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Abstract

The krill surplus hypothesis, by Laws (1977), induces a number of biological predictions. In

particular, one would expect that as larger whale species increase in abundance, other krill-

eating species would suffer. The Antarctic minke whale is a less efficient krill-eater than the

large baleen whales. Thus, the abundance of Antarctic minke whale is expected to decrease,

and this effect should first manifest itself through a decrease in body condition, as the whales

encounter less favourable feeding conditions. In this paper we analyse body condition data for

a large number of Antarctic minke whales caught between 1987 and 2005. We provide careful

modelling of five different measurements, all of which are assumed to be correlated with body

condition. Further, we conduct model selection with the focused information criterion (FIC),

reflecting the fact that we have a clearly specified research question, which leads us to a clear

focus parameter of particular interest. We find that there has been a substantial decline in

body condition over the study period.

Key words: Antarctic minke whale, body condition, focused information criterion, FIC plot, linear

mixed effects model, model selection.

1 Introduction

Baleen whales typically accumulate fat during the summer feeding season at high latitudes and

migrate to lower latitudes for reproduction. Whale blubber serves as energy storage and is also

important for thermal insulation (Parry, 1949; Lockyer et al., 1984). The fat stores in the whale

body have therefore been used as indicators of body condition. Blubber thickness, total fat weight

and whale girth have all been found to increase during the feeding season (Lockyer, 1981). Interest

lies in the potential changes in body condition of minke whales, because these could herald deeper

transformations in the Antarctic ecosystem.

Krill are the main prey species for all baleen whales and many seal and penguin species in the

Antarctic Ocean. When the large baleen whales were hunted down to very low population levels,
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especially in the period from the mid-1920s to the mid-1960s, the consumption of krill by these

whales decreased substantially. Laws (1977) hypothesised that large amount of krill in this period

became available for other krill-eating species, among them minke whales, which were never hunted

for whale oil. This has been called the krill surplus hypothesis. From the late 1960s the populations

of large baleen whales have been increasing, best documented for blue and humpback whales, which

in recent years have been increasing by about 8% per year according to the International Whaling

Commission (IWC, 2019). According to the krill surplus hypothesis a response by the minke whales

should be expected, first on the individual minke whale, later as a population response. In this

paper we will provide quantitative evidence of a potential reversal of the original krill hypothesis

effect.

The Japanese whale research programme (JARPA, later called JARPA 1) was carried out

during 18 years between 1987 and 2005. Sampling of minke whales typically took place between

early December and late March. In addition to variables related to genetics, reproduction, en-

docrinology and content of pollutants, five variables with assumed relation to body condition were

recorded: total weight of fat dissected from the whale body (mainly blubber and intestinal fat),

blubber thickness measured at two well defined lateral points on the body surface, and girth again

at two well defined points. Figure 1 shows the position of the blubber thickness and the girth

measurements. For the previous and current analyses of body conditions only measurements from

sexually mature males and pregnant females have been used (nearly all mature female minke whales

were pregnant at the time of capture). The total number of mature whales sampled during the

18 years is 4704. Girth and blubber thickness measurements are available from almost all these

whales. The dissection of fat tissue was time consuming and was only carried out on the first whale

sampled each day. There are therefore only 683 observations of the fat weight variable.

Figure 1: A Minke whale with position of blubber thickness and half girth measurements. Open

triangle: position of the umbilicus. Arrows: half girth measurements; axilla and umbili-

cus. Closed circles: Lateral points for blubber thickness measurements; BT7 above the

umbilicus, and BT11 below the dorsal fin.

Three of the five variables mentioned above, one blubber thickness value, one girth measure-

ment, and fat weight, were first analysed in Konishi et al. (2008) using multiple stepwise linear

regression. The analyses indicated that blubber thickness, girth at umbilicus and fat weight had

been decreasing over the JARPA period. The decrease per year was estimated at approximately

0.02 cm for mid lateral blubber thickness and 17 kg for fat weight, corresponding to 9% for both

measurements over the 18-year period.

At the 2011 meeting of the Scientific Committee (SC) of the IWC a paper was presented

suggesting that the linear regression model assumed in Konishi et al. (2008) might have been

inappropriate since it did not account for various forms of possible heterogeneity and interactions

(de la Mare, 2011). Since then many different mixed-effects models have been proposed and
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discussed in the SC of IWC. Model selection has been carried out with model selection criteria like

the AIC or BIC, see Konishi & Walløe (2015). Both the choice of criterion and various aspects of

the modelling have been subject to discussions and criticism in several subsequent meetings, see

e.g. de la Mare et al. (2017); McKinlay et al. (2017).

Here we will address the question of body condition decline once again. We see our contribution

in this article as two-fold. First, we propose, motivate, and analyse a larger, and in our opinion

more biologically plausible, model than has been used in the previous analyses. We call this model

the wide model. Secondly, and crucially, we perform model selection with the focused information

criterion (FIC). The FIC framework is perfectly suited for the problem at hand, because we have

a clear question of main interest, which can be translated into a well-defined focus parameter. The

main topic for the discussions in the IWC-SC has concerned whether there has been a decline in

body conditions during the 18 JARPA years or not. The FIC is in widespread use, in several

application areas, though so far with limited influence in biology. It has earlier been used in

Hermansen et al. (2016) for determining the autoregressive order of the Hjort index for the skrei

(Gadus morhua), and it is hoped that the present article contributes to its further use in applications

with mixed effects models.

2 Methods

2.1 Model building

As stated in the introduction, we study the evolution of body condition during the 18 year JARPA

period. We have measurements of five variables which are considered to be proxies of body con-

dition; fat weight, blubber thickness at two sites (BT11 and BT7), and half girth at two sites

(umbilicus and axilla). These variables will serve as the response variables in our analyses. Since

all the response variables are meant to reflect body condition we only specify one wide model to

be used for all responses. We will present the results for fat weight and BT7 in Section 3 of the

main text. The results for the other responses are given in the supplementary material.

In some species, the evolution of body condition could perhaps have been studied by repeatedly

sampling the same animals over time. Assessing the body condition of a living minke whale is

impractical, however, and we therefore have to resort to careful modelling. In order to obtain

a correct impression of the evolution in body condition the model needs to adjust for all factors

which potentially influence, or explain, the body condition of the captured whales. For each whale,

we have measurements of several independent variables that are potentially relevant for explaining

differences in body condition: the year of capture, the date within each year, the sex, the body

length, the body mass, the length of foetuses for the females, the age, different spatial covariates

like latitude and longitude, and, finally, the binary indicator diatom which denotes whether the

whales had little or substantial diatom coverage. Diatom coverage is assumed to increase with time

spent in cold waters (Lockyer, 1981).

In order to decide which covariates to include one has to consider available biological knowledge

and also the basic statistical fact that one should only include variables which are (potentially)

influencing the body condition, and not those that are influenced by body condition (i.e. we do

not want to condition on something that is an effect of body condition). As an example, take the

variable foetus length. The length of a foetus is a function of time since reproduction, but it is

also likely to be influenced by body condition. Since this variable thus has a somewhat unclear
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relationship with body condition, we do not include it in our models. Similar arguments lead us

to omit total body mass as a covariate in our models.

According to prior biological knowledge, the date of capture will be an important covariate

when modelling the body condition. The whales are on their feeding grounds and are thus expected

to undergo a large improvement in body condition over the season. The coefficients related to the

date within each year will therefore be describing the daily increase in body condition for minke

whales on their feeding grounds. Since diatom coverage is meant to be an indicator of time spent

in the Antarctic feeding grounds it is likely to be positively correlated with the date of capture,

but two different whales captured on the same date may have arrived to the feeding grounds at

different times and this would influence their body conditions. Another important variable is the

body length. This variable is meant to adjust for the fact that larger whales will have thicker

blubber and more fat than smaller whales, even though they may actually have the same body

condition. Age and body length have quite strong positive correlation, but we have chosen to

include both. Some of the proxies for body condition might change with age, also after maturity.

The sex of the whales is likely an important covariate; previous studies have reported sex-specific

differences in for instance blubber thickness (Lockyer, 1981).

Food availability is generally expected to be greater in higher latitudes, and previous models

have sometimes included latitude as a linear covariate. The whales are believed to be fairly mobile,

however, and there is therefore little reason to believe that the latitude at the time of catch will be

strongly related to body condition. We have therefore not included latitude in our current model.

We include a factor region which denotes one of three different areas where the whales were caught

(West, East, and Ross Sea), see Figure 2. Prior studies indicate some degree of genetic segregation

between minke whale populations in different parts of the Antarctic (Pastene & Goto, 2016); these

regions could have different environmental conditions leading to different food availability, and

subsequently to different body condition.

Figure 2: The points indicate the locations where whales were caught. The colours indicate three

different regions. The map was made using the maptool package (Bivand & Lewin-Koh,

2019).

Preliminary explorative analyses reveal that most of the continuous covariates described above

have a fairly linear relationship with body condition, except for date and year for which we allow

quadratic relationships with the response. Further, we include a generous number of interaction
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terms. Several of these terms are likely to be small, but we want our wide model to be flexible

and include all potentially relevant effects. The reasoning behind the interaction terms is often

quite self-explanatory; it is e.g. natural that the relationship between body condition and body

length might be different for males and females, and therefore we include the interaction between

body length and sex. Certain three-way interactions are also included, e.g. between body length,

sex, and date, since the rate at which energy accumulates during the season might be different for

whales of different length and sex. We also let the relationship between body condition and time

(both year and date) be different in the three different regions.

Finally, we include random effects, and our regression model falls therefore into the class of

mixed effect models, see Demidenko (2013); Pinheiro & Bates (2000). Mixed effect models are

often used when the observations form natural groups, which typically correspond to observations

collected in the same space or time. For our JARPA dataset we let the groups be defined by the

year of capture, and this variable thus defines 18 groups (one for each year). We let the random

effect influence both the intercept and the terms related to date. This means that each year will

have a potentially different intercept, and potentially different coefficients for date and date2.

As an alternative to a mixed model, one could have included year as a categorical variable with

interactions with the date terms. The choice of modelling a particular factor as a fixed or random

effect can be based on both pragmatic arguments, and on the perceived realism of the model.

In our case, a pragmatic argument is that the fixed effect option would result in a much larger

number of parameters to estimate (17×3 rather than 6). Besides, we find it natural to assume that

body condition is influenced by many random processes with yearly variations. Particularly, the

relationship between body condition and date could be different from year to year due to random

fluctuations in krill production.

The wide model thus arrived at can be presented with the following R-type notation:

y ∼ year + year2 + bodylength + sex + diatom + date + date2 +

age + sex ∗ diatom + diatom ∗ date + diatom ∗ date2 +

bodylength ∗ sex + bodylength ∗ date +

bodylength ∗ date2 + sex ∗ date + sex ∗ date2 +

bodylength ∗ sex ∗ date + bodylength ∗ sex ∗ date2 + (1)

age ∗ sex + age ∗ date + age ∗ date2 + age ∗ sex ∗ date +

age ∗ sex ∗ date2 + year ∗ sex + year2 ∗ sex + region +

year ∗ region + year2 ∗ region + sex ∗ region +

diatom ∗ region + region ∗ date + region ∗ date2 +

(1 + date + date2 | year).

This model has p = 40 fixed effect coefficients. The notation (1 +date+date2 | year) specifies the

random effect structure. The random effect structure defines a symmetric 3× 3 covariance matrix,

giving 6 additional parameters. Including the residual variance we have a total of 47 parameters

to estimate.

Some initial investigations reveal that the residuals are close to normally distributed (see

supplementary material), and we are therefore within the class of linear mixed effects models.

We fit our models using the lme4 package, see also Bates et al. (2014). The covariate date

was standardised to help convergence, and body length was centred. We defined the interactions
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between year and factor variables, i.e. region and sex, as sum-to-zero contrasts. This ensures that

βyear and βyearsq can be interpreted as the parameters governing the overall yearly decline, and

not the yearly decline for say males in some particular region. The parameters βyear and βyearsq

are the coefficients related to year and year2 respectively, see (1).

There were some incomplete observations for each response, and we ended up with the following

numbers of observations for each variable: 683 for fat weight (in kg), 4318 for BT7 (in mm), 4306

for BT11 (in mm), 4298 for umbilicus girth (in cm), and 3518 for axillary girth (in cm).

2.2 Confidence curves

Confidence curves are a useful tool for presenting all aspects of frequentist inference for the pa-

rameter of interest. They belong to the wider topic of confidence distributions, which is given a

thorough treatment in Schweder & Hjort (2016). Within the scope of this article, it is sufficient

to understand how these curves must be interpreted; for example in the upper right panel of Fig-

ure 3. Along the x-axis we have potential values of the parameter of interest, while the y-axis

gives different degrees of confidence. The confidence curve points towards the point estimate of the

parameter, here −8.9. In addition, confidence intervals at all levels can be read off the curve. For

instance, if we are interested in the 95% interval, we find it by reading off where the curve crosses

the 0.95 line (marked in red in the figure).

2.3 Model selection with FIC

The main distinction between FIC and various other information criteria is the presence of a focus.

The focus parameter, here denoted by µ, is a quantity of interest that depends on the model

parameters and is estimable from the data. In our model selection problem we will specify nine

candidate models in addition to the wide model given in (1), and hence have ten estimators for µ.

Each such estimator, say µ̂M for a candidate model M , comes with its own bias and variance, say

bM and τ2M . Thus, for each candidate model there is a corresponding mean squared error (mse)

mseM = τ2M + b2M . (2)

The basic idea of the FIC is to estimate these mse values from the data, for the wide as well as for

each candidate model, i.e. to construct

FICM = m̂seM = τ̂2M + b̂sqM , (3)

with the second term indicating estimation of the squared bias bsqM = b2M . In the end one selects

the model with the smallest estimated mse.

There are a couple of different strategies for the actual computation of the FIC scores, see

e.g. Claeskens, Cunen & Hjort (2019) for an accessible review. The different strategies all have the

same goal, but use different mathematical tools, and can therefore have somewhat different forms.

In our case we use the formulas from Cunen, Walløe & Hjort (2019), which are derived specifically

for the class of linear mixed effects models. All FIC strategies require the biases and variances in

(2) to be defined with respect to a wide model. The wide model is thus assumed to be the true

data-generating mechanism; we come back to this assumption in the discussion.

As explained in the introduction, the parameter of main interest in the IWC discussions has

been the yearly decline in body condition. A natural focus parameter should therefore be related
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to this yearly decline. Since we have a quadratic year term in our wide model, with that part

taking the form βyearx+ βyearsqx
2 for year x, a natural definition of the overall yearly decline is

µ = βyear + 2βyearsqx0, (4)

with x0 the mean year in the dataset. The focus parameter corresponds to the derivative of the

mean response, with respect to year, and evaluated in this mean year time point. This focus

parameter can also be interpreted as the overall slope, the mean curve evaluated at the end point

minus its value at the start point, divided by the length of time. For candidate models with only a

linear relationship between body condition and year the term simplifies to βyear only. Furthermore,

for those candidate models where the fixed effect of year is not included, we have βyear = 0, a

parameter value which then is estimated with zero variance but with potentially big bias.

When a model has been chosen via a model selection procedure, the ensuing inference needs

to take the first-step model selection uncertainty into account, to avoid too small p-values, etc.;

see Claeskens & Hjort (2008, Ch. 7). In order to avoid this problem, we have chosen a simple, but

conservative approach. We randomly split the dataset in two, and use the first half for the model

selection procedure and the second half for inference (estimating coefficients, making confidence

curves). So, the estimates (and corresponding test-statistics) and the FIC scores are computed

using two different halves of the dataset. This entails that we lose quite a lot of power and that

our confidence curves after model selection should be considered conservative.

Table 1: Brief description and number of parameters in the wide model and nine candidate models,

p is the number of fixed effect parameters, k is the number of random effect components

and d is the total number of parameters.

Description p k d

M0 wide model 40 3 47

M1 like M0, but without fixed year terms 32 3 39

M2 like M0, but without interactions 11 3 18

M3 like M2, but without region 9 3 16

M4 like M3, but with linear year effect and one interaction 7 3 14

M5 like M2, but with less random effects 11 2 15

M6 like M5, but with less random effects 11 1 13

M7 like M3, but with linear year and date effect, without diatom 6 2 10

M8 like M7, but with less random effects 5 1 7

M9 only linear year term and random intercept 2 1 4

The nine candidate models we have examined are briefly described in Table 1 and given in

full in Section A of our appendix. These correspond to nine different simplifications of the wide

model, and most of them correspond to careful biological plausibility considerations. Our model

analysis and model selection machinery can with relative ease also handle many more models, also

those that would be automatically generated by taking all further submodels of a given type, etc.

Keeping the list of candidate models relatively small is however beneficial, not merely because of

the numerical burden, but because the final analyses risk becoming less clear when also not-well-

argued candidate models are included. Model M1 is of particular importance. This model is the
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same as the wide, but without any continuous year terms (so year is only serving as the factor

specifying the group structure for the random effects). The focus parameter will therefore simply

be equal to zero in this model, and will also have zero variance. The performance, in terms of

FIC, of this model compared to the ones containing the focus parameter constitute an implicit test

of the ‘significance’ of the yearly decline: if M1 is favoured by FIC, this would indicate that the

yearly decline is very small compared to the variance of the estimator.

3 Results

Here we present the results for fat weight and BT7; the analyses for the other responses are found

in the appendix. First, we present the fitted wide model by means of various figures. Then we

carry out model selection with FIC, and present the inference for the winning model, i.e. the model

favoured by FIC. After fitting, it is crucial to evaluate whether the wide model adequately fits the

data. This is also important for the use of FIC, since the performance of the framework relies on

the wide model being close to the true data-generating mechanism. We comment on the use of

diagnostic plots in Section 1 in the supplementary material, and there we also display a number of

diagnostic plots.

3.1 Analysing the wide model

The full fitted wide model for fat weight, and all the other responses, is given in Section B of the

appendix, but some results of particular interest are displayed in Figure 3. Regression estimates

are not straightforward to interpret in a model containing a large number of interaction terms,

and we therefore illustrate the effect of some explanatory variables by predictor effect displays, see

for example Fox & Weisberg (2018): demonstrating the predictor’s estimated contribution with

respect to the response variable. The explanatory variables not involved in each effect plot are

taken at their mean value.

As explained above, the main focus of our analysis lies in quantifying the yearly decline in

body condition. The estimated relationship between fat weight and year, along with pointwise

95% error bands, is found in the top left panel of Figure 3. Clearly, the quadratic year term is not

very large. We have allowed for region- and sex-specific year terms, and these are displayed in the

same panel (red for females, blue for male). For fat weight, these interaction terms are relatively

small compared to their standard errors. In the top right panel, we see the confidence curve for

the overall yearly decline, our main inferential summary for the focus parameter given in (4). The

point-estimate is −8.9 kilograms. From the confidence curve we can read off confidence intervals

of all levels, for instance the 95% interval which is equal to [−15.1,−2.7]. The confidence curve

demonstrates that the overall yearly decline is negative and significantly different from zero at all

reasonable levels.

The relationship between date and fat weight is displayed in the two bottom panels of Fig-

ure 3. As expected, the fat weight increases considerably throughout the season. On the left,

we see the general estimated seasonal evolution in black with pointwise 95% error bands. Here

again, the quadratic term is small, and the overall relationship close to linear. There are however

some differences in the seasonal evolution between males and females, and especially for whales of

different diatom loads. We will come back to these differences in the discussion. On the right, we

still have the general estimated seasonal evolution with error bands in black, but now the coloured
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Figure 3: Fat weight. Top left: predictor effect display for year; the overall year effect (black), with

pointwise error bands (black, dashed); female whales in red, male whales in blue; dark

colours represent the Western region, medium light colour represents the Eastern region,

and lightest colour represents the Ross Sea. Top right: confidence curve for the overall

yearly decline in the wide model. Bottom left: predictor effect display for date; overall in

black, in the two sexes, and for low (dark) and high (light) diatom load. Bottom right:

predictor effect display for date; the coloured lines represent the seasonal evolution in

the 18 different years.

lines represent the seasonal evolution in the 18 years of study. This is the random effect of year.

We see that the relationship between fat weight and date is somewhat different from year to year.

Figure 4 displays the main results of fitting the wide model to BT7. We see that the rela-

tionship between this response and year seems to vary more across sex and especially regions than

for fat weight (top left panel). Still, the overall relationship with year is very close to linear. The

yearly decline is the most pronounced in the Western region, for both male and female whales.

There, the whales experienced a relatively steep decline in blubber thickness in the first half of the

study period, before the decline flattens out in the second half. For the Eastern region and the

Ross sea, the decline in blubber thickness seems much less pronounced. Despite these differences,

the overall yearly decline is negative and significant (top right panel). The point-estimate for the

decline in the mid-point year is around −0.15 mm; the 95% confidence interval is [−0.27,−0.02].

The overall relationship between date and BT7 (bottom left panel) is relatively similar to the

seasonal evolution in fat weight. Male whales seem to have a lower blubber thickness than females

at the beginning of the season, but experience a faster increase with date. For whales with low

diatom load, the increase is the fastest at the end of the season. There seems to be substantial

variation in seasonal evolution between the years, giving support to the inclusion of random effects

of year influencing the effect of date (bottom right panel).
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Figure 4: BT7. Top left: predictor effect display for year; the overall year effect (black), with

pointwise error bands (black, dashed); female whales in red, male whales in blue; dark

colours represent the Western region, medium light colour represents the Eastern region,

and lightest colour represents the Ross Sea. Top right: confidence curve for the overall

yearly decline in the wide model. Bottom left: predictor effect display for date; overall in

black, in the two sexes, and for low (dark) and high (light) diatom load. Bottom right:

predictor effect display for date; the coloured lines represent the seasonal evolution in

the 18 different years.

For the three remaining responses, we provide figures similar to Figures 3 and 4 in the sup-

plementary material. These figures demonstrate that most of the principal patterns in the data

are consistent across the five responses: the relationship between the response and year is negative

and significant, but with some differences between males and females, and in the three regions.

The relationship between the response and date is positive, but the seasonal evolution is somewhat

dependent on diatom coverage and sex, and is also different in the 18 years of study. We come

back to these findings in the discussion.

3.2 Model selection

The main results in this section are presented in the form of so-called FIC plots, see for example

the left panel of Figure 5 below. Along the x-axis we have the square roots of the FIC scores, i.e.

our estimates of the root mean squared error of the focus parameter. A lower FIC score means

that the model gives a more precise estimate of the focus parameter. On the y-axis we give the

estimates of the focus parameter, in our case, the overall yearly decline. As explained in Section 2,

we have chosen to randomly split the dataset in two, and use the first half for the model selection

procedure and the second half for inference (estimating coefficients, making confidence curves).
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The FIC scores and the confidence curves are therefore computed using two different halves of

the dataset. This entails that the curves for the wide model might differ somewhat from the ones

presented in the previous section.

●

●

●

●

●

●

●

●

●

●

0 2 4 6 8 10

−
12

−
10

−
8

−
6

−
4

−
2

0

FIC

µ̂

M0

M1

M2

M3

M4

M6

M8

M9

M5

M7

−20 −15 −10 −5 0 5

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

µ

co
nf

id
en

ce
 c

ur
ve

s

5 10 15

14
00

15
00

16
00

17
00

18
00

year
fa

t w
ei

gh
t

Figure 5: Fat weight (in kilograms). Left: FIC plot. Middle: Confidence curve for the overall

yearly decline, computed after model selection, wide model in black, winning model in

green. Right: predictor effect display for year in the wide and winning model.

For fat weight we see that the models M2, M3 and M5 were considered best according to FIC.

In fact, all these three models obtained a FIC score equal to zero. This might strike some readers

as somewhat surprising, but it simply indicates that the true mean squared error associated with

these models is likely to be small. The wide model M0 obtained a root-FIC score of around 4,

while the model without fixed year effect, M1, obtained a considerably larger score of around 10.

Since M5 is the smallest (in terms of number of parameters) among the three models with minimal

FIC scores, we have chosen to proceed with this model. The confidence curves in the middle panel

of Figure 5 clearly show that the winning model has lower variance than the wide model, with

a minimal of bias. In the right panel, we plot the estimated relationship between fat weight and

year from both models. Here, we see that the yearly decline in the winning model, M5, truly

approximates the yearly decline in the wide model (especially in the mid-point year, as expected

according to our choice of focus parameter).

With BT7, the winning model was also M5, see the left panel of Figure 6. For this response

also, the model without any fixed year effect, M1, was considered a lot worse than all the other

competitors. In this case, the expected reduction in variance is not apparent from the confidence

plot in the middle panel. This could be due to randomness from the data-splitting Note also that

the wide model M0 and the winning model M5 are not actually considered very different (in terms

of precision of the focus parameter) by the FIC procedure. The two curves in the right panel look
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somewhat different; this illustrates a possible drawback for our choice of focus parameter, which

only considers the mid-point year. Still, the difference in these two curves would not change our

conclusion on the decline over the full study period.
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Figure 6: BT7. Left: FIC plot. Middle: Confidence curve for the overall yearly decline, computed

after model selection, wide model in black, winning model in green. Right: predictor

effect display for year in the wide and winning model.

For the three remaining responses, the winning models were M3 for BT11 and axillary girth

and M4 for umbilicus girth; see the supplementary material. For all three, M1, the model without

fixed year terms, was considered the worst. For the two girth measurements, the FIC procedure

chose models which produced focus parameter estimates with very little bias (compared to the

wide model), and with a clear reduction in variance. The results were less conclusive for BT11,

and this could again be due to the randomness induced by the data-splitting.

4 Discussion

Our analyses give strong evidence that the body condition of minke whales suffered a decrease in

the 18-year period from 1987 to 2005. We will start by discussing the analysis of the wide model

and comment on some aspects of the fitted model which have interesting biological implications.

We also will contemplate potential weaknesses of the chosen model, and report on some sensitivity

tests. Then, we will discuss our FIC results, and argue that the FIC framework has yielded insights

of biological relevance, and strengthened our conclusions on the body condition decline. We will

also comment on some potential limitations of the FIC framework, and the relationship between

FIC and other selection criteria. Finally, we will discuss the wider significance of our findings

and argue that the decline in body condition in minke whales is likely related to a reversal of the
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original krill surplus hypothesis.

4.1 Interpreting the fitted wide model

Despite its large number of parameters and hence large variances, the wide model supports the

hypothesis of a gradual decline in body condition throughout the period. This decline is found

in all five response variables, though naturally these sources of information cannot be taken as

independent since they are all assumed to be proxies of the same quantity. The decline is fairly

linear, but for some of the responses we see a slight levelling off towards the end of the period.

Over the period, the five response variables exhibit declines of about 10% for fat weight, 7% for

the two blubber thickness measures and around 3% for the two girth measures. These numbers

are obtained by considering the difference between the fitted response value in the first and last

year. Further, there are indications of differences between the three regions. For fat weight, BT7

and BT11 it is only in the Western region that we see a clear decline, while for the two girth

measures all three regions sport a clear decline. It is not clear how to interpret these results, and

one must be careful not to over-interpret non-significant differences between the regions. Also,

keep in mind that the Western region has the most observations. Still, differences in the evolution

of body condition could be rooted in differences in krill species and in differences in krill-eating

competition between the regions. In the East and West regions, Euphausia superba is the krill

species, while in the Ross Sea it is Euphausia crystallorophias (Murase et al., 2013). Minke whales

in the East and West compete for krill with humpback whales, but these do not go into the Ross

Sea.

The fitted wide model reveals other interesting features besides the evolution of body condi-

tion over time. In particular, there are interesting differences in seasonal evolution (‘date effect’)

between males and females, between whales of different diatom coverage and between the different

years. For a given date, whales with low diatom load will have lower body condition than whales

with high diatom load, but this difference appears to become less pronounced towards the end of

the season (at least for fat weight, males BT7, males BT11, males axillary girth). This fits well

with the interpretation of diatoms as a measure of time spent in Antarctic grounds: low diatom

whales are newer arrivals, and it is therefore not surprising that they should be leaner than the

whales that have been longer on the feeding grounds. As the season progresses the difference tends

to even out. In general, the female whales appear to have a higher body condition than males, but

their increase in body condition over each feeding season appears to be slower than for the males.

This effect is especially apparent for BT7 (Figure 4) and BT11 (Figure 7 in the supplementary

material), and only somewhat visible for fat weight (Figure 3). The unusually high relative fatness

of pregnant females compared to adult males has been observed for other baleen whales too, see

Lockyer (1981). Female baleen whales come to the feeding grounds earlier in the season than male

whales, which could provide a partial explanations for the differences in seasonal evolution.

Our model used year both as a fixed effect covariate with a quadratic shape, and as the group

indicator for the random effects, ensuring that the intercept, date and date2 terms are different

for each year. In this way, we remove some of the year specific variation that could have gone into

the fixed effect year term, and let it go into the random terms instead. This can explain why our

estimates of the yearly decline are of somewhat smaller magnitude than the estimates found in

previous studies where random effects were not used in the same way (Konishi et al., 2008; Konishi

& Walløe, 2015). In this sense, our wide model can be considered conservative. From the fitted
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Figure 7: The scaled fitted random effects for each year for each of the five responses. The three

panels correspond to the random effects influencing the intercept (left), date (middle)

and date2 terms (right). In order to show them on the same figure the fitted random

effects have been scaled with their respective mean response values (the y-axes are thus

not directly interpretable).

wide model one can obtain the 18×3 fitted random effects (called conditional modes of the random

effects in parts of the literature). In Figure 7 we look at scaled versions of the these quantities,

where we have divided the fitted random effects in each of the five analyses with its respective mean

response value. The goal is simply to be able to display the five sets of fitted random effects in the

same figure. We note that the fitted random effects are quite consistent in the five responses. For

example, year five has a larger than usual intercept value for fat weight and also for BT7, BT11,

and umbilicus girth. The figure also points to years which can be considered as particularly ‘good’

or ‘bad’ for body condition according to the random year effect. Good years are characterised by

unusually large intercepts, i.e. bigger average body condition, or unusually large date coefficient,

i.e. faster increase in body condition over the season, or both. The random effect on the date2

coefficient is less straightforward to interpret. The random effects of intercept and date are quite

strongly correlated. Both indicate particularly good years in year 5, 12 and 16 (and to a lesser

extent in year 9), and particularly bad years in 11, 15, 18 (and also 8).

Naturally, the results presented here can be somewhat sensitive to the choices involved in

building what we term the wide model. We have spent considerable energy in motivating our

choice and have strived to justify our choices with biological arguments. Note also that several of

the particular covariates have been the subject of discussions in the IWC-SC. We have investigated

several different versions of the wide model presented in this article. In particular, we have fitted

versions including latitude as a linear covariate, including foetus length for the females, and even

including total body mass instead of total body length. In all these versions the relationship

between body condition and year has remained essentially unchanged. The results thus seem

reasonably robust to moderate changes of the wide model.
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4.2 Model selection with FIC

The statistical models we have worked with, also the more complicated ones, are all parametric,

which means they are amenable to ranking and selection via the familiar AIC and BIC strategies.

Those methods aim at sorting through candidate models from an overall perspective, however,

balancing overall-fit with complexity, without taking on board the actual intended use of the fitted

models. The FIC, in contrast, actively takes the focused questions into account, via analysis of the

estimated precision of the different estimates of the focus parameter. The literature on FIC, see

e.g. Claeskens & Hjort (2008, Chs. 6-7), shows that model selection via FIC typically does better

than with overall-modus selectors, when it comes to what matters the most: precision of the final

estimators for the crucial parameters. The FIC methods of Section 2.3, by construction yielding

a ranking of candidate models, can also be supplemented with certain natural model averaging

estimators. We do not pursue this theme here, but taking suitable weighted averages of the best

estimates, in e.g. Figures 6 and 7, often lead to better final estimates; see Claeskens & Hjort (2008,

Ch. 7).

Interested readers should note that our FIC procedure can be conducted for different choices

of the focus parameter. The only requirement is that the user should be willing to express her

focus as a function of the parameters in the wide model. The choice of focus parameter will depend

on the main research question. Some researchers could for example be interested in studying the

whales with particularly high body condition, and could then specify a focus parameter related

to the probability of observing a minke whale with a body condition higher than some particular

value y0. Other researchers would perhaps be more interested in the seasonal evolution and choose

a focus parameter related to the date terms. Different focus parameters will usually led to different

winning models.

Our FIC analysis has provided us with two major insights. First, we obtained a simplification

of the wide model with considerably fewer parameters to estimate, and hence smaller variances,

but with very little bias in the estimation of the focus parameter. Through the winning model

we learn that even though some of the interaction terms in the wide model can be important and

interesting, they are not strictly necessary in order to estimate the overall yearly decline. We also

see that the random effect structure can be somewhat simplified. These insights can be used when

constructing models for similar data in the future. Second, the FIC analysis constitutes an implicit

test of the overall yearly decline. The model without any fixed year terms was not favoured by

FIC for any of the five responses, and this provides additional evidence that the fixed year terms

are of considerable magnitude compared to the variance in their estimation.

The FIC scores for all the candidate models are computed with respect to the wide model,

i.e. assuming that the wide model is the correct data-generating mechanism. One might inquire how

sensitive the FIC scores are to the choice of the wide model. We have conducted some sensitivity

checks and found that moderate changes to the wide model had little effect on the ranking of the

different candidate models. Also, for the wide models we have investigated, the estimate of the

focus parameter in the selected models was reasonably stable. Further, it is important to be aware

of the correct interpretation of the results of model selection with FIC. The wide model needs to be

given a good biological motivation, but the winning model should not be interpreted as being close

to the true data-generating mechanism. The winning model is only supposed to serve a particular

purpose: provide precise estimates of the focus parameter.
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4.3 Explaining the decline in body condition

The data and modelling indicate a decline in body condition during the JARPA years. Once this

fact has been established one needs to provide reasonable causal mechanisms for the observed

decline. One potential explanations concerns industrial whaling and the krill surplus hypothesis;

we will start by some historical remarks along these lines. The modern type industrial whaling

using steam ships and grenade harpoons was developed in the late 19th century, with whale oil

as the main commercial product. There were early concerns for possible overexploitation. Johan

Hjort (1902) wrote in a report to the Norwegian Parliament (our translation from Norwegian):

In my opinion, too many blue whales and fin whales are being caught at present. It

seems clear to me that the whale populations in the seas around the northernmost

parts of Norway are being appreciably affected by whaling, particularly where blue

whales and fin whales are concerned. What is more, the notion that the oceans contain

extraordinarily large numbers of whales is in my view a great exaggeration. I believe

that by continuing to take the same number of whales as at present, we will cause

their populations to decrease year by year, because they cannot breed fast enough to

maintain the number of individuals.

Whaling was prevented by law in Norwegian waters from 1904, but the whaling companies then

moved their activity to other parts of the North Atlantic, to the North Pacific, and to the Antarc-

tic Ocean. The introduction of factory ships with a stern slipway from 1927 led to a dramatic

increase in whale catches, and from then on a large number of humpback, blue and fin whales were

taken from all regions of the Antarctic Ocean. Again Johan Hjort was concerned about possible

overexploitation of humpback, blue and fin whales; this is also touched upon in his whaling and so-

ciology parable (Hjort, 1937). He managed to arrange an international conference in Geneva under

the League of Nations in 1930, but no agreement was obtained. Following another international

conference in 1938, the IWC was established in 1946, but without any real reduction in the over-

exploitation. This hunt for large baleen whales was only closed in the 1960s when the commercial

hunt was no longer profitable because of a low number of whales in the Antarctic Ocean. Richard

Laws estimated in 1977 “that the stocks of baleen whales have been reduced by whaling – blue,

fin, sei and humpback combined to about 18% of their former numbers. The humpback and blue

whales are hardest hit, having been reduced to about 3 and 5% of the estimated initial stocks.”

Minke whale is a baleen whale, but it was never hunted for oil because it has only a thin

layer of subcutaneous blubber. Thus there are no abundance estimates from the industrial whaling

period. In 1986-1991, the abundance was estimated to about 700 000 by Japanese circumpolar

research cruises (IWC, 2019). Crab-eater and fur seals, along with some penguin species, increased

considerably in numbers between 1930 and 1960. The mean age at sexual maturity for crab-eater

seals decreased from 5 to 3 years, and for fin whales from 8 to 4 years. In the same period, the

pregnancy rate for blue whales increased from 30% to 50%. All of these species are mainly krill

eaters. A well-documented decline in mean age at sexual maturity of minke whales from 13 years

for the 1940 cohort to 7 years for the 1970 cohort has been interpreted in a similar way (Thomson

et al., 1999), even if earlier abundance estimate for minke whales are not available. The krill

surplus hypothesis states that as the large krill eating whale species were hunted far down, large

amounts of krill became available for other krill eating species, among them minke whales (Laws,

1977). Humpback whales and blue whales are more efficient krill feeders than minke whales, and
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since blue whales and humpback whales have been increasing in number during the last decades

by a mean rate of 8% per year, it is expected that minke whales will suffer in the competition. A

decline in fat storage during the feeding season would be a first sign of such reversal of the ‘krill

surplus hypothesis’. Later an increase in mean age at sexual maturity could be expected.

Alternatively, the decline in body condition could be due to a reduction in krill abundance.

Such a reduction could for instances be due to changes in environmental conditions, for instance

climatic changes. This hypothesis is not directly testable (at least not yet) since there is little

available data, both on krill abundance and on the relationship between krill abundance and

environmental conditions in the Antarctic.

References

Bates, D., Maechler, M., Bolker, B. & Walker, S. (2014). lme4: Linear mixed-effects

models using Eigen and S4. R package version 1, 1–23.

Bivand, R. & Lewin-Koh, N. (2019). maptools: Tools for Handling Spatial Objects. R package

version 0.9-8.

Claeskens, G., Cunen, C. & Hjort, N. L. (2019). Model selection via focused information

criteria for complex data in ecology and evolution. Frontiers in Ecology and Evolution [to appear]

.

Claeskens, G. & Hjort, N. L. (2008). Model Selection and Model Averaging. Cambridge:

Cambridge University Press.

Cunen, C., Walløe, L. & Hjort, N. L. (2019). Focused model selection for linear mixed models,

with an application to whale ecology. Submitted for publication xx, xx–xx.

de la Mare, W. (2011). Are reported trends in Antarctic minke whale body condition reliable?

IWC-SC/62/O16 16, 1–25.

de la Mare, W., McKinlay, J. & Welsh, A. (2017). Analyses of the JARPA Antarctic minke

whale fat weight data set. IWC/SC/67A/EM01 , 1–57.

Demidenko, E. (2013). Mixed Models: Theory and Applications with R. John Wiley & Sons.

Fox, J. & Weisberg, S. (2018). Visualizing fit and lack of fit in complex regression models with

predictor effect plots and partial residuals. Journal of Statistical Software 87, 1–27.

Hermansen, G. H., Hjort, N. L. & Kjesbu, O. S. (2016). Modern statistical methods applied

on extensive historic data: Hjort liver quality time series 1859-2012 and associated influential

factors. Canadian Journal of Fisheries and Aquatic Sciences 73, 279–295.

Hjort, J. (1902). Fiskeri og hvalfangst i det nordlige Norge. J. Grieg.

Hjort, J. (1937). The story of whaling: A parable of sociology. The Scientific Monthly 45, 19–34.

Hlavac, M. (2018). stargazer: Well-Formatted Regression and Summary Statistics Tables. R

package version 5.2.2.

IWC (2019). Whale population estimates. https://iwc.int/estimate. Accessed: 2019-10-10.

17

https://iwc.int/estimate


Konishi, K., Tamura, T., Zenitani, R., Bando, T., Kato, H. & Walløe, L. (2008). Decline

in energy storage in the Antarctic minke whale (Balaenoptera bonaerensis) in the Southern

Ocean. Polar Biology 31, 1509–1520.

Konishi, K. & Walløe, L. (2015). Substantial decline in energy storage and stomach fullness in

Antarctic minke whales during the 1990s. Journal of Cetacean Research and Management 15,

77–92.

Laws, R. M. (1977). Seals and whales of the Southern Ocean. Philosophical Transactions of the

Royal Society of London. B, Biological Sciences 279, 81–96.

Lockyer, C. (1981). Growth and energy budgets of large baleen whales from the southern

hemisphere. Mammals in the Seas 3, 379–487.

Lockyer, C., McConnell, L. & Waters, T. (1984). The biochemical composition of fin whale

blubber. Canadian Journal of Zoology 62, 2553–2562.

McKinlay, J., de la Mare, W. & Welsh, A. (2017). A re-examination of minke whale body

condition as reflected in the data. IWC/SC/67A/EM02 , 1–108.

Murase, H., Kitakado, T., Hakamada, T., Matsuoka, K., Nishiwaki, S. & Naganobu,

M. (2013). Spatial distribution of Antarctic minke whales (Balaenoptera bonaerensis) in relation

to spatial distributions of krill in the Ross sea, Antarctica. Fisheries Oceanography 22, 154–173.

Parry, D. (1949). The structure of whale blubber, and a discussion of its thermal properties.

Journal of Cell Science 3, 13–25.

Pastene, L. A. & Goto, M. (2016). Genetic characterization and population genetic structure of

the Antarctic minke whale (Balaenoptera bonaerensis) in the Indo-Pacific region of the Southern

Ocean. Fisheries Science 82, 873–886.

Pinheiro, J. & Bates, D. (2000). Mixed-effects Models in S and S-PLUS. Springer.

Schweder, T. & Hjort, N. L. (2016). Confidence, Likelihood, Probability: Statistical Inference

with Confidence Distributions. Cambridge: Cambridge University Press.

Thomson, R., Butterworth, D. & Kato, H. (1999). Has the age at transition of Southern

Hemisphere minke whales declined over recent decades? Marine Mammal Science 15, 661–682.

18



A Candidate models

The following candidate models were investigated, and compared using FIC. The wide model M0

is given in (1).

M1: the same as the wide model, but without any fixed year effects:

y ∼ bodylength + sex + diatom + date + date2 +

age + sex ∗ diatom + diatom ∗ date + diatom ∗ date2 +

bodylength ∗ sex + bodylength ∗ date +

bodylength ∗ date2 + sex ∗ date + sex ∗ date2 +

bodylength ∗ sex ∗ date + bodylength ∗ sex ∗ date2 +

age ∗ sex + age ∗ date + age ∗ date2 +

age ∗ sex ∗ date + age ∗ sex ∗ date2 + region +

sex ∗ region + diatom ∗ region + region ∗ date2 +

region ∗ date + (1 + date + date2 | year).

M2: the same as the wide model, but without interaction terms:

y ∼ year + year2 + bodylength + sex + diatom + date + date2 +

age + region + (1 + date + date2 | year).

M3: same as M2, but without region:

y ∼ year + year2 + bodylength + sex + diatom + date + date2 +

age + (1 + date + date2 | year).

M4: without region, age, year2 and most interaction terms, but with date-sex interaction:

y ∼ year + bodylength + sex + diatom + date + date2 +

sex ∗ date + (1 + date + date2 | year).

M5: like M2, but with simplified random effects structure:

y ∼ year + year2 + bodylength + sex + diatom + date + date2 +

age + region + (1 + date | year).

M6: like M2, but with even simpler random effects structure than M5:

y ∼ year + year2 + bodylength + sex + diatom + date + date2 +

age + region + (1 | year).

M7: same as M3, but without diatom and quadratic year and date terms:

y ∼ year + bodylength + sex + date + age + (1 + date | year).

M8: same as M7, but with even simpler random effect structure:

y ∼ year + bodylength + sex + +date + age + (1 | year).

M9: with random intercept and linear year tern:

y ∼ year + (1 | year).
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B Fitted wide models

The fitted wide models, for the full dataset. This table was created from lme4 output using the

stargazer package (Hlavac, 2018). Standard errors of estimates in parenthesis. Sex= 1 are males,

Sex= −1 are females. Diatom= 1 means high diatom load, Diatom= 0 means low. Region1 is

West, Region2 is East. Interactions between factors and year are sum-to-zero.

Fat weight BT7 BT11 Axillary girth Umbilicus girth

Intercept 1, 485.36 (67.12) 36.32 (1.29) 34.90 (1.65) 247.26 (4.49) 213.21 (3.02)

Year −34.79∗∗ (13.58) −0.15 (0.28) −0.15 (0.35) −3.42∗∗∗ (0.80) −0.42 (0.64)

Year2 1.36∗∗ (0.64) 0.0002 (0.01) −0.001 (0.02) 0.12∗∗∗ (0.03) −0.001 (0.03)

BLm 390.97∗∗∗ (27.61) 1.23∗∗∗ (0.40) 0.97∗∗ (0.47) 19.28∗∗∗ (0.88) 15.03∗∗∗ (0.73)

Age 4.79∗∗∗ (1.01) 0.01 (0.01) 0.04∗∗ (0.02) 0.42∗∗∗ (0.03) 0.15∗∗∗ (0.03)

Sex −52.96 (36.67) −2.09∗∗∗ (0.52) −1.55∗∗ (0.62) −2.96 (2.21) −1.16 (0.96)

Diatom 149.14∗∗∗ (22.66) 5.01∗∗∗ (0.30) 5.94∗∗∗ (0.36) 5.83∗∗∗ (0.66) 7.55∗∗∗ (0.56)

Date 137.53∗∗∗ (43.88) 2.83∗∗∗ (0.58) 3.77∗∗∗ (0.70) 3.89∗∗∗ (1.18) 6.26∗∗∗ (1.08)

Date2 40.11 (31.81) 0.63 (0.42) 0.63 (0.50) −0.45 (0.91) −0.43 (0.80)

Region1 10.53 (73.87) 1.63 (1.47) 0.76 (1.87) 0.27 (5.26) −1.45 (3.46)

Region2 53.29 (61.77) −1.97∗∗ (0.99) −1.73 (1.21) 3.68 (4.01) 3.64∗ (2.07)

Sex:Diatom −17.58 (16.57) −0.71∗∗∗ (0.23) −0.69∗∗ (0.27) −1.17∗∗ (0.49) −1.88∗∗∗ (0.42)

Diatom:Date −7.71 (15.87) 0.62∗∗∗ (0.22) 0.50∗ (0.27) 0.001 (0.48) 0.25 (0.41)

Diatom:Date2 −29.68∗∗ (14.63) −0.57∗∗∗ (0.20) −0.59∗∗ (0.24) −0.19 (0.43) −0.55 (0.37)

BLm:Sex −3.71 (27.54) 0.08 (0.39) −0.02 (0.47) 1.22 (0.87) 1.68∗∗ (0.73)

BLm:Date 20.51 (20.15) 0.39 (0.31) 0.40 (0.36) −0.30 (0.66) −0.80 (0.56)

Sex:Date 16.89 (18.99) 0.92∗∗∗ (0.27) 0.89∗∗∗ (0.32) 0.65 (0.58) 1.04∗∗ (0.50)

BLm:Date2 5.24 (18.80) −0.22 (0.29) −0.22 (0.34) −0.52 (0.62) −0.60 (0.53)

Sex:Date2 −13.67 (17.55) 0.34 (0.26) 0.14 (0.30) 0.16 (0.54) 0.01 (0.47)

Age:Sex −1.47 (1.02) −0.02 (0.01) −0.02 (0.02) −0.04 (0.03) 0.01 (0.03)

Age:Date −0.40 (0.77) −0.01 (0.01) −0.003 (0.01) −0.02 (0.02) 0.01 (0.02)

Age:Date2 −0.44 (0.70) 0.01 (0.01) 0.01 (0.01) 0.02 (0.02) 0.03 (0.02)

Year:Sex 10.50 (6.89) 0.14 (0.09) 0.18 (0.11) 0.05 (0.39) 0.05 (0.17)

Year2:Sex −0.50 (0.34) −0.005 (0.005) −0.01 (0.01) 0.002 (0.02) 0.004 (0.01)

Year:Region1 9.11 (15.98) −0.88∗∗∗ (0.33) −0.66 (0.42) −0.38 (0.96) 0.68 (0.77)

Year:Region2 −15.74 (13.02) 0.31 (0.22) 0.24 (0.27) −0.53 (0.72) −0.22 (0.46)

Year2:Region1 −0.62 (0.77) 0.04∗∗ (0.02) 0.03 (0.02) 0.03 (0.04) −0.03 (0.04)

Year2:Region2 0.84 (0.63) −0.01 (0.01) −0.01 (0.01) 0.02 (0.03) 0.004 (0.02)

Sex:Region1 −12.37 (11.48) −0.39∗∗ (0.16) −0.52∗∗∗ (0.19) 0.24 (0.34) 0.40 (0.29)

Sex:Region2 −6.39 (12.10) −0.002 (0.17) −0.08 (0.20) −0.31 (0.36) −0.49 (0.30)

Diatom:Region1 −21.53 (21.66) −0.15 (0.29) −0.57 (0.35) −1.22∗ (0.64) −0.69 (0.54)

Diatom:Region2 −1.70 (23.09) 0.63∗∗ (0.32) 0.65∗ (0.37) −0.79 (0.69) −0.83 (0.58)

Date:Region1 −50.12 (41.10) −0.11 (0.53) −0.37 (0.65) −1.15 (1.06) −2.77∗∗∗ (1.00)

Date:Region2 −15.49 (39.83) −0.19 (0.49) −0.34 (0.59) −0.33 (0.99) −1.50∗ (0.91)

Date2:Region1 7.26 (26.30) 0.21 (0.36) 0.71∗ (0.42) 1.78∗∗ (0.76) 2.29∗∗∗ (0.70)

Date2:Region2 20.15 (25.64) −0.06 (0.33) 0.04 (0.38) 0.51 (0.69) 0.50 (0.61)

BLm:Sex:Date 33.51∗ (19.64) 0.01 (0.30) 0.17 (0.36) 0.39 (0.65) 0.89 (0.55)

BLm:Sex:Date2 2.38 (18.34) 0.07 (0.28) 0.25 (0.34) −0.32 (0.60) −0.46 (0.52)

Age:Sex:Date −0.60 (0.77) −0.001 (0.01) 0.001 (0.01) 0.01 (0.02) −0.04∗∗ (0.02)

Age:Sex:Date2 0.01 (0.70) −0.02 (0.01) −0.01 (0.01) −0.01 (0.02) −0.01 (0.02)

Observations 683 4,318 4,306 3,518 4,298

Residual SD 174.7 6.26 7.4 12.19 11.47

Number of groups 18 18 18 18 18

SD Intercept 61.11 1.26 1.7 2.11 3.49

SD Date 41.47 0.65 0.95 1.16 1.4

SD Date2 18.11 0.52 0.56 0.97 1.2

Corr. Int. Date 0.84 0.74 0.61 0.33 0.66

Corr. Int. Date2 −0.67 −0.11 −0.29 −0.8 −0.66

Corr. Date Date2 −0.52 0.14 0.3 −0.11 −0.35

Note: ∗p<0.1; ∗∗p<0.05; ∗∗∗p<0.01
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C Fitted winning models

Fitted winning model, according to FIC. Note that these are fitted on the inference half of the

dataset. This table was created from lme4 output using the stargazer package (Hlavac, 2018).

Standard errors of estimates in parenthesis.

Fat weight (M5) BT7 (M5) BT11 (M3) Axillary girth (M3) Umbilicus girth (M4)

Intercept 1, 457.56 (55.31) 37.80 (1.36) 35.48 (1.85) 249.90 (4.66) 220.59 (1.55)

Year −16.04 (11.91) −0.51∗ (0.31) −0.44 (0.41) −4.21∗∗∗ (0.84) −0.44∗∗∗ (0.13)

Year2 0.41 (0.59) 0.02 (0.02) 0.02 (0.02) 0.16∗∗∗ (0.04)

BLm 405.36∗∗∗ (28.03) 1.45∗∗∗ (0.40) 1.26∗∗∗ (0.46) 19.48∗∗∗ (0.84) 17.10∗∗∗ (0.67)

Age 3.35∗∗∗ (0.97) 0.01 (0.01) 0.03∗∗ (0.02) 0.44∗∗∗ (0.03)

Sex −63.64∗∗∗ (12.97) −2.21∗∗∗ (0.19) −1.81∗∗∗ (0.22) −3.20∗∗∗ (0.38) 0.29 (0.34)

Diatom 123.75∗∗∗ (20.29) 4.47∗∗∗ (0.30) 5.08∗∗∗ (0.35) 4.71∗∗∗ (0.62)

Date 79.12∗∗∗ (12.73) 3.27∗∗∗ (0.20) 3.98∗∗∗ (0.34) 2.62∗∗∗ (0.37) 4.36∗∗∗ (0.48)

Date2 22.85∗∗ (9.73) 0.63∗∗∗ (0.14) 0.59∗∗ (0.27) 1.36∗∗∗ (0.43) 1.34∗∗∗ (0.48)

Region1 9.75 (18.41) −2.01∗∗∗ (0.48)

Region2 −0.43 (16.44) 0.01 (0.30)

Sex:Date 0.01 (0.29)

Observations 341 2,159 2,153 1,759 2,149

Residual SD 173.92 6.44 7.52 12.14 12.08

Number of groups 18 18 18 18 18

Residual SD 173.92 6.44 7.52 12.14 12.08

SD Intercept 37.19 1.48 2.52 2.55 3.3

SD Date 32.62 0.51 1.18 0.71 1.44

SD Date2 0.82 1.14 1.6

Corr. Int. Date 0.52 0.64 0.41 1 0.41

Corr. Int. Date2 −0.6 −0.78 −0.63

Corr. Date Date2 0.27 −0.78 −0.35

Note: ∗p<0.1; ∗∗p<0.05; ∗∗∗p<0.01
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