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ABSTRACT

Aim  To infer the potential for competition between an important Antarctic predator, the macaroni penguin, and the krill fishery by examining the spatial overlap in prey consumption and catches.
Location  Scotia Sea and adjacent waters.
Methods  The study focused on the winter period as this is the only time of year when spatio-temporal overlaps between macaroni penguin foraging and the krill fishery can occur. We tracked adult macaroni penguins from a colony in South Georgia using global location sensors to determine winter distribution, and bioenergetics models to calculate biomass of food consumed during the winter period. We combined these to produce a surface of the tonnes of krill consumed which could be compared directly with the spatial distribution of the tonnes of krill caught by the fishery.
Results  Adult macaroni penguins from South Georgia consumed 135,826 tonnes of krill (95% CIs: 83,446 - 188,140) during the winter which is similar to the 98,431 tonnes caught by fisheries over the same period. However macaroni penguins had a very wide pelagic distribution across the Scotia Sea whereas the fishery was restricted to three small areas on shelf edges, such that their spatial overlap was negligible. The proportion of the estimated krill stock taken by macaroni penguins and the krill fishery was small both at the scale of the Scotia Sea and the local areas within which the fisheries operate.
Main conclusions  Competition between macaroni penguins and the krill fishery is low under current management and far less than that among the various species of krill predators that occur in the Scotia Sea. Our method will allow quantification of changes in competition between macaroni penguins and krill fisheries should the latter expand in the future, and provides a framework for assessing predator-fishery competition in other systems.
INTRODUCTION

A rise in demand for fishmeal for agriculture and aquaculture has led to massive growth in industrial fishing for low trophic level (LTL) pelagic species (Smith et al., 2011). LTL fish and crustaceans are the main channel through which energy passes from zooplankton to higher vertebrate predators in so-called wasp-waist ecosystems, so variations in their stocks may affect predator demography (Cury et al., 2000, Pikitch et al., 2012). Collapses in several LTL stocks exploited by industrial fishing have led to seabird breeding failures (e.g. Duffy, 1983; Anker-Nilssen et al., 1997; Poloczanska et al., 2004; Crawford, 2007; Frederiksen et al., 2008) and prompted concern from conservationists (Avery & Green, 1989, Gray et al., 1999; Dunn 2005). These stock collapses were largely caused by environmental perturbation, but authorities generally agree that industrial fisheries may compete with predators when LTL stocks are at naturally low levels or where fisheries and and predators have a high spatio-temporal overlap (Wanless et al., 1998; Furness, 1999, 2002; Poloczanska et al., 2004). Fisheries management which takes explicit account of predator feeding requirements is necessary in these circumstances (Botsford et al., 1997).

Tools for managing fisheries in an ecologically sensitive manner include catch limits that reserve the prey requirements of predators (Constable et al., 2000;  Cury et al., 2011) and restrictions on the timing or locations of fishing to minimise its overlap with predators (Greenstreet et al., 2006; Pichegru et al., 2010). Prey requirements of seabirds can be estimated from bioenergetics models, which can then be compared with fishery catches and the estimated stock to infer the potential for competition (Duffy, 1983; Furness, 2002; Croll & Tershy, 1998). The degree of spatiotemporal overlap between fishing grounds and the at-sea distribution of seabirds can be estimated from generic foraging ranges from colonies (Agnew & Phegan, 1995; Ichii et al., 1996), counts from vessels (Wright & Begg, 1997; Wanless et al., 1998) or bird-tracking data (Pichegru et al., 2009; Bertrand et al., 2012). Ideally, these sources of information would be combined to allow the spatial overlap of seabird food consumption with fishery catches to be expressed in common units of biomass but there are only two published examples of this to date (Ichii et al., 1996; Karpouzi et al., 2007)  both of which used over-simplistic maximum foraging radii from colonies to generate at-sea distribution of seabirds.

In the Southern Ocean an industrial fishery for Antarctic krill (Euphausia superb Dana; hereafter krill) was formerly widespread (Nicol and Endo, 1999), but now operates almost exclusively over the shelf breaks of the South Orkney, South Shetland and South Georgia archipelagos (Nicol et al., 2012). The majority of its catch is used to produce fishmeal but increasing quantities are used to produce health supplements and pharmaceuticals (Nicol et al., 2012). Krill is also an important food source for large populations of penguins, flying seabirds, seals and baleen whales (Croll & Tershy, 1998; Boyd, 2002; Reilly et al., 2004; Forcada et al., 2012, Atkinson et al., 2012) and the potential for competition with these predators is one of the major considerations in the management of the krill fishery (Constable et al., 2000).
Southern Ocean fisheries are regulated in an ecologically sensitive manner by the Commission for the Conservation of Antarctic Marine Living Resources (CCAMLR: Constable et al. 2000; Kock et al., 2007). Although the Antarctic krill fishery has operated since the late 1970s, its annual catches are currently <1% of the estimated regional biomass and CCAMLR has identified a potential limit on regional krill catches of 9% of this biomass (Constable et al., 2000; Hill, 2013). However, this is insufficient to prevent localised competition in areas where both catches and predators are concentrated and so CCAMLR uses a lower interim catch limit (Plagányi & Butterworth 2012, Watters et al., 2013). Proposals for minimising localised competition include spatially sub-dividing catches among 15 Small Scale Management Units (Constable & Nicol, 2002, Hewitt et al., 2004) but these measures have not yet been agreed upon. Improved information on the spatiotemporal distribution of predator food requirements is needed to attain these management goals.
The krill fishery around South Georgia only operates during winter when the spread of sea ice restricts access to the preferred fishing grounds further south (Kawaguchi et al. 2009). Closure of the fishery during summer has now been adopted as a management measure with the Government of South Georgia and the South Sandwich Islands (GSGSSI) marine protected area management plan in order to avoid competition with seabirds and seals during the breeding season (Collins, 2012). Winter fishing is permitted on the rationale that dispersal migration of krill-dependent predators away from their colonies during this period will greatly reduce the potential for competition, although this assumption has not been tested empirically.

Macaroni penguins Eudyptes chrysolophus Brandt are relatively large and extremely abundant predators in the Southern Ocean, and are estimated to consume more marine resources than any other seabird in the world (Brooke, 2004). One of the world’s largest breeding aggregations of macaroni penguins occurs on South Georgia (Crossin et al., 2013) and consumed an estimated 8.08 million tonnes of krill pa during the 1990s (Boyd, 2002). Macaroni penguins moult at the end of their breeding period before dispersing widely across the open ocean, although some remain in the vicinity of South Georgia (Ratcliffe et al., 2014a) and so may experience competition with the local krill fishery when it opens in winter. Those birds that do move away from South Georgia may encounter competition from fisheries around the South Orkney and South Shetland Islands, which lie far beyond the range of their breeding period foraging trips (Barlow & Croxall, 2002; Trathan et al., 2006). The overwinter distribution and food requirements of macaroni penguins from South Georgia therefore constitute important considerations in the management of all the existing krill fishing grounds.
This study describes the winter distribution of macaroni penguins from South Georgia based on geolocation data. We combine food consumption estimates with bird tracking data for the first time to produce a surface depicting the tonnes of food eaten by macaroni penguins across the Scotia Sea and adjacent waters. We compare spatial overlap of macaroni penguin consumption and fishery catches, and the proportion of the stock taken by each, in order to infer the potential for competition between the two. Our approach realises the CCAMLR goal of robustly mapping food consumption by predators at a fine spatial scale and is applicable to investigation of potential competition between fisheries and a wide range of other higher marine predators.

Methods

Estimation of food consumption
The total biomass of food consumed by the adult population of macaroni penguins from South Georgia during the study period was calculated from the equation:
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Where F is the biomass of food consumed (metric tonnes), N is the number of penguins in the population that are of breeding age, P is the proportion of those penguins that are at sea during the period of study, T is the duration of the study period (118 days) and M is the average wet mass of food consumed per day (in kg). Immature birds were not included in these calculations as it is not possible to accurately estimate their numbers and their winter distribution is completely unknown.

N was taken as 2,057,234 birds from an aerial photographic survey of South Georgia macaroni penguins between 2000 and 2003 (Trathan et al., 2012): numbers at a study colony on Bird Island have remained stable since then (Horswill, 2015). M for macaroni penguin was taken as 0.86 g day-1 based on estimates derived from models of energy requirements of South Georgia macaroni penguins equipped with heart-rate loggers during the entire winter period (Green et al., 2009). P was taken as one because the wet-dry records from the geolocators showed that they were entirely pelagic during the study period (Ratcliffe et al., 2014a).


Estimates of the krill biomass consumed by macaroni penguins are necessary to allow comparisons with that harvested by the fishery. A stable isotope study of macaroni penguin diet during the winter of our study showed that birds fed were feeding almost entirely on crustaceans (Horswill, 2015). Krill are preferred to other crustacean species when available (Waluda et al., 2012), but do not occur in either the waters (Atkinson et al., 2008) or macaroni penguin diets (Ratcliffe & Trathan, 2012) to the north of the Polar Front. We therefore assumed that when birds were south of the Polar Front during the winter (see below for details of calculation) their diets comprised entirely krill but whilst to the north of the Polar Front they would eat alternative crustacean species. Hence, the biomass of krill consumed was calculated from: 
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Where Fk is the biomass of krill eaten by macaroni penguins and S is the proportion of time the population spends to the south of the Polar Front during the study period (see below).

We used a Monte Carlo analysis to generate confidence limits around our consumption estimates. We generated 10,000 estimates of M from a normal distribution defined by the mean and SD presented in Green et al. (2009). For the values of N presented in Trathan et al. (2012) uncertainty arose from the confidence limits around the adjusted pair estimate for surveyed colonies and the range in the number of pairs thought to occur in those colonies that were not surveyed. For the adjusted pair count we selected values from a normal distribution defined by the estimated population size and the SD, while numbers in un-surveyed colonies were drawn from a uniform distribution bounded by the minimum and maximum estimates for each site (Lynch et al., 2013). N was then calculated as the sum of the estimates for surveyed and unsurveyed colonies, multiplied by two (to convert pairs to adult birds). Values of P, S and T and were included as constants. We then used equations 1 and 2 to produce 10,000 values for F and Fk, from the vectors of N, M and S values and took the mean, 2.5 and 97.5 percentiles as the average, lower and upper confidence limits of the estimates, respectively.

Estimation of spatial distribution
Adult penguins were tracked using geolocation sensors (GLS; Mk18H, British Antarctic Survey, Cambridge, UK). Tags weighed 2g (15 x 9 x 5 mm) and were attached to the birds using bespoke leg rings (Ratcliffe et al. 2014b). Deployments were timed to coincide with the moult period (March 2011) and recoveries with the arrival period (November 2011). Tags were fitted to 40 macaroni penguins on Bird Island, South Georgia (54o 01’ S 38o 03’ W) and 32 (80%) were recovered. The batteries from one tag expired in July and the data were discarded to maintain constancy in study period across all deployments. The tracking data presented here are freely available from the British Antarctic Survey Polar Data Centre (polardatacentre@bas.ac.uk). These tracking data are published in Ratcliffe et al. (2014a) as bird densities: this study uses  these data to estimate the distribution of food consumption and to compare it to krill fishery catches.
The R package tripEstimation was used to estimate twice-daily positions from the light data downloaded from the GLS tags (Sumner et al., 2009; Thiebot & Pinaud, 2010). Swimming speeds of birds were limited to 3km/h with an SD of 1.8, as estimated from satellite-tracked southern rockhopper penguins during winter in the SW Atlantic (Raya Rey et al., 2007). A mask with a 0.2o resolution was constructed from a world coast map (from http://www.gebco.net/) and average monthly sea-ice extents (from http://www.myocean.eu.org/) to constrain positions to fall only in the sea or cells with less than 10% coverage of sea ice (Ratcliffe et al., 2014a).  Light data before the end of the period affected by the spring equinox (24 April) and after that affected by the autumn equinox (20 August) were discarded as latitude estimation by light data alone is unreliable during these periods. This omits 11 days of the winter period following departure from the colony and 69 (males) or 77 days (females) prior to return to the colony (Ratcliffe et al., 2014a).
The tripEstimation package uses a Bayesian Markov Chain Monte Carlo model to estimate positions with uncertainty. Five chains of 10,000 iterations were simulated after an initial burn-in period of 500 iterations which were discarded. A map of time spent across a 0.2o resolution grid was derived by assigning the time difference between two sequential primary GLS fixes (i.e. the location at the point in time at which fixes were estimated) to the possible intermediate locations the bird might have visited during the time interval between them (Sumner et al., 2009). These describe uncertainty arising from the precision of the two primary locations and the possible paths the birds followed between these (Sumner et al., 2009). The time spent at the intermediate locations for all iterations and chains were then summed within grid cells. This method has been used previously to estimate positions of macaroni penguins from geolocator data (Thiebot & Pinaud, 2010; Ratcliffe et al., 2014a).

The proportion of time spent in each cell by all birds was calculated and multiplied by the estimate of food consumed by the population to estimate the spatial distribution of food consumption during our study period. These extrapolations assume that macaroni penguins from all colonies in South Georgia have a similar winter distribution to those from Bird Island. South Georgia is only 165 km long and macaroni penguin colonies are found on the headlands of the entire north shore (Trathan et al., 2012). Other studies have found marked winter-time segregation between Eudyptes colonies separated by 260km (Ratcliffe et al., 2014a) and 1,300km (Thiebot et al., 2011), although these were separated by an expanse of sea. In both cases clear avoidance of areas of sea in the direction of competing colonies were apparent during winter, whereas macaroni penguins from Bird Island birds ranged equal distances east and west (Ratcliffe et al. 2014a), which argues against segregation of wintering areas by birds within South Georgia. Even if our assumption is incorrect Bird Island and the immediately adjacent Willis Islands host 43% of South Georgia’s macaroni penguins (Trathan et al., 2012), so although our estimates of competition will be inflated they still have meaning for the population as a whole.
The location of the Polar Front during the study period was derived from sea surface height data (from AVISO: http://www.aviso.oceanobs.com), using a contour line at -58cm (Venables et al., 2012). The proportion of time spent to the south of this feature was then extracted using ArcGIS (S in Equation 2).

Overlap with krill fisheries
Krill fishery data for 2011 were sourced from CCAMLR and GSGSSI. These provided the date, GPS location and krill catch for each net haul, which were sub-set to cover only the period over which birds were tracked and then summed within the cells of the same 0.2o grid used for the tracking data. Potential competition between penguins and fisheries was estimated as (1) the ratio of fishery catches to penguin krill consumption across the entire study area; (2) the proportion of the total penguin krill consumption taken from within the fished areas and (3) the ratio of penguin consumption to fishery catches within the fished areas (an index of the degree of competition within the fished area). Finally, the biomass of krill harvested by fisheries and that consumed by penguins were expressed as a percentage of the local krill standing stock in those assessment areas in which fisheries operate and across the entire Scotia Sea within the area covered by the CCAMLR 2000 Synoptic Krill Survey (Fielding et al., 2011). This gave an index of the potential depletion of the prey stock by fisheries and penguins.

RESULTS

Penguin food consumption

The total food consumption by the adult population of macaroni penguins from South Georgia over the entire study area and period was 208,963 tonnes (CIs: 128,378; 289,446). The distribution of total food consumption was spatially extensive, ranging from 0 to 60o W and 43o to 66 o S, although most was taken from within a box bounded by 25o - 60o W and 51o - 62o S. Patches of high food consumption were evident to the SE and NW of South Georgia and to the NE of the South Shetland Islands in association with the Polar Front and Southern Antarctic Circumpolar Current Front and to the south of the Falkland Islands associated with the Subantarctic Front and Burdwood Bank. Food consumption was low in an extensive area to the west of South Georgia (Fig. 1a).

Macaroni penguins spent 35.0% of their time north of the Polar Front where krill are absent. Inferred macaroni penguin diet over the whole study area during the winter therefore comprised 65% krill and the estimated consumption of krill across the entire study area and period was 135,826 tonnes (CIs: 83,446; 188,140).
Overlap with krill fisheries

Fisheries harvested 98,431 tonnes of krill from the Scotia Sea as a whole during the study period which has a ratio of 0.72 to consumption by South Georgia macaroni penguins. The distribution of catches was restricted to the shelf slopes to the north of South Georgia and the South Shetlands and to the west of the South Orkneys (Fig 1b). Catches during the study period were highest around South Georgia and lowest around the South Shetland Islands (Table 1). Macaroni penguins consumed a mere 0.49% of their total krill requirements from within the fished areas: they showed a small overlap with the fished areas off South Georgia and South Orkney fisheries and none with that off the South Shetlands (Table 1). Within the fished areas, the biomass of krill harvested by the fishery was 149 times greater than that consumed by macaroni penguins (Table 1). As such, fisheries have greater potential to compete with penguins than vice versa within their small areas of overlap.
The estimated biomass of krill within each of the assessment areas was 0.8Mt for South Georgia, 7.8Mt for the South Orkneys, 6.6Mt for the South Shetlands and 60.3Mt across the whole Scotia Sea assessment area, with a coefficient of variation of 12.8% (Fielding et al., 2011). The percentage of the local stocks harvested by fisheries was 6.8% around South Georgia, 0.5% around the South Orkneys and 0.08% around the South Shetland, while the combined harvest by all fisheries represented 0.16% of the entire Scotia Sea stock. The biomass of krill consumed by the South Georgia macaroni penguin population was equivalent to 0.22% of the krill stock in the entire Scotia Sea.

DISCUSSION


Macaroni penguins are relatively large and very abundant predators in the southern ocean, making them among the most important higher vertebrate consumers of food within the region and globally (Brooke, 2004). During our winter study period, we estimated that adult macaroni penguins from South Georgia consumed 208,963 tonnes of food, while (Boyd, 2002) estimated that during a whole year, the entire macaroni penguin population at South Georgia (including chicks and sub-adults) would consume 8.08 million tonnes. The estimates in (Boyd, 2002) are based on a population size of three million pairs in 1991 and so the decline in numbers to just over one million pairs in 2003 (Trathan et al., 2012) will have caused an approximate 37% reduction in total annual consumption. Over 95% of the macaroni penguins in the Scotia Sea breed at South Georgia (Crossin et al., 2013) so our consumption figure is only a slight underestimate of the regional total.

Our study revealed that macaroni penguins and fisheries removed a similar biomass of krill during the winter period. The proportion of the krill standing stock taken by macaroni penguins and the fishery across the Scotia Sea as a whole was relatively small and so competition at the regional scale is probably minimal. The standing stock may underestimate krill abundance through time owing to growth and reproduction (which can produce biomass of 90% to 140% of the standing stock each year; Atkinson et al., 2009), although this will be counteracted to an unknown degree by predation and other sources of mortality. The standing stock is therefore an imperfect denominator for comparison with fishery and penguin consumption, but out of pragmatism we accepted this as the only metric available to us.
One of the key uncertainties in our krill consumption calculations is the diet composition of macaroni penguins during the winter. We assumed that krill form the entire diet of macaroni penguins south of the Polar Front. Stable isotope analysis show winter diets are comprised almost entirely of crustaceans (Horswill 2015) and during the breeding season on South Georgia krill dominate the crustacean component of the diet when they are available (Waluda et al., 2012). However, in years when krill are scare, other species of Euphausiid and the pelagic amphipod Themisto gaudicaudii can be important. In the breeding season preceding our year of study krill comprised almost all of the crustacean component of the diet, so our assumptions likely to be justified for this year but not for others such as 1994 and 2009 when krill was scarce and other crustacean species dominated the diet (Waluda et al., 2012). However, any failures in our assumption will strengthen the conclusion that competition with the krill fishery was low because dietary switching to alternative crustacean species would reduce this further. Differences in the size classes of krill taken by macaroni penguins and fisheries would also reduce competition compared the estimates we present, although available information suggests that these overlap to a large degree (Ried et al., 1999; Agnew et al., 2010).
Setting catch limits on the basis of consumption estimates needs to be done with caution as these represent the biomass of prey that the predator population actually eats: the abundance of stock they need in order to successfully capture this amount of food is likely to be substantially higher due to factors such as prey availability, searching time and interference competition (Goss-Custard et al., 2004; Furness, 2007; Cury et al., 2011). An alternative management approach is to maintain the l stocks above the threshold level at which adverse effects upon predator demography become apparent (Butterworth and Thompson 1995; Reid et al., 2005; Cury et al., 2011). An example is two sandeel Ammodytes marinus Raitt fisheries in Scotland, that closed following breeding failures of seabirds in nearby colonies (Poloczanska et al., 2004, Greenstreet et al., 2006, Frederiksen et al., 2008). For macaroni penguins this would require an understanding of the relationship between the Scotia Sea krill stock and overwinter survival, or the South Georgia krill stock and breeding success (should the winter fishery cause depletion of krill available to macaroni penguins in the following summer; see below). 

Comparisons of prey requirements, catches and stock size at regional scales may underestimate competition where fisheries catches show a high spatio-temporal overlap with predator consumption (Furness, 1999; Wanless et al., 1998; Furness, 2002). Our study combined consumption estimates with tracking data on a spatial grid for the first time, enabling us to examine the spatial overlap in consumption and fisheries catches in common units of biomass. This revealed that the overlap between macaroni penguins and fisheries during winter was low and that even within fished areas the proportion of the krill stock removed by each of them was small. In contrast, studies in the Benguela and Peruvian Currents found that fisheries overlapped considerably with seabird foraging areas and may have altered their foraging distributions (Pichegru et al., 2010, Bertrand et al., 2012).
Our analyses of overlap omitted a period of two months between the start of the autumn equinox and the return of macaroni penguins to their colony due to distribution data being inestimable. Macaroni penguins will be returning to their colonies during the latter part of this period and so might be expected to experience greater overlap with the South Georgia fishery than our analyses suggest. However, catches of krill after our study period ended represented just 18% of the total and fishing had ceased completely one month prior to birds arriving at the colony: a time when macaroni penguins would probably still have been far offshore based on tracking studies in the Indian Ocean (Thiebot et al., 2011).
Our analyses are confined to a single year and krill stocks show substantial annual variations. During our year of study krill density was around the median value of those observed over 16 years at  South Georgia,  and so the proportions of the stock eaten by penguins and harvested by fisheries will be higher during years when krill is scare (e.g. 2000) and lower when they are more abundant (e.g. 2002; Fielding et al. 2014). Annual variations in overlap between macaroni penguins and fisheries may also occur, but   as dispersal across large areas of open sea is a general characteristic of Eudyptes penguin winter distribution (Thiebot et al., 2011, Ratcliffe et al., 2014a) whereas the krill fishery has focused upon the same restricted areas of shelf-break for the past 20 years (Kawaguchi et al., 2006, Nicol et al., 2012), the broad conclusion of a low level of spatial overlap is likely to remain. Further monitoring of overlaps between predators and the fishery will be necessary if catches increase in the future, especially because the spatial distribution of catches may change in response to increasing competition among fishing vessels or differences in fishing practices among nations. For example, the distribution of fishing effort was far wider during the 1980s when catches were higher and the Soviet fleet participated in the fishery (Nicol & Endo, 1999; Kawaguchi et al., 2006; Jones and Ramm, 2004).
Maintaining the summer closure of the fishery around South Georgia is an important precaution as otherwise the overlap between the current fishing areas and the foraging ranges of macaroni penguins from some colonies would be substantial (Barlow & Croxall, 2002; Trathan et al., 2006) and could potentially cause competition (Cresswell et al., 2008). The seasonal closure has been adopted within the South Georgia marine protected area management plan (Collins, 2012) and there is no pressure from the fishermen to reverse this decision as they prefer to fish further south during the summer months (Kawagachi et al., 2009; Nicol et al., 2012). Although the direct spatiotemporal overlap between the South Georgia krill fishery and macaroni penguin food consumption in winter is small, there is the potential for carry-over effects in which fishing during winter depletes the krill stock available to penguins in the following breeding season. Variation in the size of the South Georgia krill stock is affected by fluctuations in immigration from stocks to the southwest, which is governed by changes in currents and sea ice extent (Murphy et al., 2007, Thorpe et al., 2007). When immigration is high losses to fishing mortality will be replenished, but when it is low winter fishing mortality has the potential to reduce the availability of krill to predators in the following summer. Further investigation of carry-over effects is required to address this concern.
Pygoscelis penguins, Antarctic fur seals Arctocephalus gazella Peters, crab-eater seals Lobodon carcinophaga Hombron & Jacquinot and baleen whales each consume krill at a similar order of magnitude to macaroni penguins (Croll & Tershy, 1998; Boyd, 2002; Reilly et al., 2004; Forcada et al., 2012), and so competition among these species may be greater than that with fisheries. Of these, competition for macaroni penguins is likely to be greatest with Antarctic fur seals owing to their substantial spatio-temporal overlap during the breeding season (Barlow et al., 2002; Waluda et al., 2009). Fish are probably the greatest consumers of krill in the Scotia Sea, and may eat as much krill in the region as all the higher vertebrate predators and the fishery combined (Hill et al., 2007). It follows that a small percentage increase in fish stocks could create far greater competition for krill with higher vertebrate predators than fisheries at their current level; a similar conclusion to that which was reached for the North Sea in relation to competition between fisheries and seabirds for sandeels (Furness, 2002; Engelhard et al., 2013).
Conclusion

The krill fishery at its current level is unlikely to compete with macaroni penguins, and any competition that does occur will be minor when compared with that among other predators in the Scotia Sea ecosystem. However, the krill fishery is likely to grow owing to improved fishing technology and increasing demand for its products (Nicol and Endo, 2012) and our method provides a framework for quantifying overlaps with expansion in catches or fished areas. Further investigations of fisheries interactions with other important krill predator species in the Scotia Sea are needed to allow similar assessments to be made for them. There are two key priorities: 1.Antarctic fur seals at South Georgia, because a proportion of their huge population (> 4 million individuals; BAS unpublished data) is resident throughout the year (Staniland et al., 2012) and so will overlap with the South Georgia krill fishery when it is open during winter, and 2. chinstrap penguins Pygoscelis antarctica Forster on the South Orkney and South Shetland Islands during the breeding season, where summer krill fisheries operate within the foraging range of a number of globally important colonies (Agnew & Phegan, 1995; Croll & Tershy, 1998). Our methods can be directly transferred to these species and indeed other systems globally where competition between LTL fisheries and predators are of concern, although amassing the various sources of data required is challenging.
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Table 1. The biomass of Antarctic krill Euphausia superba (metric tonnes) taken by wintering South Georgia macaroni penguins Eudyptes chrysolophus (MP) and by the fishery from within fished areas. MP% and Fishery% express the biomass figures as the percentage of the total consumption or catches over the entire range of the penguin population or fishery, respectively. Values in parenthesis represent the 95% confidence limits of the krill consumption estimates.
	Consumer
	South Georgia
	South Orkneys
	South Shetlands
	All three

	MP tonnes
	408 (250 - 565)
	253 (156 - 351)
	0
	661 (406 - 916)

	MP %
	0.30
	0.19
	0
	0.49

	Fishery tonnes
	54,619
	38,369
	5,475
	98,463

	Fishery %
	55.47
	38.97
	5.56
	100.00


Figure 1. Distribution of (a) food consumption by macaroni penguins Eudyptes chrysolophus in the SW Atlantic (tonnes of prey consumed) and (b) harvests by the three krill fisheries operating in the region (tonnes caught) across a 0.2 o x 0.2o grid (note differences in map extents). The black and white contours on both plots show the 50% and 95% volume contours of macaroni penguin food consumption, respectively. The red line represents the position of the Polar Front and the white cross in a black circle the location of Bird Island, the colony from which macaroni penguins were tracked.
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