 1 1.5 5.029 0.035

903 s (zoopl.south) 1 1.5 0.881 0.412

904 Dev. expl.= 0.742 GCv= 1.194 n =17
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Supplementary Figure 4. The effect of observation error on estimates of density
dependence: results of simulation. Let the abundance at two stages be X and Y,
respectively. We simulated that Y depend on X by the following formula:

log(Y) = b*log(X) + & (where ¢ represents random variation in survival; € is normally
distributed around zero). Then we simulated a measurement error in X, so we observe not
X but X'= X + y (v is measurement error), and estimated b using linear regression
between Y and X'. We let the standard deviation of log(X), the real value of b, and the
degree of measurement (observation) error y vary. The figures show the estimated values
of b (ordinate axis) compared to the real values (abscissa axis); unbiased estimates should
lie on the dashed line (indicating ordinate=abcissa). In panel a-c, we show the result when
three levels of measurement error (y) are used, given as the coefficient of variation (CV;
standard deviation in y as percentage of X; i.e., a coefficient of variation of 30% means
that 95% of the measured X values are within +/- 60% of the real X values). It is clear
that as long as the variation of X is modest, b is underestimated when there is
measurement error (and density dependence, given as 1-b, is overestimated). However, if
the variation in X is large (standard deviation of log(X) > 1), bias is small even when
measurement error is considerable. Panel (d) shows that due to the inclusion of
measurement error, the variation in measured X, i.e., sd(log(X")), is slightly higher than
the variation in the real X. Horizontal lines indicate sd(log(X")) for the capelin data,
which is 1.38, 1.67 and 1.75 for the transitions between stages 1-2, 2-3 and 3-4,
respectively. For these values, sd(log(X)) = sd(log(X")) even if measurement error is large

(CV=30%). Therefore, the bias in b (panel a-c) can also be expected to be small.
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