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Abstract: Pygoscelis penguin populations in the Antarctic Peninsula have dropped dramatically in the last 50 years. 

The main probable cause is the reduction in Krill (Euphausia superba), the most important feeding item for Pygoscelis 

penguins during breeding. The scientific community has expressed concerns on the potential that competition with 

the fishery during periods of low krill availability might be exacerbating the effects of climate change. By bringing 

together data on breeding success of penguin colonies throughout the Antarctic Peninsula with information of krill 

availability from acoustic survey and krill fishery monitoring data, we were able to show that fishery has had in the 

past an effect over breeding success. That is a consequence of a management strategy based on a constant catch level 

enabling the fishery to maintain the same levels of production even when krill availability is low. The total catch limit 

may have represented a substantial amount of the available krill biomass in some years, and we detected that when 

the catch goes over 5% of the available biomass during summer, breeding success of penguins decreased by one third. 

We discuss the implications of our findings to the revised ecosystem-based management strategy of the krill fishery 

in Antarctica. 
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1. Introduction 

Pygoscelis penguin populations in the Antarctic Peninsula have experienced steep declines in the last 50 years [1–

3]. This trend has been attributed to shifts in Antarctic krill (Euphausia superba) availability due to environmental 

changes, such as warming, sea ice melting and competition with recovering populations of marine mammals [4–6]. 

However, the trend varies depending on the penguin species, for instance Adélie (Pygoscelis adeliae) and Chinstrap (Py-

goscelis antarcticus) penguins seem to be experiencing more concerning declines [1,2,6] than Gentoo penguins Pygoscelis 

papua [7] which are more flexible on their feeding requirements compared to the former two species whose diet is com-

prised almost entirely on krill [8–11]. Therefore supporting the view of shifts in krill density and distribution, as claimed 

by many studies [12–14]. 

Changes in krill density and distribution due to climate change might not be the only factors influencing penguin 

populations. Not so long ago, studies pointed to a possible interference of the krill fishing over penguins in Western 

Antarctic Peninsula (WAP), indicating that reduced availability of krill in synergy with increasing fishing catches would 

affect penguin recruitment [5]. More recent studies confirmed that population parameters had been affected by increas-

ing krill fishing catches under warming conditions [15,16], particularly during the non-breeding as in a recent past, 

overlap between penguins and the krill fishery during late summer throughout early winter has increased [16–18]. 

Catches in areas close to colonies have increased substantially in some sectors during the chick-rearing after the year 

2000 [16]. Recently, it has been reported that low krill availability increased spatial overlap between foraging penguins 

and the krill fishery [19], which might become a concern if the frequency of years with low krill abundance increases 

over time. 
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Based on that, it is possible to hypothesize that krill catch increases could be detrimental for the successful rearing 

of chicks if availability of krill is reduced nearby the colonies. In average, penguin foraging is limited to 30 to 50 km 

from their nest during chick-rearing in order to allow adults to feed the chicks in short intervals and optimize growth, 

an adaptation that synchronizes the chicks high energy demands with increasing productivity in the coastal areas of 

Antarctica [20,21]. Unsurprisingly, when food availability near the colony is reduced, breeding success can drop dra-

matically as foraging trip distances increase, as reported for populations of several seabird species [22–25], penguins 

included [21,26]. While since 1982, the management of krill fishing in Antarctica has been successfully conducted by the 

Commission for the Conservation of Antarctic Marine Living Resources (CCAMLR), currently there is an ongoing effort 

for the development of a revised management strategy that adequately reduces the potential impacts of fishing over 

krill-predator populations [27,28]. In this regard, it is also important to assess whether any impact had existed in the 

past to provide advice for management actions in the future. Therefore, this study aimed to evaluate the relation be-

tween Pygoscelis penguin breeding success (measured as a rate of chicks raised per nest), Antarctic krill biomass and 

fishery variability in the WAP. By using data from the Mapping Application for Penguin Populations [29,30], data from 

krill Acoustic Surveys [14] and data on the krill fishery [31], it was hypothesized that increasing fishing catches reduced 

breeding success when krill availability was low. 

2. Materials and Methods 

2.1. Krill acoustic biomass data 

Biomass estimates from acoustic surveys of krill during summer months between 1995-2018  [14] were analysed. 

Acoustic surveys followed transects in 4 different geographical strata representing main fishing hotspots. The two main 

fishing grounds in subarea 48.1 (Fig 1) are currently placed in the West and Bransfield Strata [31], as most of the catch 

comes from those two areas [32]. Bayesian linear models with flexible priors (MCMCglmm R package [33,34]) and 10999 

permutations for calculation of significance were applied to test whether there is time variability of the krill biomass at 

both strata. For this analysis, missing values were replaced by the first quantile of the biomass for the whole period, 

following a similar approach proposed as precautionary (Paragraph 2.31 [35], par. 2.25 [32]). 

 

2.2. Krill fishery data  

Catch data [31] is available at haul by haul aggregation level between 1980 and 2018 for the subarea 48.1, which 

was subsetted from 1995 onwards to match the start of krill biomass acoustic data. Krill catches (t per haul) were accu-

mulated for each year and each geographical stratum. The percentage of krill removed by the fishery was calculated by 

dividing the accumulated summer (December to March) catch by the estimated acoustic krill biomass per strata. Bayes-

ian linear models (MCMCglmm R package [33,34]) with 10,999 permutations for calculation of significance were applied 

to test whether there is time variability of the caught krill biomass at each of the two main fishing grounds (West and 

Bransfield Strata) and whether the amount of caught krill biomass corresponded with the krill availability. 

Conservation Measure 51-07 sets the individual catch limit for subarea 48.1 in 155,000 tons (corresponding to 25% 

of the trigger level which is 620,000 tons). This was established in order to prevent fishing catches from going over an 

amount that could trigger impacts to the ecosystem [32,36] Therefore, we identified periods when the estimated biomass 

reached low values near the catch limit. 

2.3. Penguin data 

Data of Pygoscelis penguin colonies (Adélie P. adeliae, Chinstrap P. antarcticus and Gentoo P. papua penguins) for 

the CCAMLR Subarea 48.1 was downloaded from the Mapping Application for Penguins Populations and Projected 

Dynamics MAPPPD [29,30]. All the data that had counts of both nests (between November and January) and chicks 

(January to February) were selected for the calculation of breeding success. A total of 72 counts of nests and chicks in 

the same season were available for 21 colonies of Adélie penguins; a total of 81 counts of nests and chicks in the same 

season were available for 18 colonies of Chinstrap penguins and; a total of 163 counts of nests and chicks in the same 

season were available for 41 colonies of Gentoo penguins. 

When there were successive counts in the same season, the highest number of nests (later counts with less nests 

would mean nests started to fail) and the lowest number of chicks were used. Breeding success was calculated as a 

proportion of successfully raised chicks per nest by simply dividing the number of chicks late in the season per number 
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of nests early in the season. This resulted in an index that varies from 0 (all chicks died in that colony) to 2 (all chicks 

survived), where values equal to 1 indicates that, on average, nests were able to raise one of the two chicks, whereas 

values below 1 indicate a proportion of nests that failed entirely (i.e. a value of 0.6 indicates 0.4 - 40% - of nests had the 

two chicks deceived). Values of 2 mean a 100% of survival, which was only found in two cases when nest counts were 

1 and 2. Those two cases were excluded as the low number of nests is not a good representation of penguin colonies; a 

single count of 80,000 pairs was also excluded (Appendix 1 line 340). 

Frequency distribution of chicks per nest was not normal (Shapiro Wilk’s W = 0.967, P<0.001) nor independence 

between samples could be expected. Therefore, general trends of colonies were tested using Bayesian mixed models 

(MCMCglmm R package [33,34]) with sites and species as random terms. Random intercepts were extracted from the 

mixed models and a Bayesian linear model was used to test whether there was latitudinal coherence of the random 

intercept.  

 

 

Figure 1. Pygoscelis penguin breeding sites (blue dots) where counts for adults and chicks for the same season were avail-

able in the Mapping Application for Penguin Population and Projected Dynamics database [29,30]. Data was plotted above 

krill fishing catch per haul between 1994 and 2018 and the Antarctic krill acoustic survey strata (grey polygons) in the 

Western Antarctic Peninsula, subarea 48.1. 

 

2.4. Responses of penguins breeding success 

For testing effects of fishery, each penguin colony was assigned to one stratum, colonies outside the strata were 

excluded for this analysis, therefore limiting data to 9 sites in the South Shetland Islands (Fig 1) considering the 3 species 

together. For merging fishing and penguin population data, only catches matching the breeding season were used (De-

cember, January, February and March). A measure of how much the catch represented the krill biomass in each strata 

was calculated by dividing the catch by the biomass of the strata (harvest rate from now on). Based on the distribution 

of chicks raised per nest in relation to the harvest rate (Appendix 1 line 547), catches were classified as above (n=14) or 

below (n=52) 5% of the available krill biomass during summer (December to March). Years also were classified as those 

with krill biomass above (n=34) or below (n=32) the median biomass. Within this dataset (Appendix 1 line 564), fre-

quency distribution of chicks per nest was not normal (Shapiro Wilk’s W = 0.948, P=0.008) despite there was homoge-

neity of variances between years of harvest rate above and below 5% (Bartlett’s K2=0.404, P=0.525) and krill biomass 
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below or above the median (Bartlett’s K2=2.383, P=0.122). Important to note that in all cases when harvest rate was <5% 

of the biomass, the krill biomass was above the median, so catching more than 5% of the standing biomass only occurred 

in periods of low krill biomass. Therefore, data was grouped in 3 categories: (1) Krill biomass > median, Catch < 5%; (2) 

Krill biomass < median, Catch < 5% and; (3) Krill biomass < median, Catch > 5%. A Bayesian Mixed model (MCMCglmm 

R package) was applied to test for differences in penguin breeding among those groups using sites as random terms 

with 10999 permutations 

Statistics were done using R v4.2.1 [37]. Details of the analyses can be found in the full reproducible code available 

as Supplementary Material in Appendix A. Data is available as Supplementary Material in Appendix B. 

3. Results 

3.1. Krill biomass and fishing 

Krill biomass at the analysed strata ranged from 39,166 to 5,466,556 tones. 58.33% and 59.10% of the acoustic estimations 

for West and Bransfield strata respectively, were lower than the within stratum estimate mean. On four occasions krill 

biomass was near the catch limit at one of the two strata (Fig 2a,b). Krill biomass showed a significant decrease between 

1995 and 2018 in the West (Fig 2a) stratum (F1,22=30.30, simulated P<0.001), and a slight decrease in the Bransfield (Fig 

2b) stratum (F1,22=90.91, simulated P<0.001). Harvest rate decreased in the West stratum (Fig 2c); however, it was not 

significant (F1,22=13.16, simulated P=0.270) while a significant increase was observed in the Bransfield (Fig 2d) stratum 

(F1,22=9.40, simulated P<0.001). Harvest rate was inversely proportional to krill biomass (F1,22=24.09, simulated P=0.052) 

in the two strata (Fig 2e,f). 
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Figure 2. Trends in Antarctic krill biomass during summer in West (a) and Bransfield (b) strata; percentage of the estimated 

krill biomass removed (harvest rate) in summer by the fishery at the northwestern Antarctic Peninsula between 1995 and 

2018 in West (c) and Bransfield (d) strata; and variation of harvest rates in relation to the estimated krill biomass in West 

(e) and Bransfield (f) strata. Horizontal red dotted lines and black dashed lines (repeated vertically in ‘e’ and ‘f’) in ‘a’ and 

‘b’ are the catch limit for subarea 48.1 and the local mean krill biomass respectively; horizontal red dotted lines in ‘c’ to ‘f’ 

indicates the 5% of krill caught biomass; blue solid lines in “a” to “d” are linear trends and in ‘e’ and ‘f’ are automatically 

generated gam trends. 

3.2. Penguin population trends  

The number of chicks per nest varied from 0.0 to 1.94. While the trend for all species together indicated stability 

(F1,311=90.90, simulated P=0.812), the large variability in success (Fig. 3a) is better explained by latitudinal differences 

(F1,75=87.99, simulated P=0.041) than species (Chinstrap:Adélie F2,74=6.35, simulated P=0.312; Gentoo:Adélie F2,74=5.17, 

simulated P=0.612). Northerly breeding sites had significantly lower intercept than those southerly, indicating that col-

onies on northern latitudes had a higher tendency for a decrease of breeding success than those located in southern 

latitudes (Fig. 3b). 
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Figure 3. Temporal (a) and latitudinal (b) variability of breeding success (number of chicks raised per nest) of breeding 

populations of Pygoscelis penguins in the Western Antarctic Peninsula, subarea 48.1. Lines in ‘a’ and ‘b’ are linear trends 

at species level (blue, green and red dashed lines) and the trend for the three species together (black solid line in ‘b’). 

Values in ‘b’ are site intercepts +- standard deviations resulting from a Bayesian mixed model evaluating the temporal 

trend of breeding success using site and species as random factors (see methods). 

3.2. Penguin breeding success and removed krill biomass  

The median number of chicks raised per nest in the colonies within the fishing strata was lower than 1.00 in years 

when harvest rate was above 5% and krill biomass was below the median. In contrast, the number of chicks raised per 

nest ranged between 0.9 and 1.25 when catch was <5% and krill biomass was below median, and between 1.10 and 1.30 

with krill biomass above median (F3,62=90.91 simulated P=0.008; Figure 4a). Site effect was important for the differences, 

and 4 sites had the random intercept (difference of the site mean in comparison with the mean of all sites) significantly 

lower than 0 (Fig. 4b), coinciding with sites where in the past fishery has fished close to the colony during summer 

(figure 5).  
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Figure 4. Breeding success (chicks raised per nest) of Pygoscelis penguin populations in the West and Bransfield Strata, 

Western Antarctic Peninsula (subarea 48.1) compared between years when krill fishing catches (harvest rate) were above 

and below 5% of the acoustic-estimated biomass and when krill biomass was above or below the median (a), and site-level 

intercept (b) of the Bayesian mixed models comparing periods (see methods). Significances in ‘b’ were calculated using 0 

as reference (see Appendix 2). Sites (see figure 5) are: AITC (Aitcho Island), ARDL (Ardley Island), BART (Barton Penin-

sula), ENTR (Entrance Point), HALF (Half Moon Island), HANN (Hannah Point), LLAN (Llano Point), PTHO (Point 

Thomas) and SHIR (Cape Shirreff). Sites represented in black filled circles are in the Bransfield stratum and empty circles 

in the West stratum.  ***P<0.001, **P<0.01, *P<0.05, ns non significant. 

 

Figure 5. Linear mixed model random intercept for breeding sites of Pygoscelis penguins (a) and examples of spatial dis-

tribution of year-round accumulated fishing catches in years of low krill biomass (2010, b) and years of low krill biomass 

and high fishing catches (2014 c, and 2015, d) in the Western Antarctic Peninsula, subarea 48.1. AITC (Aitcho Island), 

ARDL (Ardley Island), BART (Barton Peninsula), ENTR (Entrance Point), HANN (Hannah Point), HALF (Half Moon Is-

land), LLAN (Llano Point), SHIR (Cape Shirreff) and PTHO (Point Thomas).   . 
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4. Discussion 

Summer krill biomass on the northwestern Antarctic Peninsula has been on a slight decreasing trend between 1995 

and 2020. Recent estimates of Antarctic krill biomass [12,36, this study] indicated a smooth tendency of decrease, there-

fore matching trends verified by other sources of information, such as research net sampling [12,13] or fishery-depend-

ant variables [31]. 

Conversely, the fishing catches in subarea 48.1 have shown an increasing trend reaching the catch limit of 155,000 

tonnes constantly in the last 4 years. Based on the high levels of inter-annual krill variability, it seems that the level of 

catches (associated to the trigger level) may represent a substantial amount of the biomass on a given strata in some 

years. During recent years, around 70% of the allocated catch limit for subarea 48.1 has been caught on the Bransfield 

strata alone [39]. Although, in recent fishing seasons the fleet has moved to a more autumn-winter operation in the area, 

if similar levels of catch occur in the future, in conditions like those in years 2001, 2002, 2004 and 2010 (see results) the 

catch could represent a substantial amount of the local standing krill stock (meaning eventually that a substantial 

amount of spawning population could be caught [40]), periods when competition with krill-predators can occur 

[15,16,19]. In addition, the rapid recovery of baleen whales after reaching critical levels due to whaling [41,42], could 

potentially increase competition for krill [43], as baleen whales are important krill consumers in the area [44,45]. 

Our results indicated that decreases of breeding success of the three species of Pygoscelis penguins were observable 

throughout the WAP. A geographical coherence was noted where populations north of 65°S tended to have steeper 

decreases, which are sectors experiencing faster warming [46,47] with consequent lower sea ice coverage [48,49], in-

creased krill fishing catches [16,50] and spatiotemporal fishery concentration [31]. Localized reductions of penguin pop-

ulations have been observed by other studies [51–53], which might be linked to a reduction in breeding success and 

recruitment [5] as a response to lower availability of krill under climate change [21]. For instance, in years when winter 

sea ice was low, summer krill biomass also was low, which reflected in increased foraging effort by penguins and re-

duced breeding success [21]. Therefore, sustained decreases in breeding success found in this study are consistent with 

a decrease in krill biomass. 

The hypothesis that increased fishing catches in periods of low krill availability implied in lower penguin breeding 

success was supported by the results, therefore indicating that the current strategy management based on a fixed catch 

limit (trigger level) may not prevent potential effects of the fishery on predators when local krill biomass is low. This 

mechanism was previously proposed to reductions in the number of breeding pairs and on breeding performance 

[15,16]. 

The management of the krill fishery is based on a precautionary fixed catch limit applied for the entire subarea 

48.1. While such approach balances and redistributes catch, the krill biomass is averaged over 20 years periods to cal-

culate the impact fishing will have [54]. But the krill biomass is not homogeneously distributed in space and is not 

constant in time [40,55]; the catch levels being calculated using fixed biomass estimations (i.e. long term biomass aver-

ages and constant recruitment rates) to estimate impact of fishing does not reflect the reality of krill dynamics [40,56]. 

Such a management approach, might not be as precautionary as previously thought [15]. Proposed solutions would be 

to use the lower 95% value of the biomass to estimate allowed catch, allocate catch limits according risk assessment and 

to re-evaluate the krill parameters in shorter intervals within the management strata [32,35], which in light of our results, 

would be the better approach to avoiding unexpected impacts. As indicated by our results, the effects of fishing up to 

the catch limit was detrimental to penguins breeding success in years when krill biomass was low. Taking into account 

not only the period of fishing but also the availability of krill is necessary to prevent impacts, as it is possible that under 

low krill availability, the effect of fishing could be carried on to the following years [16]. 

5. Conclusions 

Our analysis indicates that krill removals have had detectable impact over breeding success of Pygoscelis penguins 

in the West and Bransfield strata. In periods of low krill biomass, the catch limit can represent a substantial amount of 

the local krill biomass, likely resulting in interference competition. Our results identified localized effects of the krill 

fishery in the WAP, reinforcing the need to allocate catch limits over smaller spatial scales, to ensure the application of 

CCAMLR's precautionary management approach. On the other hand, the revised management framework must con-

sider the natural variability of krill populations and even more so in the context of climate change in the WAP. Such 

modifications would avoid krill fishing becoming an additional pressure reducing penguins’ capacity to adapt to the 

fast changes occurring in the Antarctic Peninsula. Finally, finding indicators that are able to predict when those periods 
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of low krill biomass will occur - winter sea ice for instance [21]- could be of help in planning in advance the allowed 

catch levels in a given year. 
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Appendix A 

Full reproducible R code and detailed analytic procedures used in this study.  

Appendix B 

Available data for reproducing analysis used in this study, which is composed of comma-separated files (.csv) of 

penguin counts, summarized yearly fishing catches, krill acoustic estimations and shapefiles (.shp) of the Strata for 

estimating krill acoustic abundance. 
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