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Abstract

Proportional recruitment summarises the variability of new individuals entering a
population over time. Two parameters characterising proportional recruitment, the mean
and standard deviation of the interannual proportion of juveniles in the population, are
important inputs to the generalised yield model (Grym) when the proportional recruitment
option is being used to set fishery catches. The Grym is a simulation framework that can
define the amount of fisheries catch that is considered precautionary as defined by decision
rules. It is currently under consideration by CCAMLR for managing catches of Antarctic
krill. This study calculated proportional recruitment of krill from seven data sources in
Subarea 48.1 representing research trawl surveys, fishery observer data and predator diets.
Krill length-frequency distributions provided values of proportional recruitment from
each of these data sources using a range of alternative upper length bounds (‘thresholds’)
from 30 to 44 mm for defining juveniles. All datasets tracked the same interannual peaks
and troughs in proportional recruitment. Proportional recruitment parameters calculated
using the alternative thresholds from the same datasets varied widely. Across all data
sources and thresholds, the interannual mean proportional recruitment of krill varied from
0.02 to 0.76 with standard deviations varying from 0.03 to 0.3. The choice of length
threshold had a larger effect on the proportional recruitment parameters than differences
among datasets. The potential importance of size selectivity in krill samples, especially
if smaller bounds on the juvenile length threshold are assigned, could require adjusting
observed frequencies for the lower selectivity of smaller individuals. These results
highlight the importance of deciding which upper length bound and which data source(s)
to use to identify juveniles in calculating the parameters to be supplied to the Grym.

Résumé

Le recrutement proportionnel représente la variabilité des nouveaux individus rejoignant
une population au fil du temps. Deux paramétres qui caractérisent le recrutement
proportionnel, a savoir la moyenne et I’écart-type de la proportion interannuelle de
juvéniles dans la population, sont des données d’entrées importantes pour le modele de
rendement généralis¢ (Grym) lorsque 1’option de recrutement proportionnel est utilisée
pour établir les captures dans les pécheries. Le Grym est une structure de simulation
qui peut définir le niveau de captures dans les pécheries considéré comme prudent en
vertu des régles de décision. La CCAMLR I’envisage actuellement comme outil pour la
gestion des captures de krill antarctique. Dans cette étude, le recrutement proportionnel
du krill a été calculé d’aprés sept sources de données dans la sous-zone 48.1, provenant
des campagnes de recherche par chalutages, des données d’observateurs des pécheries et
du régime alimentaire des prédateurs. La distribution des fréquences de taille du krill a
fourni des valeurs de recrutement proportionnel pour chacune de ces sources de données
en utilisant une série de bornes supérieures de longueur alternatives (« seuils ») entre
30 et 44 mm, afin de définir ce que sont les juvéniles. Tous les jeux de données ont
détecté les mémes pics et dépressions interannuels dans le recrutement proportionnel.
Les paramétres de recrutement proportionnel calculés en utilisant les seuils alternatifs
provenant des mémes jeux de données varient largement. Sur I’ensemble des sources de
données et des seuils, le recrutement proportionnel moyen interannuel de krill varie de
0,02 a 0,76, avec des écart-types allant de 0,03 a 0,3. Le choix du seuil de taille a eu plus
d’effets sur les paramétres de recrutement proportionnel que les différences entre les jeux
de données. L’importance possible de la sélectivité par taille dans les échantillons de krill,
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en particulier si des bornes plus petites sont assignées au seuil de longueur des juvéniles,
pourrait nécessiter I’ajustement des fréquences observées pour la sélectivité plus basse
des individus de plus petite taille. Ces résultats soulignent qu’il est important de décider
quelle borne supérieure de longueur et quelle(s) source(s) de données(s) utiliser pour
identifier les juvéniles dans les calculs des paramétres a fournir au Grym.

AbcTpakt

[IponoprronanbHOE MONONHEHNE 000011aeT H3MEHUYHUBOCTh KOIMYECTBA HOBBIX 0CO0EH,
MOCTYIAIOUIMX B MOMYIISIIMIO C TEUEHHEM BpeMeHH. J[Ba mapamerpa, XapakTepu3yomme
MIPOTIOPIIMOHAIBHOE TIONOJIHEHNE, — CPeIHee M CTaHJapTHOE OTKJIIOHEHHE MEXIOI0BOH
JIOJIA MOJIOAX B TIOIYJISIIUH — SIBJISTFOTCSI BaXKHBIMH MCXOIHBIMH JAHHBIMH JJISI MOJICTIH
0606menHoro BbuioBa (Grym), Korga BapHaHT MPOINOPIMOHAIBLHOIO MOMOJHEHUS
UCIIONB3yeTCsl Ul YCTaHOBIEHHUs ynoBOB. Grym — 3TO CHCTEMa MOJEIUpPOBAHMA,
MTO3BOJISTIONIAST OIIPE/ICINTh 00BEM YJIOBa, KOTOPBIM CUMTACTCS MPEIOXPAHUTEIBHBIM B
COOTBETCTBHH C MPABWIAMH NPHUHATHS pelicHni. JlaHHas crcTeMa B HACTOSIIEE BPEMs
paccmarpuBaercs AHTKOM i ynpaBieHHs IPOMBICIOM aHTapKTHYeckoro kpuis. B
JTAHHOM HCCJICJIOBAaHUHM MPOITOPIMOHAIBEHOE IONOJIHEHHE KPHWIIS PACCUUTHIBAIOCH Ha
OCHOBE CEMH HCTOYHHKOB JaHHBIX 13 [Toapaiiona48.1, momydeHHBIX HCCIIeJOBATEILCKUMA
TPaJOBBIMH ChEMKaMH, JaHHBIMH HAOJO/IaTeNIeH TPOMBICTIA U U3 PALOHOB XUIIHHKOB.
YacToTHbIE pacrnpeaciacHus JJIMHbI KPpUIAd NPEACTaBUIN 3HAUCHUA NPOMOPIUOHAIBHOT'O
TIOTIOJTHEHHS 110 Ka)KJOMY W3 3THX HCTOYHMKOB JIAHHBIX C HCIIOJIb30BaHHUEM psa
AIBTePHATUBHBIX TPAHHUIL [UTHHEI («IIOpOoToBY») OT 30 110 44 MM IS OTIpEe/IeTICHUS MOJIOIH.
Bcee Ha6op51 JAHHBIX OTCJIC)KHUBAJIM OAHHU M TC K€ MCKIOAOBBIC BCIICCKHW M CIIaJbl B
NPONOPIIMOHANIEHOM TONOJHEHUU. [lapaMeTpsl MPONOPLHOHAIBHOTO IOMOIHEHHS,
paccunTaHHBIE C UCTIOIb30BAHNEM AJIBTEPHATUBHBIX ITOPOTOBBIX 3HAYEHUH N3 OTHUX M TEX
’Ke HaOOpOB JaHHBIX, CHIIBHO pazaudaiuck. [1o BceM NCTOYHNMKAM IaHHBIX U TOPOTOBBIM
3HAQUEHUSIM CPEJHEE MEXKTIOJI0OBOE 3HAuCHHE MPONOPLUOHAIBLHOTO MOMOIHEHUST KPUIIs
BapsupoBanocs ot 0,02 go 0,76 co cranmaptHeiMu OTKIOHeHHsAMH oT 0,03 mo 0,3.
Bri0op mopora [utMHBI OKa3asl OoJblliee BIMSHHE Ha MapaMeTphl IMPOMOPIHOHAIBLHOTO
IMOIMOJIHEHUA, YEM pPa3Indyusa MEKIY Ha60paMI/I JaHHBIX. HOTCHHI/IaHI)HaH Ba’XHOCTb
pa3MepHOIi CEeNeKTHBHOCTH B BEIOOPKaX KPHJIs, 0COOEHHO ITPU BEIOOPE MEHBIINX I'PaHHUI]
TTOPOTOBOH JUTMHBI MOJIOJIM, MOXKET TIOTPe0OBaTh KOPPEKTUPOBKH HAOIIONAEMBIX JaCTOT
c yderoM Ooyee HU3KOWH CENEKTHBHOCTH MENKHX ocoOei. IlomydeHHBIC pe3ymbTaTsl
MOYEPKUBAIOT BAYKHOCTh MPUHSTHUS PEIICHNSI O TOM, KaKyl0 BEPXHIOIO TPAHUILY JUTHHBI
W Kakue MCTOYHHMKH JIAaHHBIX CIIEyeT HCIHOJB30BaTh JUIS ONPECIICHUS MOJOAH TIPH
pacudete napameTpos aist Grym.

Resumen

El reclutamiento proporcional resume la variabilidad proporcional de los nuevos
individuos que se unen a una poblacién a lo largo del tiempo. Los dos parametros
que caracterizan el reclutamiento proporcional, la media y la desviacion estandar de
la proporcion interanual de juveniles en la poblacion, son contribuciones importantes
para el modelo de rendimiento generalizado en R (Grym) cuando se utiliza la opcion de
reclutamiento proporcional para establecer las capturas pesqueras. El modelo Grym es
una herramienta de simulaciéon que puede definir la cantidad de captura pesquera que
se considera precautoria segun lo establecido por los criterios de decision. Actualmente,
el modelo se encuentra bajo consideracion de la CCRVMA para ordenar las capturas de
krill antartico. Este estudio calcul6 el reclutamiento proporcional de kril a partir de siete
fuentes de datos en la Subarea 48.1, que representan prospecciones de arrastre, datos de
observadores de pesca y dietas de depredadores. La distribucion de la frecuencia de tallas
de kril proporciond valores de reclutamiento proporcional de cada una de estas fuentes de
datos al utilizar un intervalo alternativo del limite superior de la talla (“umbrales”) de 30 a
44 mm para definir a los juveniles. Todos los conjuntos de datos rastrearon los mismos
puntos mas altos y bajos interanuales en el reclutamiento proporcional. Los parametros de
reclutamiento proporcional calculados mediante el uso de valores umbrales alternativos
de los mismos conjuntos de datos variaron ampliamente. A través de todas las fuentes



Recruitment variability of Antarctic krill

de datos y valores umbrales, la media interanual del reclutamiento proporcional de kril
vari6 entre un 0,02 a 0,76, con una desviacion estandar que varié de un 0,03 a un 0,3.
La eleccion del valor umbral de talla tuvo un efecto mayor sobre los parametros de
reclutamiento proporcional que las diferencias entre conjuntos de datos. La importancia
de la selectividad por tallas en las muestras de kril, especificamente si se asignan limites
mas pequeiios al valor umbral de talla de los juveniles, podria requerir el ajuste de las
frecuencias observadas para la menor selectividad de los individuos mas pequefios. Estos
resultados destacan la importancia de definir qué limite superior de talla y qué fuente
de datos se deberia utilizar para identificar ejemplares juveniles en el calculo de los
parametros a suministrarse en el modelo Grym.

Introduction

Recruitment, the annual production of indi-
viduals joining the pool of potentially reproduc-
tive members in a population, is highly variable
in Antarctic krill (Fuphausia superba) (Siegel and
Loeb, 1995; Watkins, 1999; Siegel, 2000a; Siegel
et al., 2002; Quetin and Ross, 2001, 2003; Kinzey
et al., 2013, 2019). Recruitment parameters are
important inputs to the generalised yield model
(GYM), a modelling framework that makes future
projections of krill abundance and variability under
different levels of catch from a population deter-
mined by the model’s input values (de la Mare,
1994a, 1994b; Constable and de la Mare, 1996). An
R-version of the GYM (the Grym) has been devel-
oped (Maschette et al., 2020, 2021)." The effects
of the different catches on the simulated population
are compared in the Grym to CCAMLR decision
rules (Constable et al., 2000), which define the
amount of krill catch considered ‘precautionary’
based on the simulation results.

The GYM is a simulation model. Unlike statisti-
cal stock assessment models such as Casal2 (Bull
et al., 2004), stock synthesis (Methot and Wetzel,
2013) or similar frameworks that formally quan-
tify the uncertainty of model estimates by using a
likelihood function (Hilborn and Mangel, 1997),
simulation models do not quantify uncertainty. The
likelihood function in statistical models compares
model estimates to the data to assess the model
“fit” for candidate parameter estimates, whereas in
simulation models all inputs are assumed known.

Quetin and Ross (2001) noted that the percent-
age of the krill population reproducing during the
seven-year time series they studied in the Palmer
Long-Term Ecological Research (LTER) study area
from 1993 to 1999 varied from 10 to 98% annually,
suggesting that immature individuals composed 2 to

1

90% of the standing stock in any given year. Quetin
and Ross (2003) describe krill recruitment as ‘epi-
sodic’, suggesting that two strong year classes in
succession are typically followed by three or four
moderate or poor year classes. Similar patterns in
year-class strength for krill have been observed
in the Elephant Island region between 1976 and
1996 (Loeb et al., 1997). Krill under natural con-
ditions can live five to eight years (Siegel, 2000b;
Nicol, 2000), so the oldest age classes are largely a
product of intermittent strong cohorts.

Recruitment can be represented using three
separate options in the Grym: lognormal recruit-
ment; a vector of absolute recruitment; or propor-
tional recruitment. The option currently agreed
upon by the Scientific Committee of CCAMLR for
advising on management of the krill fishery is pro-
portional recruitment.

Proportional recruitment represents the propor-
tion of juveniles in the population and its variability,
parameterised by specifying a mean and a standard
deviation (SD). It is calculated as the interannual
proportion of all individuals younger than, or equal
to, a particular age class to all individuals in the
population. The values of proportional recruit-
ment have a large effect on the precautionary yield
(‘gamma’, the proportion of unfished biomass,
that can be harvested annually while meeting the
CCAMLR decision rules) calculated using the out-
puts from the Grym. The proportional recruitment
input values are largely responsible for the range
of gamma values from 0 to 0.11 in the 36 scenarios
reported in Table 5 of Maschette et al. (2021). For
example, when the mean of proportional recruit-
ment is 0.3 and the SD is 0.3 in a model otherwise
configured as scenario 1 in Maschette et al. (2021),
the precautionary gamma is 0, or no catch allowed
by the decision rules. When the mean is 0.4 and

https://github.com/ccamlr/Grym_Base Case/tree/Simulations.
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the SD is 0.3 in an otherwise similarly configured
input file, the precautionary gamma is 0.04, 4% of
unfished biomass (approximately 2.4 million tonnes
catch given current estimates of krill biomass).

Juvenile krill have been identified for the GYM
and Grym using several alternative approaches to
define the juvenile life stage. These have been based
either on estimated age (‘R1’ and ‘R2’ for ages 1
and 2 respectively), or directly from length data as
the upper bound for juveniles (e.g. ‘F35’ or ‘F40’
for 35 or 40 mm krill). When krill ages are used as
inputs, they are derived from length data that are
assumed to be composed of mixtures of normal
distributions of length at each age (e.g. Macdonald
and Pitcher,1979; de la Mare, 1994a). There is no
currently accepted method of aging krill directly.

A challenge to identifying juveniles by using
a single length as an upper bound and then calcu-
lating a mean and SD for the frequency proportions
at that bound is that krill actually mature over
a range of lengths and ages, depending on local
conditions such as ice coverage and chlorophyll
density (Quetin and Ross, 2001; Brown et al.,
2010; Kawaguchi, 2016). Female krill can begin
spawning at age 2+ around the Antarctic Peninsula
and age 3+ in the Antarctic Indian Ocean (Siegel
and Loeb, 1994; Table 1 in Siegel, 2000b) but
west of the Antarctic Peninsula krill usually do not
reproduce until their fourth summer (Quetin and
Ross, 2001). Males spawn a year later than females
(Siegel, 2000b).

Reported catches of krill by the fishery from
observer data during 2015-2020 have been pre-
dominately from CCAMLR Subarea 48.1 along
the Antarctic Peninsula (49%) and Subarea 48.2
west of the South Orkney Islands (32%) (Table 3
in CCAMLR Fishery Report 2020). This study
compares multiple indices of proportional recruit-
ment calculated using different length thresholds
separating juvenile and mature krill sampled from
research trawl surveys, predator diets and the fish-
ery in Subarea 48.1.

This study empirically tested the choice of
length threshold on the input data values of pro-
portional recruitment for krill in Subarea 48.1. The
range of means and SD of proportional recruitment
summarising complete length-frequency distribu-
tions that were obtained using multiple datasets of
interannual krill length-frequencies are compared

and contrasted. The potential effects of two types
of selectivity are considered.

Methods and results

The mean and SD of proportional recruitment
available for each data source were calculated
separately by year and combined over all years.
Proportional recruitment for each year y was the
mean of the proportional recruitment in each sam-
ple p, (each trawl in the surveys, or each lavage or
spill sample around a juvenile feeding event by a
penguin parent) collected during year y:

—_ ) dSt / dS
P, = % (1)

y

d,, s the sum of the numerical densities (for
trawls) or counts (for predator diets) for the
length bins <the threshold length in sample s,
d,r 1s the sum of the numerical densities or
counts for all length bins in sample s, and
s, is the number of samples collected in year

y.

where

The mean of all years for each data source was:

Zyﬁy (2)

n,

where n, is the number of years available for the

data source.

Length frequencies for the fishery observer data
were calculated as described by the CCAMLR
Secretariat (2001), with additional vessel-specific
catch weightings to account for differences among
individual ships and between traditional and con-
tinuous trawls. Proportional recruitments from
these fishery length-frequency distributions were
then calculated for different length thresholds using
equations (1) and (2) above.

Different length thresholds affected the value of
d,, and hence Z 1d, /d_; inequation (1). The pur-
pose of comparing proportional recruitment values
derived from different thresholds is to illustrate the
effect of the choice of juvenile maximum length on

the Grym input parameters obtained.



Information sources for proportional recruitment

This study examined seven sources of data
on krill length frequencies from Subarea 48.1 in
January. These are the fishery observer data, two
research trawl surveys and predator diets from four
long-term studies of three penguin species. Most
of these data sources were sampled for >20 years
(Table 1). All data sources had multiple years
with samples in January but not in other months.
Comparing January samples allowed length fre-
quencies to be compared among sources for the same
month. The fishery length-frequency data were only
available for eight years from 2011 to 2019 with no
January samples in 2017. Proportional recruitments
from the LTER trawl surveys from 2009 to 2019
extend an earlier time series of LTER trawl pro-
portional recruitments from 1990 to 2011 reported
in Figure 3b of Conroy et al., 2020. Although the
time series in Table 1 depict different portions of
the complete 31-year interval and different spatial
regions of the Antarctic Peninsula (Figure 1), these
seven time series are all long enough to sample at
least one of the five- to six-year recruitment cycles
proposed by Quetin and Ross (2003), even when
they are not overlapping.

The point P in Figure 1 is the Palmer LTER
station (Adélie penguins), CS is US AMLR Cape
Shirreff station (chinstrap and gentoo penguins) and
CP is US AMLR Copacabana station (chinstrap,
gentoo and Adélie penguins). The Subarea 48.1
fishery is concentrated mostly to the south and
north of the US AMLR stations. Not all predator
and trawl stations were sampled every year.

The LTER diet dataset of Adélie penguins
(Pygoscelis adeliae) had length bins ranging from
16.2 to 61.65 mm in 5.05 mm intervals. These were
split into juveniles using the 1 mm threshold con-
sidered in the study by grouping all the LTER bins
from the first bin (endpoints 16.2 and 21.25 mm)
with all LTER bins that were less than, or equal to,
the juvenile threshold.

Krill growth, maturity and alternative
length thresholds

In recent parameterisations of the Grym, the
period for krill growth is defined as 21 October
to 12 February, with spawning occurring
15 December to 15 February (Appendix 1 in
Maschette et al., 2021). A variety of krill lengths
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at maturity (the length range at which 50% of krill
transform from juvenile to adult) in Area 48 was
reported to SC-CAMLR working groups in 2021
(Table 2). These input maturity ranges provide a
width and slope for ramp-shaped maturity inputs
assigned to the population in the Grym. Different
values for length at maturity will produce different
parameterisations of proportional recruitment from
the same length-frequency dataset because length
at maturity defines the threshold between lengths
that are considered juvenile and those considered
mature.

A von Bertalanffy growth model connects the
length-based maturity thresholds in Table 2 to krill
ages as modelled in the Grym. In 2021, the von
Bertalanffy parameters used to model krill growth
in the Grym that predict mean length from age were
modified from previous values of L, = 60.8 and
k = 0.45 used during WG-EMM-2010 to new val-
ues of L, = 60 and k= 0.48 (Maschette et al., 2021).

The 2010 growth values were accompanied by
a length range at 50% maturity from 32 to 42 mm
whereas the 2021 growth values were accompanied
by lengths at 50% maturity from 37.6 to 44.3 mm.
Thus the 50% maturity range from 2021 is shifted
to larger and older krill compared to the range from
2010 (Figure 2).

The means and SDs of proportional recruitment
derived from seven datasets (Table 1) using five
length thresholds (30, 35, 38, 40 and 44 mm) to sep-
arate juvenile and adult krill were calculated. These
thresholds span the range of maximum lengths at
50% maturity reported in recent CCAMLR docu-
ments (Table 2).

Length-frequency distributions in AMLR
trawl surveys and the fishery

The mean and SD of proportional recruitment
summarise length-frequency distributions meas-
ured through time. Examination of the complete
distributions can help understand the linkage
between the length-frequency data and these sum-
mary parameters. The fishery observer data from
January were shifted towards larger krill relative to
the research trawls (Figure 3). The US AMLR trawl
survey data displayed high densities of krill less
than 30 mm in length for one or two years starting
in 1992, 1996, 2002, 2007 and 2011 (Figure 3a).
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Table 1:  Data sources for krill January length-frequency distributions in Subarea 48.1
used in this study. N indicates the number of years measured and bin size
indicates the units in which krill lengths were measured for each data source.
US AMLR indicates the US Antarctic Marine Living Resources Program and
Palmer LTER indicates the US Palmer Long-Term Ecological Research
Program. Trawl data were converted to densities based on volume sampled.
Proportional recruitments from the penguin data were calculated from the
length-frequency ratios of krill in the diets each year.

Source Years N Bin size
(mm)

US AMLR trawl surveys 1991-2011 20 1

Palmer LTER trawl surveys? 2009-2019 11 1

CCAMLR fishery observer data 2011-2016, 2018-2019 8 2

US AMLR chinstrap diets 1993-2020 28 1

US AMLR gentoo diets 1993-2021 29 1

US AMLR Adélie penguin diets 1993-2022 30 1

Palmer LTER Adélie diets 1992-2018 27 5.05

2 Palmer Station Antarctica LTER and Steinberg, 2020.

Table 2:

CCAMLR documents reporting minimum and maximum krill lengths (mm) at 50%

maturity and their range. Lengths are rounded to the nearest mm. Range is the total range
of lengths over which some individuals are mature.

Authors Reference Min Max Range
50% 50%
Thanassekos et al., 2021 WG-SAM-2021/12 Figure 3 26 30 6
Maschette et al., 2020 SC-CAMLR-39/BG/19 Table 2 34 40 12
Maschette et al., 2021 WG-FSA-2021/39 Table 2 (2010) 32 37 6
Maschette et al., 2021 WG-FSA-2021/39 Table 2 (2021) 38 44 9

The fishery data collected very few individuals less
than 30 mm (Figure 3b).

Proportional recruitment mean
and SD for each data source

This study computed the mean and SD of pro-
portional recruitment over all years available for
each data source for both of the 30- and 44-mm
thresholds (Figure 4 and Table 3). The fishery data
forthe standard trawl and continuous fishing systems
were standardised and calculated by the CCAMLR
Secretariat as described in WG-SAM-2021/07. The
LTER and AMLR trawls were standardised for vol-
ume sampled and integrated over depth to produce
density length-frequencies. The measured length
frequencies from the predator data were used with-
out being standardised for volume because the
volume sampled by the predators was unknown.

The range of means and SD for proportional
recruitment were lower when juveniles were defined
as krill <30 mm (estimated age 1.4 years using the

von Bertalanffy parameters considered here) than
when juveniles were defined as krill <44 mm (esti-
mated age 2.8 years). For the 30 mm threshold,
the mean proportional recruitment ranged from
0.02 to 0.45, and the SD ranged from about 0.03
to 0.22 (Table 3). For the 44 mm threshold, the
range of mean proportional recruitment was 0.48
to 0.76, and the range of SD increased to 0.2 to 0.3
(Table 3).

To further explore the effect of different juvenile
threshold values on the mean and SD of propor-
tional recruitment from these datasets, proportional
recruitment was calculated at three additional
juvenile length thresholds: 35, 38 and 40 mm, and
the results plotted (Figure 5). Proportional recruit-
ment increased as the length threshold for juveniles
increased for all datasets (the plateau in the Palmer
LTER Adélie penguin diet mean and SD from 38
to 40 mm is an artifact of the 5 mm bin size in
that dataset). The SDs increased with the length
threshold for gentoo penguins, chinstrap penguins,
AMLR trawls and the fishery. The SDs peaked



as thresholds increased and then decreased at the
highest thresholds for Adélie penguins at both sites
and for LTER trawls.

The fishery data started out with the lowest SDs
of all the datasets at thresholds of 30 and 35 mm
but had the highest SD of all the datasets by the
44 mm threshold. The low means and SDs at the
smallest thresholds in the fishery samples were
because these samples contained very few small
krill (Figure 3b).

Seven time series of proportional recruitment

Evaluating interannual variations in propor-
tional recruitment revealed useful information
about recruitment variability in krill, especially
when temporal patterns in the peaks and troughs of
the annual values were compared among datasets
(Figure 6). Research trawls and fishery samples
have been separated from penguin diet samples
in Figure 6 to better resolve the patterns for the
individual data sources, but the peaks and troughs
in proportional recruitment coincided in all seven
datasets, indicating they were tracking the same
variability in the time series of krill length fre-
quencies in the population. However, there were
consistent differences in the magnitude of annual
proportional recruitment among the datasets. For
example, annual proportional recruitments esti-
mated from the fishery observer data were lower
than those from Palmer LTER research trawls
during the same years, especially for the 30 mm
threshold (Figure 6a). Proportional recruitment
computed from gentoo penguin diets generally had
lower peak means than the means computed from
other data sources for the same juvenile length
threshold, while proportional recruitment from
Adélie penguin diets in both the Palmer LTER and
US AMLR samples generally had the highest peaks
(Figure 6).

Discussion

Consistent with the findings of Quetin and Ross
(2001) and Loeb et al. (1997), data collected by
the US AMLR Program trawl surveys and penguin
diets and LTER trawl surveys and penguin diets
show strong recruitment events lasting over a two-
or three-year period separated by periods of recruit-
ment failure subsequently lasting approximately
three years (e.g. Figures 3a and 6). Several of these
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cycles occur in the data, with peak proportions of
recruits starting in 1992, 1996, 2002, 2007 and
2011. Cohorts resulting from such strong recruit-
ment events can be followed for several years in the
complete length-frequency distributions after most
of these events.

The variability in recruitment expected over a
21-year projection period will likely be underesti-
mated by datasets that span only a few years. The
oscillating peaks and troughs of annual propor-
tional recruitment in the seven datasets considered
here required five or six years to track a single com-
plete cycle (Figure 6).

Identifying which values for the mean and SD of
proportional recruitment of krill to use in the Grym
for calculating a precautionary yield has not been
resolved by this study. Summarising time series of
length-frequency distributions such as those evi-
dent in Figure 3 with a single mean and SD for each
dataset discards potentially usable information in
the krill length-frequency samples. As the length
threshold separating juveniles and mature krill was
reduced in this study, the mean and SD of propor-
tional recruitment also decreased (Figure 4). This
was particularly noticeable for datasets such as the
fishery length frequencies, which had the lowest
SD for proportional recruitment of the seven data-
sets at a 30 mm threshold (0.022) but the highest
SD at a 44 mm threshold (0.3).

The differences in the smallest krill obtained
in the research trawl and fishery samples indicate
different length selectivity patterns for research
trawls and the fishery (Figure 3). Differences in
selectivity were also apparent in the penguin data,
where gentoo penguins usually had lower peaks in
proportional recruitment than Adélie penguins and
chinstrap penguins were intermediate (Figures 4
and 5).

Sample selectivity can be separated into two
processes, ‘target’ (sometimes called ‘gear’) selec-
tivity (the samples have differing probabilities of
capturing different sizes of krill that are present
in the regions sampled) and ‘availability’ (krill of
specific sizes in the population do not occur in the
region being sampled) (Crone et al., 2014; Punt et
al., 2013; Kinzey et al., 2015). Both types of selec-
tivity can act jointly to affect length-frequency dis-
tributions observed at a particular place and time.
Since all large krill were once smaller krill, if small
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Table 3: Mean and SD of proportional recruitment for the seven
data sets when the juvenile length threshold is 30 and
44 mm. Data source names as for Figure 4. Proportional
recruitment parameters from the combined AMLR and
LTER trawl datasets are labelled as amlr&lter.trwl.
Lengths from the combined US AMLR penguin species
diets are amlr.peng.all (krill lengths from LTER Adélie
penguin diets were measured in units of 5 mm so were
not combined with the 1 mm binned US AMLR
samples).
Sources Threshold 30mm Threshold 44mm
Mean SD Mean SD
gepeng 0.024 0.035 0.511 0.222
chpeng 0.033 0.037 0.581 0.249
adpeng 0.068 0.078 0.72 0.213
adpeng.LTER 0.09 0.078 0.685 0.258
fsh.481 0.022 0.022 0.542 0.3
amlr.trwl 0.154 0.122 0.481 0.218
Iter.trwl 0.449 0.224 0.764 0.196
amlr&lter.trwl 0.259 0.217 0.582 0.249
amlr.peng.all 0.038 0.04 0.576 0.228

krill do not occur in a sample dataset in sufficient
proportions to supply the observed cohort abun-
dances of older individuals, at least one of these
two types of selectivity must be occurring.

As already noted, the fishery catches few krill
<30 mm in length (Figure 3b), so juvenile/mature
length boundaries near 30 mm should not be
expected to track recruitment in the fishery sam-
ples unless low selectivity for smaller individuals
is accounted for. Gear selectivity by commer-
cial trawls has been estimated to be about 0.25
for 30 mm krill, about 0.75 for 35 mm krill and
increasing steeply for krill <30 mm (Figure 8 in
Krag et al., 2014). Dividing the original counts in
the observer samples by selectivity-at-length to
correct for gear selectivity’s effect on the observed
length frequencies would increase 30 mm krill
fourfold and 35 mm krill by a 1.33 multiplier in the
local krill length frequencies being sampled by the
trawls. Dividing the numbers of all krill at length in
the samples by their selectivities would correct for
gear selectivity. However, this would not address
the availability component of selectivity if the fish-
ery samples were obtained from locations biased
toward krill of particular sizes.

An appropriate length threshold to use for repre-
senting juveniles could possibly be selected using
maturity data such as are routinely collected during
trawl surveys (Reiss, 2016). Such thresholds would
likely be at the smaller krill lengths that are under-
represented due to selectivity, making correcting

the samples for selectivity increasingly important
as the length at maturity in the Grym is reduced.
The research surveys sampled a stationary grid
over many years regardless of krill density at each
station while the fishery targets areas of high den-
sity and sizes/stages that are best for processing.
Adding a fixed series of randomly selected stations
in the future to measure length distributions by the
fishery before fishing commences could reduce the
selectivity of using data from targeted catches to
represent the population.

Conclusions

Capturing the complexities of krill recruitment
dynamics using the mean and SD of the proportion
of individuals sampled smaller than a single length
threshold is a challenge. Various thresholds for the
length boundary between juvenile and mature krill
have been proposed. This study demonstrated that a
wide range of proportional recruitment parameters
are obtainable from different assumptions about the
length threshold separating juveniles and mature
krill in length-frequency sampling data. Which of
these thresholds is actually used to calculate the
inputs to the Grym will have a large impact on the
precautionary yield that is obtained (e.g. Table 5
in Maschette et al., 2021). As the length threshold
separating juveniles and adults decreased, the mean
and SD of proportional recruitment calculated from
a particular data source also decreased. However,
smaller individuals have lower selectivities



than larger krill for most or all of the sampling
approaches (i.e. research trawls, commercial trawls
and penguin diets) considered here, so as the thresh-
old separating juveniles and adults decreases, the
importance of selectivity under-representing small
krill increases.

Estimates regarding krill population dynamics
using proportional recruitment might be improved
by analytical methods not used in this study. The
effect of selectivity on estimating proportional
recruitment in any given year can be addressed by
dividing the observed numbers of small individuals
in a length-frequency distribution by the length-
specific selectivity of the given sampling approach
before calculating proportional recruitment.

The current Grym simulation of the krill stock
requires the proportional recruitment to be a single
distribution of proportional recruitments with the
same mean and SD. Although separate simulations
of trials with proportional recruitment randomly
selected from different length-frequency distribu-
tions may be modelled, there is currently no way to
model proportional recruitments stemming from a
range of maturity thresholds in a single set of trials
in the Grym.

Modelling ranges in the mean and SD of pro-
portional recruitment associated with different
lengths at maturity instead of using a single length
threshold could potentially be addressed by sup-
plying a different proportional recruitment mean
(R,) and standard deviation (o,) for each trial 7.
These trial-specific values could be obtained using
a single random draw from a uniform distribution
between the minimum and maximum values of
plausible single length thresholds (equation (3)),
but this would need to be implemented in the code
and the ranges of mean and SD values to use would
need to be identified:

E ~ U(min(ﬁ),max(ﬁ)),
o, ~ U (min(c), max(c)) &)

t
where the minimum and maximum R and © bounds
are obtained from empirical studies.

A final point is that proportional recruitment
is not the only way to model recruitment. The
Grym itself has two other options for recruitment,

Recruitment variability of Antarctic krill

lognormal and a vector of abundances option.
Whether any of these three Grym options are capa-
ble of representing the actual patterns of recruit-
ment that are evident in the length-frequency data,
exhibiting correlations among strong recruitment
years and intermittent years of recruitment failure,
is arguable. Other options exist for modelling the
complete length-frequency distributions of recruit-
ment through time, such as fitting length-frequency
data to a multinomial or a Dirichlet distribution
(e.g. Candy, 2008). Using a statistical modelling
framework (e.g. Bull et al., 2004; Methot and
Wetzel, 2013; Doonan et al., 2015; Kinzey et al.,
2018) in which a likelihood function connects the
model and data, instead of simulation modelling
where model inputs are treated as known quantities,
is also possible, but such alternatives are beyond
the scope of this paper.

Data and code availability

The datasets and R-scripts used to produce the
results reported in this paper are available at https://
github.com/us-amlr/krill-proportional-recruitment.
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Figure 1: Approximate sampling locations of the seven data sources on
interannual variability of krill length-frequencies northwest of the
Antarctic Peninsula. Subarea 48.1 boundaries indicated by black
lines. Hatched blue boxes enclose the US AMLR trawl survey
locations (four boxes around and northeast of ‘CS and ‘CP’) and
the LTER trawl survey locations (box around ‘P’).
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Figure 2: Krill von Bertalanfty length at ages 1 to 7 (blue points), as

used in a recent parameterisation of the Grym, on 1 November
for L, = 60 mm and & = 0.48. The length and age ranges for
50% maturity for the parameterisation used in 2010 (red box)
and in 2021 (blue box) are shown for comparison.
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Figure 3:  Length-frequency proportions for krill from: (a) US AMLR research trawls (January 1991 to 2011), and
(b) fishery observer samples (January, 2011 to 2019). Blue dashed horizontal lines at 30 and 44 mm indi-
cate the outer boundaries of the length thresholds used for computing the mean and SD of proportional
recruitment. The proportions in each year sum to one.
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Figure 4: Proportional recruitment annual means (x-axis) and SDs (y-axis) for the seven January

data sources (Table 1) when: (a) juveniles are defined as <30 mm, and (b) juveniles are
defined as <44 mm. Legend definitions: gepeng = gentoo penguin diets sampled by the US
AMLR Program; chpeng = chinstrap penguin diets sampled by the US AMLR Program;
adpeng = Adélie penguin diets sampled by the US AMLR Program; adpeng.LTER
= Adélie penguin diets sampled by the Palmer LTER; fsh.481 = fishery observer data;
amlr.trwl = research trawl data collected by the US AMLR Program; lter.trwl = research
trawl data collected by the Palmer LTER.
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Figure 6: Time series of proportional recruitment from research trawls conducted by the US AMLR (amlr.trwl)
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and Palmer LTER (Iter.trwl) programs and the fishery with juvenile krill (top panels) and from four
penguin diet datasets with juvenile krill defined as (a) <30 mm, and (b) <44 mm.
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Liste des tableaux

Sources de données sur la distribution des fréquences de taille du krill en janvier dans la sous-zone 48.1 utilisées
dans cette étude. N indique le nombre d’années mesurées et fréquence d’émission (bin size) indique les unités dans
lesquelles les longueurs de krill ont ét¢ mesurées pour chaque source de données. US AMLR désigne le programme
des Etats-Unis sur les ressources marines vivantes de I’ Antarctique et Palmer LTER désigne le programme de
recherche écologique & long terme des Etats-Unis. Les données de chalutage ont été converties en densités en
fonction du volume échantillonné. Le recrutement proportionnel issu des données sur les manchots a été calculé a
partir des ratios de fréquence de taille du krill présents dans leur régime alimentaire chaque année.

Liste des documents de la CCAMLR présentant les tailles minimales et maximales de krill (mm) a 50 % de maturité
et leur amplitude (range). Les tailles sont arrondies au mm le plus proche. Par amplitude, on entend 1’amplitude
totale des tailles auxquelles les individus sont matures.

Moyenne et écart-type du recrutement proportionnel pour les jeux de données lorsque le seuil des tailles des
juvéniles se trouve entre 30 et 44 mm. Voir figure 4 pour les noms des sources de données. Les paramétres de
recrutement proportionnel issus des jeux de données combinés des chaluts de ’AMLR et du LTER sont libellés
« amlr&lter.trwl ». Les tailles issues des régimes alimentaires combinés des espéces de manchots de I’'US AMLR
sont libellées « amlr.peng.all » (les tailles du krill issu du régime alimentaire des manchots Adélie du LTER ont
¢été mesurées en unités de 5 mm et n’ont pas été combinées avec les lots de taille de 1 mm échantillonnés par I’'US
AMLR).

Liste des figures

Lieux approximatifs d’échantillonnage des sept sources de données sur la variabilité interannuelle des données
de fréquence de tailles au nord-ouest de la péninsule antarctique. Les limites de la sous-zone 48.1 sont indiquées
par des lignes noires. Les cases bleues hachurées représentent les emplacements des campagnes d’évaluation par
chalutage de ’'US AMLR (les quatre cases autour et au nord-est de « CS » et « CP ») et les emplacements des
campagnes d’évaluation par chalutage du LTER (la case entourant « P »).

Taille par age de von Bertalanffy du krill de 1 a 7 ans (points bleus), tel qu’utilisé dans une paramétrisation récente
du Grym, le 1" novembre pour L,, = 60 mm et k£ = 0,48. L’amplitude des tailles et des ages a 50 % de maturité pour
la paramétrisation utilisée en 2010 (case rouge) et en 2021 (case bleue) servent de point de comparaison.

Proportions des fréquences de taille du krill issues : a) des chaluts de recherche de I'US AMLR (janvier, de 1991
a 2011), et b) des échantillons d’observateurs des pécheries (janvier, de 2011 a 2019). Les lignes horizontales
en pointillés bleus a 30 et 44 mm indiquent les limites extérieures des seuils de taille utilisés pour le calcul de la
moyenne et de 1’écart-type du recrutement proportionnel. Les proportions pour chaque année sont égales a un.

Moyennes (abscisse) et écart-types (ordonnée) annuels du recrutement proportionnel pour les sept sources
de données de janvier (tableau 1) lorsque : a) les juvéniles sont définis comme mesurant < 30 mm, et b) les
juvéniles sont définis comme mesurant < 44 mm. Explication des légendes : gepeng = régime alimentaire des
manchots papou échantillonné dans le cadre du programme US AMLR ; chpeng = régime alimentaire des
manchots a jugulaire échantillonné dans le cadre du programme US AMLR ; adpeng = régime alimentaire des
manchots Adélie échantillonné dans le cadre du programme US AMLR ; adpeng.LTER = régime alimentaire
des manchots Adélie échantillonné le cadre du programme Palmer LTER ; fsh.481 = données d’observateurs des
pécheries ; amlr.trwl = données de recherches par chalutage collectées dans le cadre du programme US AMLR ;
Iter.trwl = données de recherches par chalutage collectées dans le cadre du programme Palmer LTER.

Recrutement proportionnel interannuel : a) moyenne, et b) écart-type pour les sept jeux de données a cinq seuils de
taille différents en séparant les juvéniles et le krill mature. Voir figure 4 pour I’explication des 1égendes.
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Figure 6 :
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Tabm. 2:
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Puc. 1:

Puc. 2:
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Série chronologique de recrutement proportionnel issue des chaluts de recherche du programme US AMLR
(amlr.trwl) et du programme Palmer LTER (lter.trwl), de la pécherie contenant des juvéniles de krill (en haut) et
des jeux de données sur le régime alimentaire de manchots, les juvéniles de krill étant définis comme mesurant

a) <30 mm, et b) <44 mm.

Crucok Tabsuiy

VlcTouHMKY TaHHBIX 110 STHBAPCKHUM YaCTOTHBIM pactpeeneHuaM 1urHb! kpuist B [Tloxpaiione 48.1, ncronb3oBanHbIe
B IAHHOM HccneioBaHuy. N yKa3bIBaeT Ha KOIUYECTBO JIET MPOBEACHHS H3MEPEHHH, a pa3Mep OMHA — Ha €IHHULIBI
HM3MEpPEHHS JIIMHBI KPHJIS [T Kakaoro uctounnka qaHHbeix. CIIA AMLR o3nadaet [TporpamMmmy MOPCKHX SKUBBIX
pecypcoB Anrtapkrukn CIIA, a Palmer LTER — [IporpaMmy DONTOCPOYHBIX SKOIOTHYECKHX HCCIICOBAHUH
CHIA Palmer. Jlannasle TpaneHusi ObUIM IPeoOpa3oBaHbI B IIOTHOCTH HAa OCHOBE 00bEeMa OTOOPAHHBIX IPOO.
[IponopunonagbHas YUCICHHOCTD PEKPYTOB IO TAaHHBIM HCCIIEAOBAHHUN ITMHIBHHOB OblIa PACCYMTaHA HA OCHOBE
COOTHOUICHUS JUIMHBI U YaCTOThI KPUJIS B COCTaBE PALIMOHOB 3 KAXK bl TOA.

Joxymentst AHTKOM, B KOTOpBIX yKa3aHbl MUHHMAJIbHAs M MaKCUMallbHAs JTHHA Kpwuist (MM) mipu 50%-Hoit
3peJIOCTH M MX AMana3oH. J[nmHa okpymiseTcs 1o Omvkaiimero MM. J{nama3oH — 3To oOmuil auana3oH JUIHH, B
KOTOPOM HEKOTOpPbIE 0COOHU SIBIIAIOTCS 3PEIBbIMHU.

CpezHee 1 CTaHAAPTHOE OTKJIOHEHHE TPOMOPIMOHAIBHOTO MOMOIHEHHs Ul CeMU HaOOpOB JTaHHBIX, B KOTOPBIX
nopor JuiHel Monoau coctaBigeT 30 um 44 mm. HaszBanus umcTouHuKoB maHHBIX Kak K Puc. 4. ITapamerpst
MPONOPLHOHAIBFHOTO MOMOIHEHUS U3 00BEIMHEHHBIX TPaltoBbIX HaOopoB maHHBIX AMLR u LTER 06o3HaueHb!
kak amlr&lter.trwl. [lnuHa kprist u3 00beIMHEHHOTO HA0Opa TaHHBIX MO JAHHBIM HccieqoBaHui MUHrBHHOB CLIIA
AMLR o6o3HaveHa kak amlr.peng.all (amiHa kpuis u3 Habopa gaHHBIX o muHTBUHAM Anenu LTER u3mepsinace B
eIMHHIIAX 110 5 MM, ITOITOMY He Obuta 00beanHeHa ¢ oopasnamu CLLIA AMLR, koTopbie H3MEpSITUCH C TOYHOCTHIO
1o 1 mm).

CIUCOK pUCYHKOB

[TpnbnusurensHEIe MecTa 0TOOpa PO U3 CEMH HCTOYHHUKOB JAHHBIX O MEKTOI0BON N3MEHUYHBOCTH YacTOT UTHHEI
KpWJISL K CeBepo-3amaay OT AHTapKTHUCCKOro moiyoctpoBa. ['panunsl [Tonpaiiona 48.1 0003HAYCHBI YEPHBIMU
JMHUAME. 3alITPUXOBAaHHBIMHM CHHMMH KBaJpaTaMy OTMedeHbI MecTa TpaitoBbix cbeMok CIIHA AMLR (uetsipe
KBaJIpaTa BOKPYT U K ceBepo-BOCTOKy oT «CS» n «CP») u mecra TpanoBbix cbeMok LTER (kBagpar Bokpyr «P»).

Jluna xpuist o ¢pon bepranandu B Bozpacte ot 1 10 7 €T (CHHHUE TOYKH), KOTOPast HCIOIb30BAIACHh B HETAaBHEH
(1 Hos10ps1) mapamerpuzaunu Grym mis L,=60 mM u k=0,48. /{1 cpaBHEHHs MOKa3aHbI JAWAINA30HbI JUTHHBI U
Bo3pacTa 50%-Hoii 3pesiocTH Ui mapaMeTpu3alny, ucroiab3oBaHHol B 2010 . (kpacHas pamka) u B 2021 1. (cunss
pamMka).

IIponopuun 9acToThl UIMHBI UId Kpwist u3: (a) uccnenosarenbekux TpaiteHuid CLLIA AMLR (saBaps, 1991—
2011 rr.) u (b) Berbopok Habmonareneit (ssaBapp, 2011-2019 r1.). CuHHE MyHKTHPHBIE TOPU30HTAIBHBIC THHUH Ha
ypoBH:X 30 u 44 MM 0003HAYAIOT BHEIIIHHE IPAHMUIIBI IOPOTOBBIX 3HAYCHHH JUTHHBI, HCIONB3YEMbIX [UIS pacyeTra
CPEIHHX 3HAYECHMIT M CTAHIAPTHOTO OTKJIOHEHHS IPOHOPIHOHAIBFHOr0 Habopa. IIponopiny B KaxKI0M rojly paBHbI
SIIMHULIE.

[IporopunoHa bHBIE TOOBBIE 3HAYEHHs MOIOMHEHHs (OCh X) M CTaHJapTHOE OTKIOHEHHE (OCh y) U CeMH
SIHBAPCKUX MCTOUHMKOB MaHHBIX (Tabm. 1), B cirydae, korza: (a) Mosoas onpenernsercs kak <30 mu, u (b) Monons
ompenensiercst kKak <44 MM. YcioBHbIe 0003HAYCHHMS: gepeng = paluoH MAaIyacCKHX IHHIBHHOB, OTOOpaHHBIN
B pamkax [Iporpammer CIIIA AMLR; chpeng = paiyioH aHTapKTHYECKHMX IHHIBHHOB, OTOOPAaHHBIH B paMKax
Iporpammsr CIIIA AMLR; adpeng = paiuoH muHrBMHOB Anenu, oToOpanHblii B pamkax I[Iporpammsr CIIA
AMLR; adpeng.LTER = paunon nuHreuHoB Anenu, oroOpanusiii B pamkax Palmer LTER; fsh.481 = nanubie
HaOmoaTesel npoMsbIcia; amlr.trwl = 1aHHbBIE HCCIIE0BATEIBCKOTO TPAJICHHS, TOTyYEHHBIE B PAMKaX IPOrPaMMBI
CHIA AMLR; lter.trwl = naHHbIE HCCIIEIOBATENBCKOTO TpasieHus, nony4deHusie Palmer LTER.
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Figura 1:

Figura 2:
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Recruitment variability of Antarctic krill

I[TponopiHoHAIBHOE TIOMOIHEHHE B MEKTO0BOM mepuos: (a) cpentee 3HadeHne u (b) cTaHIapTHOE OTKIOHEHHE
JUISL CeMH HaOOPOB JAHHBIX TPHU TISATH Pa3IMYHBIX MOPOTOBBIX 3HAYECHUAX JUTMHBI, OTIIHYAIOIINX MOJIO/b KPUJIS OT
3pelibix 0co0ei. YeaoBHbIe 0003HaUYeHHS Kak K Puc. 4.

BpemenHble psibpl  IPONOPLMOHAIBHOIO IOMOJHEHUS W3  HCCISJOBATEIbCKUX —TPAJCHUM, IMPOBOJUMBIX
nporpammamu CIIIA AMLR (amlr.trwl) u Palmer LTER (Iter.trwl) u mpompicia ¢ BKIIOYEHHEM MOJOAM KPHUIIS
(BepxHHE MaHeI!), a TAKXKE U3 YeThIpeX HAOOPOB AaHHBIX [0 PAIMOHY MUHIBHHOB C BKJIIOYEHUEM MOJIOIU KPHJIS,
omnpeneneHHoro kak (a) <30 mm u (b) <44 mm.

Lista de las tablas

Fuentes de datos utilizadas en enero para las distribuciones de frecuencia de tallas de kril en la Subarea 48.1. N
indica el nimero de afios que se midieron y el conjunto de intervalos (bin size) indica las unidades en que las tallas
de kril se midieron para cada fuente de datos. El acronimo ‘US AMLR’ se refiere al Programa de los EE. UU. sobre
los Recursos Vivos Marinos Antarticos, mientras que ‘Palmer LTER’ se refiere al Programa de los EE. UU sobre
Investigaciones Ecologicas a Largo Plazo. Los datos de los artes de arrastre se convirtieron en densidades basadas
en el volumen muestreado. Los reclutamientos proporcionales basados en los datos de pingiiinos se calcularon se
calcularon a partir de las relaciones talla-frecuencia de kril en las dietas de cada afio.

Documentos de la CCRVMA que informan las tallas minimas y maximas de kril (mm) al 50 % de madurez y su
respectivo intervalo. Se redondean las tallas a los mm mas proximos. El rango (range) es el intervalo total de tallas
en las que algunos individuos se consideran maduros.

La media y la desviacion estandar del reclutamiento proporcional para 7 conjuntos de datos cuando el valor umbral
de talla para juveniles es de 30 y 44 mm. Nombres de fuentes de datos como se detalla en la Figura 4. Los
parametros del reclutamiento proporcional de los conjuntos de datos de los artes de arrastre de las prospecciones
US AMLR y LTER combinados se referencian como ‘amlr&lter.trwl’. Las tallas de las dietas combinadas de las
especies de pingiiinos (US AMLR) se referencian como ‘amlr.peng.all’ (tallas de kril provenientes de las dietas
de los pingiiinos Adelia (LTER) se midieron en unidades de 5 mm, por lo que no se combinaron con las muestras
US AMLR categorizadas en intervalos de 1 mm).

Lista de las figuras

Lugares aproximados de muestreo de las siete fuentes de datos sobre la variabilidad interanual de las frecuencias
de talla del kril al noroeste de la peninsula Antartica. Los limites de la Subarea 48.1 se indican con lineas negras.
Los recuadros azules sombreados encierran las ubicaciones de la prospeccion de arrastre US AMLR (cuatro casillas
alrededor y al noreste de ‘CS’y ‘CP’) y las ubicaciones geograficas de la prospeccion de arrastre LTER (casilla
alrededor de ‘P’).

Talla del kril en las edades de 1 a 7 segin el modelo de von Bertalanffy (puntos azules), tal y como se uso
recientemente (1 de noviembre) en una determinacion de parametros de Grym para L, = 60 mm y £ = 0.48. A
titulo comparativo, se muestran los intervalos de talla y edad para el 50 % de madurez para la determinacion de
parametros utilizada en 2010 (recuadro rojo) y en 2021 (recuadro azul).

Proporciones de frecuencia de talla para kril de: (a) prospecciones de investigacion US AMLR (enero, 1991 a
2011), y (b) muestreo del observador de pesca (enero, 2011 a 2019). Las lineas azules horizontales discontinuas en
30 mm y 44 mm indican los limites exteriores de los valores umbrales de talla utilizados para calcular la media y la
desviacion estandar del reclutamiento proporcional. Las proporciones de cada afio suman uno.

Media del reclutamiento proporcional anual (x-axis) y la desviacion estandar (y-axis) para las siete fuentes de
datos de enero (Tabla 1) cuando: (a) se definio a los ejemplares juveniles como <30 mm, y (b) se definio a los
ejemplares juveniles como <44 mm. Definiciones de las referencias: gepeng = dieta del pingiiino papua muestreada
por el programa US AMLR; chpeng = dieta del pingiiino de barbijo muestreada por el programa US AMLR;
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Figura 5:

Figura 6:
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adpeng = dieta del pingiiino Adelia muestreada por el programa US AMLR; adpeng.LTER = dieta del pingiiino
Adelia muestreada por el programa Palmer LTER; fsh.481 = datos de los observadores de pesca; amlr.trwl = datos
de los artes de arrastre de investigacion recabados por el programa US AMLR; Iter.trwl = artes de arrastre de
investigacion recabados por el programa Palmer LTER.

Reclutamiento proporcional interanual: (a) media; y (b) desviacion estandar para los siete conjuntos de datos en
cinco valores umbrales de talla diferentes que separan a los ejemplares juveniles de kril de los maduros. Las
definiciones de las referencias son las que se detallan en la Figura 4.

Serie temporal del reclutamiento proporcional de los artes de arrastre de investigacion recabados por el programa
US AMLR (amlr.trwl) y por el programa Palmer LTER (lIter.trwl) y de las pesquerias con ejemplares juveniles de
kril (panel superior) y de cuatro conjuntos de datos sobre la dieta de los pingiiinos con ejemplares juveniles de kril
que se definen como (a) <30 mm, y (b) <44 mm.
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