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ABSTRACT
John Wiedenmann
Implications of Climate Change for Antarctic Krill and Their Cetacean
Predators
Antarctic krill are the dominant prey for many predators in the Southern Ocean. A
changing climate may affect the biomass of krill available to both predators and the
fishery, and being able to predict such changes, and subsequent impacts on krill
predators is essential for the effective management of the krill fishery. I model the
growth and reproductive success of krill in relation to a changing climate.
Specifically, I explore the effects of a warming Southern Ocean on krill growth, and
a decline in sea ice coverage on krill reproductive success using standard fisheries
models. The effects on growth are predicted to vary spatially, with increased growth
in colder areas and decreased growth in warmer areas in response to rising
temperatures. A loss of sea ice is predicted to result in substantial reductions in krill
recruitment. These changes, combined with an expanding fishery may affect the
recovery of endangered blue whales. I develop a state-dependent behavioral model
for blue whales to predict the impacts of reductions in krill biomass. Declines in
krill biomass will likely reduce whale reproductive success and increase adult
mortality through starvation, which will act to slow their recovery.
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CHAPTER 1
Introduction
Exploitation in the Southern Ocean
Shortly after the European discovery of the Southern Ocean in the late 18th
century, humans began harvesting the top predators in the ecosystem. Fur seals
(Arctocephalus gazella) were hunted to near extinction for their fur by the mid-19th
century. Populations of elephant seals (Mirounga leonina) and many penguin
species (but especially the king penguin, Aptenodytes patagonicus) on numerous
sub-Antarctic islands were decimated for their oil (Croxall, 1992; Nicol and
Robertson, 2003). Whaling in the Southern Ocean began in the early 20th century,
but early catches were limited because catcher boats needed to remain close to the
land-based processing stations. The introduction of the pelagic factory trawler in the
1920s resulted in a dramatic increase in catches, with the largest whales (blue
(Balaenoptera musculus), fin (B. physalus), and humpback (Megaptera
novaeangliae)) being the initial targets, and smaller whales (sperm (Physeter
macrocephalus), sei (B. borealis), and minke (B. bonaerensis)) being taken after the
larger whales had been decimated (Mackintosh, 1965). Over 2 million whales were
removed, bringing some populations to the brink of extinction (Ballance et al.,
2006). For example, the blue whale population was reduced from over 200,000 to
fewer than 1,000 by 1973 (Branch et al., 2004). This removal of so many predators
over a relatively short time period has been referred to as the largest human-induced
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perturbation of a marine ecosystem anywhere in the world (Mori and Butterworth,
2006).
The harvesting of top predators has ceased in the Southern Ocean (although
Japan harvests a few hundred minke whales annually in its controversial scientific
program; Gales et al., 2005), and many of the populations once near extinction have
now recovered. The decimation of populations of blue, fin and humpback whales,
which predominantly eat krill (Euphausia spp.; Kawamura, 1980) while foraging in
the Southern Ocean, may have resulted in a surplus of krill, which in turn may have
resulted in population increases in other krill predators (Laws, 1977). For example,
the fur seal population on the island of South Georgia began increasing in the 1950s
(Boyd, 1993), and elsewhere more recently (Nicol and Robertson, 2003). Laws
(1977) noted increased pregnancy rates in blue, fin, and sei whales from the 1930s
onward, and decreased mean age at maturity in fin and sei whales, and crabeater
seals (Lobodon carcinophagus), suggesting a competitive release resulting from
whaling. However, a lack of krill biomass estimates and the population sizes of
many of their predators before and after whaling prevents the krill surplus
hypothesis from being tested quantitatively (Nicol and Robertson, 2003; see Mori
and Butterworth, 2006 and Ballance et al., 2006 for reviews of the evidence
supporting and opposing the surplus hypothesis, respectively).
The International Whaling Commission (IWC) enacted a moratorium on all
commercial whaling in 1986, with earlier bans enacted for blue, fin and humpback
2

whales (Mori and Butterworth, 2006). Despite two decades or more of protection,
whale populations are showing different levels of recovery. Minke whales, which
may have benefited from a krill surplus (Best, 1982; Thomson et al., 1999), were not
extensively harvested because of the whalers' preference for larger whales.
Population trends for fin and sei whales are unknown, but for both blue and
humpback whales, which have not been harvested in the Southern Ocean since 1972
(when illegal Soviet operations stopped; Yablokov, 1994), the trend is increasing.
Branch et al. (2004) estimate that the blue whale population has grown by roughly
7% yr-1, but the population is still less than 1% of the pre-exploitation level. There
are seven recognized breeding populations of humpback whales in the Southern
Hemisphere (Zerbini et al., 2006), and steady increases have been shown for
populations where data are available (Bannister, 1994; Paterson et al., 1994; Ward et
al., 2006). In fact, humpbacks are listed as a species of least concern by the IUCN,
while blue, fin and sei whales remain endangered (Reilly et al., 2009).
Humans continue to impact predators through a variety of mechanisms, such
as the removal of their prey. Krill are central to the Southern Ocean food web and
while numerous species of krill exist, by far the most abundant is the Antarctic krill,
Euphaisia superba (herein referred to as krill). Krill have a circumpolar
distribution, but the greatest concentrations occur in the south Atlantic sector of the
Southern Ocean (Atkinson et al., 2004). Full-scale commercial fishing for krill
began in the mid-1970s, with peak catches occurring in early 1980s. Catches
3

remained high most years until the Soviet Union ceased operations, and have
remained around 100,000 mt, although there appears to be a small but consistent
increase in recent years (Kawaguchi and Nicol, 2007). Since the 1996/1997 fishing
season, the fishery has only operated in the south Atlantic sector (Kawaguchi and
Nicol, 2007).
The krill fishery is managed by the Commission for the Conservation of
Antarctic Marine Living Resources (CCAMLR), which has adopted an ecosystembased, precautionary approach towards the krill fishery (Reid et al., 2005). A key
management principle of CCAMLR is that the effects of the krill fishery on
predators should be reversible on a reasonable time scale. Annual catch limits are
currently well below the estimated total krill biomass: catch limits in the south
Atlantic, southeast Indian Ocean, and southwest Indian Ocean sectors are 4.0, 0.44,
and 0.45 million mt, respectively, while biomass estimates are 44.3, 4.83, and 3.9
million mt, respectively (Croxall and Nicol, 2004; more details at www.ccamlr.org).
The intention of such catch limits is to minimize the potential for ecosystem-wide
depletion of the krill.
The precautionary catch limit set by CCAMLR aims to prevent overfishing
of krill, but there remain concerns about the impact that an expanding fishery may
have on krill predators. Current catches are low, but the demand for krill is
predicted to increase. Krill are used as aquaculture feed, but there is also the
potential for use in livestock and pet foods. Krill oil, which is very high in
4

antioxidants, is currently being sold in the nutraceutical industry, but there is
potential for use in the cosmetic and pharmaceutical industries as well (Nicol and
Foster, 2003). Recent advances in harvesting technology have also raised concerns;
the new technology allows krill to be pumped continuously from the water
(Kawaguchi and Nicol, 2007), increasing harvest efficiency (catch-per-unit-effort),
and potentially changing the patchiness of krill in an area (because entire swarms
may be removed, making the remaining swarms more clumped).
CCAMLR has recognized the need to subdivide the precautionary catch limit
in the south Atlantic sector of the Southern Ocean into small-scale management
units (SSMUs) to minimize the impact that the krill fishery has on krill predators
(Hewitt et al., 2004a). There are currently five scenarios being explored for the
allocation of catches among SSMUs. The first four are static, with catch in a single
SSMU proportional to 1) historical catch in that SSMU, 2) predator demand, 3) total
krill biomass, or 4) proportional to krill biomass less predator demand. The fifth
scenario is dynamic, accounting for the potential variation of krill biomass from year
to year among SSMUs, and would be proportional to some ecosystem index yet to
be determined (Hewitt et al., 2004a). These scenarios are being explored in a
modeling framework, and no scenario has been implemented to date (Hill et al.,
2006).

5

Observed Climate Change
Climate change may also affect the biomass of krill that is available to
predators. Polar regions have warmed more than lower latitudes over the last halfcentury, and it is predicted that polar ecosystems may be the most sensitive to global
warming (Root et al., 2003). Long-term temperature observations (both air and sea)
in the Antarctic are limited, but where data are available, they indicate warming.
Vaughn et al. (2003) report a mean warming from 17 stations of 0.8 ± 1.6 ˚C over
the last century (compared to the global average of 0.6 ± 0.2 ˚C.) The trend for the
Antarctic is primarily driven by warming in the west Antarctic Peninsula, which is
warming at a rate of 5.7 ± 2 ˚C over the last century, making it one of the most
rapidly warming regions on the planet (Vaughn et al., 2003).
Global surface oceans (above 1000 m) have warmed by 0.1 ˚C since 1963
(Bindoff et al., 2007). According to Levitus et al. (2000), the upper 300m of the
worlds oceans warmed by 0.34 ˚C between 1948 and 1998. This work showed for
the first time that warming has occurred in the southern basins of the Atlantic, Indian
and Pacific Oceans, but the analysis included only a sparse amount of data from the
Southern Ocean due to limited availability (Levitus et al., 2000). More recent
analyses focused on the Southern Ocean have identified warming trends. By
comparing Langrangian float data collected throughout the entire Southern Ocean
from the1990s to earlier data sets, Gille (2002) found that waters between 700 and
1100 m (the range of depths sampled by the floats) have warmed at nearly double
6

the global average. For the uppermost layer (< 100 m), Meredith and King (2005)
analyzed summer temperatures in this layer from 1955 to 1998 for a potion of the
Southern Ocean (between 0˚ and 120˚ W), and found warming throughout most of
the range studied, but the most rapid warming (1 ˚C) occurred off the west Antarctic
Peninsula.
The growth and decay of the Antarctic ice sheet has been referred to as " one
of the most prominent physical processes on Earth " (Brierley and Thomas, 2002; pg
173). There is much regional and annual variation in the amount of ice cover. Sea
ice in the Southern Ocean grows annually (on average) from a minimum of 3.5
million km2 in February to a maximum of about 19 million km2 in September. Since
the late 1970s, satellites have been used to monitor sea ice extent at both poles.
Over this time period, there has been no trend in the monthly extent averaged over
the entire Southern Ocean (Zwally et al., 2002), in sharp contrast to steady declines
(particularly in summer) observed in the Arctic (Shimada et al., 2006; Stroeve et al.,
2007). de la Mare (1997) argues that major declines may have already occurred,
prior to the period monitored by satellites. Because the southern limit of whaling
operations is limited by the extent of sea ice, de la Mare (1997) reasoned that the
locations of the southernmost catches could be used as a proxy for ice extent in a
given area at a particular time of year. Using this proxy, he argues that a dramatic
decline in summer ice extent occurred between 1950 and 1970, resulting in a
poleward movement of the ice edge of 2.8˚ latitude, and a 25% loss in total ice area.
7

It is unclear how representative whaling positions may be of ice extent, and
thus whether or not a decline in summer extent actually occurred to the level
suggested by de la Mare (1997), if at all. The relative stability of the growth and
retreat of sea ice over the last three decades remains puzzling, however, as one
would expect similar declines in response to global warming to those observed in the
Arctic. While the mean extent for the entire Southern Ocean shows no change since
the late 1970s, there are regional trends not reflected in the ocean-wide average.
From 1979 to 2004, mean annual sea ice concentration has declined in a nearly
continuous band from the Scotia Sea to waters off the west Antarctic Peninsula
(including the Bellingshausen Sea) to the Amundsen Sea (off west Antarctica; see
Figure 4c in Zhang, 2007). In contrast, sea ice has increased throughout much of the
remaining Southern Ocean, with the largest increases occurring in the southwest
Pacific and Indian sectors (Zhang, 2007). Interestingly, in most places where the
mean ice extent is changing, the maximum winter extent has remained the same
(Stammerjohn and Smith, 1997). Stammerjohn et al. (2008) explored the trends in
annual ice growth and decay in two contrasting areas: the west Antarctic Peninsulasouthern Bellingshausen Sea and the western Ross Sea. Their work revealed that the
trends observed were the result of changes in the duration of ice cover. Where ice
has declined, it is advancing 54 ± 9 days later and retreating 31 ± 6 days earlier
(these values represent the total change that occurred from 1979-2004). In contrast,
where ice cover has increased, it is advancing 31 ± 6 days earlier and retreating 29
8

± 6 days later (Stammerjohn et al., 2008). Trends in these regions appear to be
associated with variability in atmospheric circulation. In recent years, the trend has
been towards a positive Southern Annular Mode (SAM), resulting in warm,
northerly winds around the Antarctica Peninsula, which inhibit sea ice advance and
promote retreat, and cold, southerly winds in the Ross Sea, which promotes ice
advance and delays retreat (Stammerjohn et al., 2008).
The observed changes indicate that the west Antarctic Peninsula and Scotia
Sea are rapidly changing, with warming air and sea temperatures, and a loss of sea
ice. The question remains as to how the Southern Ocean will continue to respond in
the near future to global warming, and what such changes mean for the ecosystem.
Bracegirdle et al. (2008) reanalyzed output from models used by the International
Panel on Climate Change (IPCC) in their assessment of future climate dynamics.
Over the coming century, they predict that surface air temperatures will increase by
0.34 ± 0.1 ˚C per decade, and that mean annual sea ice will decrease 33 ± 9%, but
there are regional and temporal components to this prediction. With respect to sea
ice, the most dramatic declines are predicted to occur off the west Antarctic
Peninsula and in the Amundsen Sea between June and November (Bracegirdle et al.,
2008). Bracegirdle et al. (2008) do not discuss changes in sea temperature, but if sea
ice declines as predicted, one would expect a warming of the surface ocean, as the
water will absorb more solar radiation that would have been reflected by the ice.

9

Climate Change and Krill
Given a warming Southern Ocean and a loss of sea ice, one might expect
changes in the structure of the food web. Because krill play a central role in this
food web, it is especially important to monitor and predict how krill may be
influenced by global warming. In a review on the impacts of climate change on
zooplankton, Richardson (2008) suggests that zooplankton may be impacted
primarily in three ways. First, the range of a particular species will change as water
temperature change. Many studies have documented range shifts in zooplankton,
but one of the most dramatic shifts was observed by Beaugrand et al. (2003), who
found that the range of warm water copepod assemblages in the Northeast Atlantic
expanded poleward by as much as 10˚ of latitude over a 40 year period coincident
with warming waters. Similarly, the range of cold-water assemblages contracted
over the same period (Beaugrand et al., 2003). It is important to note that changes in
the distribution of zooplankton may simply be due to long term shifts in other
factors, such as the current structure in a particular area. The warmest region of the
Southern Ocean occupied by krill is around the island of South Georgia in the Scotia
Sea, and a negative relationship between surface temperature and krill availability
has been shown in this region (Trathan et al., 2003), which seems to agree with the
notion of range contraction. However, the available evidence suggests that sea ice is
the driving factor in krill availability in this region, and that water temperature is
correlated with ice cover (Trathan et al., 2003).
10

The second manner in which zooplankton may be impacted by climate
change is through changes in the timing of important life cycle events (phenology),
such as the date of spawning or hatching. For example, in the North Pacific, the
most dominant species of zooplankton is Neocalanus plumchrus, which have large
but ephemeral peaks in biomass in late spring and early summer. Mackas et al.
(1998) observed earlier peaks in biomass (up to 60 days earlier) with warmer water,
but the changes they observed appear to be more the result of long-term, cyclic
variation in water temperatures in the North Pacific (also known as the Pacific
Decadal Oscillation, or PDO), and not global warming. Regardless, temperatureinduced changes in zooplankton phenology can have negative consequences on their
predators, who may have evolved similar timing in their life cycles to maximize
predation, and Cushing (1982) hypothesized that temporal "matches" or
"mismatches" between prey biomass and the hatching of fish larvae is the primary
driver of year-class strength in most fish populations.
The final impact of climate change on zooplankton (as suggested by
Richardson, 2008) is through changes in abundance, largely mediated through
changes in the food supply, although detecting long-term changes in abundance and
attributing them to changes in climate is more difficult than detecting the changes
described above. In the absence of predation, zooplankton abundance is largely
mediated by the supply of phytoplankton, which is controlled by the flux of nutrients
into the surface layer. In temperate waters, warming may increase the degree of
11

stratification between the surface and deep oceans, reducing the flux of nutrients
from the deep ocean into the surface layer. In polar waters, the surface layer is
generally well mixed due to strong winds, and stratification of the water column is
typically caused by changes in salinity resulting from the formation and melting of
sea ice (Knauss, 1997). Thus, the impact of warming polar waters on zooplankton
abundance will not likely be through decreases in nutrient supply resulting from a
strengthened thermocline.
Changes in Southern Ocean zooplankton abundance may be more directly
affected by increased mortality associated with higher temperatures. According to
Peck et al. (2004), Antarctic marine species, which experience a much smaller range
of temperatures than other marine organisms, may be very sensitive to small
increases in water temperature. In most experiments, cold water invertebrates die at
temperatures between 5 and 10 ˚C, so a warming Southern Ocean may prove lethal
for many polar invertebrates if temperatures reach this range (Peck et al., 2004).
Throughout their range, krill experience temperatures between -1.8 ˚C (the freezing
point of saltwater) and about 5 ˚C (Atkinson et al., 2008). The upper limit occurs in
only a small portion of their range (around South Georgia) during summer months,
but throughout most of their range, temperatures are much lower during the summer
months, so warming to the point of lethality is not likely an immediate concern.
Another potentially important mechanism, not considered by Richardson
(2008), is the effect warming water may have the individual growth. Krill grow
12

through a series of molts, and both the time between molts and growth increment per
molt are temperature-dependent (Atkinson et al., 2006; Kawaguchi et al., 2006a;
Tarling et al., 2006). As an adaptation to unfavorable conditions krill may shrink
during a molt. Ikeda and Dixon (1982) first demonstrated this by starving krill for a
prolonged period (211 days, mimicking the period of reduced light in the Southern
Ocean), and found a loss in individual mass as high as 56%. In addition to food
limitation, high water temperatures may also cause shrinkage. Marinovic and
Mangel (1999) found that the temperate krill species, Euphausia pacifica, shrank in
experiments with plentiful food but abnormally high water temperatures. Atkinson
et al. (2006) subsequently showed that the growth-per-molt for krill is dome-shaped
with respect to temperature, with a maximum around 0.5 ˚C, and shrinkage
occurring in temperatures as low as 2 ˚C. As temperature increases, krill molt more
often (Kawaguchi et al., 2006a), but with the dome-shaped growth-per-molt, an
increase in molt frequency may be able to mitigate for the decrease growth
increment above 0.5 ˚C. It is therefore unclear how krill growth may respond to a
warming Southern Ocean.
In addition to a warming Southern Ocean, krill may be impacted by a decline
in the extent of winter sea ice. Unlike the influence of temperature on growth, there
is a large body of work exploring the linkages between krill population dynamics
and sea ice extent. Early in the Discovery expeditions (during the first few decades
of the 20th century) it was recognized that some connection existed between the
13

large-scale distribution of krill and sea ice, but the underlying mechanism was
unknown (Marr, 1962; Mackintosh, 1972, 1973; Brierley and Thomas, 2002). It
was not until the work of Kawaguchi and Satake (1994) and Siegel and Loeb (1995)
that the relationship became clearer. These studies correlated the proportion of age1 krill in the population (a proxy for recruitment) in a given year to the extent of sea
ice from the previous winter. Subsequent studies found similar relationships (Hewitt
and Linen Low, 2000; Quetin and Ross, 2003), although the exact mechanisms have
not been identified.
To understand the potential mechanisms driving krill recruitment, a brief
explanation of the krill reproductive cycle is necessary. Gravid females move
offshore and lay eggs between November and March, and a single female can
produce multiple egg batches in one season (Quetin et al., 1994). The eggs sink, and
free-swimming larvae emerge in deep water and begin their ascent to the surface,
and it is generally believed that it takes approximately 30 days after the eggs are laid
for larvae to reach the surface (Nicol, 2006). Larvae therefore reach the surface
between December and April, and they develop into juveniles during the winter
through early spring (June - October; Nicol, 2006). Because of their small size,
larval and juvenile krill only consume phytoplankton, and the dramatic reduction in
phytoplankton biomass that occurs during the winter (due to the reduced daylight)
means that the overwinter period is particularly difficult for young krill. Adult krill,
on the other hand, are better suited for surviving this harsh period by shrinking or
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feeding on zooplankton and benthic detritus (Ikeda and Dixon, 1982; Brierley and
Thomas, 2002; Clarke and Tyler, 2008).
Ice algae grow on the underside of sea ice, and observations of krill feeding
on the underside of the ice suggests that sea ice enhances larval and juvenile survival
by providing substrate for algae to grow (Brierley and Thomas, 2002). In addition
to providing food, sea ice may also provide a refuge for young krill from predation
(Siegel and Loeb, 1995). Both of these mechanisms suggest that more sea ice is
better, as it would provide more area for ice algae to grow and also more refuges.
A large extent of sea ice in winter may therefore increase survival during the
winter, but its melting in the spring may also provide benefits to krill. As the ice
melts, the surface layer is infused with cold, relatively fresh water, which acts to
strengthen the stratification between the surface and deep ocean, thereby increasing
the stability of the water column. Snow also accumulates on sea ice, and the snow
may contain iron deposits, which would fertilize the surface ocean when the ice
retreats, as iron is considered a to be a limiting nutrient for phytoplankton in the
Southern Ocean (Smetacek and Nicol, 2005). As a result, a more stable water
column combined with iron fertilization may facilitate a phytoplankton bloom
(depending on the timing of the retreat), increasing juvenile survival and growth,
and thus recruitment to the adult population. An enhanced phytoplankton bloom in
the spring could also enhance recruitment through increased egg production, as
having more food available in the spring allows for females to lay more batches of
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eggs in a single season (Quetin and Ross, 2003). Under this mechanism, it is
unclear what level of ice cover results in maximum recruitment. Siegel (2005)
suggests that the relationship is positive, with maximum reproductive output
occurring at maximum winter extent. In contrast, Quetin and Ross (2003) suggest
that in some areas, moderate ice cover produces the strongest recruitment events.
All of the correlations between proportional recruitment to age-1 and sea ice
extent have been made for krill found in waters off the west Antarctic Peninsula, as
this is the region where long-term surveys are conducted (Kawaguchi and Satake,
1994; Siegel and Loeb, 1995; Hewitt and Linen Low, 2000; Quetin and Ross, 2003),
and it is therefore unknown if this relationship holds throughout the remainder of the
Southern Ocean. Thus, the one area where krill recruitment has been linked to sea
ice extent is one of the few areas in the Southern Ocean where sea ice is declining
(Zhang, 2007). Although the relationship occurs in only a relatively small portion of
the Southern Ocean, a decline in sea ice, and therefore recruitment in this region
may impact a much broader area. The Antarctic Circumpolar Current (ACC) flows
very close to the west Antarctic Peninsula, and it is believed that krill are transported
into the Scotia Sea and beyond via the ACC, making the west Antarctic Peninsula an
important source of krill (Watkins, 1999; Thorpe et al., 2004; Tarling et al., 2007).
According to Atkinson et al. (2004) there has been a decline in the density of krill
collected in surveys (no. m-2) in the west Antarctic Peninsula and Scotia Sea over the
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period of the decline in sea ice, suggesting that declines in population biomass have
already occurred.
If sea ice off the western Antarctic Peninsula continues to declines as
predicted by Bracegirdle et al. (2008), dramatic changes in this krill-centered
ecosystem may occur. It appears that in many areas, when krill are scarce (generally
following years of reduced ice extent), salps (Salpa thompsoni), a species of
gelatinous zooplankton, become a dominant component of the zooplankton
assemblage (Loeb et al., 1997; Atkinson et al., 2004). Salps are not a major dietary
component of the top Southern Ocean predators, so when krill are scarce in a given
year, the available prey may be unsuitable, thereby affecting the survival and
reproduction of krill predators (Loeb et al., 1997).

Effects on Krill-Dependent Predators
Identifying links between prey availability and reproductive success in landbased predators (i.e. penguins and seals) is straightforward, as success can be
inferred from annual counts of offspring produced. Numerous studies have explored
both the foraging and reproductive success of many species of krill predators around
the Southern Ocean (e.g. Reid and Croxall, 2001; Weimerskirsch et al., 2003), but
because long-term studies on krill availability are limited to a few areas off the west
Antarctic Peninsula and in the Scotia Sea, most correlations between krill abundance
and predator success are limited to these areas. On islands off the Antarctic
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Peninsula, the foraging and reproductive success of Adelie (Pygoscelis adeliae) and
chinstrap penguins (Pygoscelis antarcticus) are positively correlated with local krill
availability (Fraser and Hoffman, 2003; Croll et al., 2006; Sander et al., 2007).
Around the island of South Georgia in the northern Scotia Sea, the reproductive
success of fur seals, gentoo (Pygoscelis papua) and macaroni penguins (Eudyptes
chrysolophus), and black-browed (Thalassarche melanophrys) and grey-headed
albatrosses (Thalassarche chrysostoma) have also been correlated to local krill
availability (Croxall et al., 1999; Reid and Croxall, 2001). Croxall et al. (1999)
found that a fourfold decrease in krill abundance resulted in a 90% decrease in the
number of gentoo penguin and black-browed albatross chicks fledged per egg laid.
In contrast, macaroni penguins, which switch to less profitable prey when krill are
scarce, only experienced a 10% decline in chicks fledged (Croxall et al., 1999;
Barlow et al., 2002). Finally, the populations of chinstrap and Adelie penguins have
declined in the South Orkney Islands. Local krill data are not available in this
region, but Lynnes et al. (2004) suggest that shifts in the size structure of krill in
their diets are consistent with recruitment failures in the local krill population.
Interestingly, the population of gentoo penguins has increased on the South Orkney
Islands, and the opposing trend appears to be the result of declining sea ice extent in
the region, as gentoos are more well-adapted to ice-free conditions (Forcada et al.,
2006).
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For baleen whales, identifying similar mechanisms is much more difficult
because there is limited or no information on calf production for most populations,
and even if such data existed, correlating it with prey availability is made difficult by
many species of whales foraging over wide areas in the Southern Ocean. A large
data set on calf production exists for southern right whales (Eubalaena australis)
because they breed close to shore, and because nearly all breeding individuals are
known in a given year through aerial surveys that identify individuals based on their
unique markings. There is some speculation that the population that breeds off the
coast of Argentina feeds around South Georgia. Leaper et al. (2006), arguing that
krill abundance data around South Georgia may not be representative of true
dynamics, correlated reproductive anomalies with sea surface temperature, a proxy
for krill availability in the regions (Murphy et al., 1998; Trathan et al., 2003), and
found above average calf output occurred following cold years around South
Georgia (suggesting a high abundance of krill).
Thus, the available evidence for many species indicates a positive
relationship between krill availability and their reproductive and foraging success,
stressing the importance of krill in this ecosystem. The continued success and
recovery of the many krill predators in the Southern Ocean will therefore depend on
the biomass of krill available. Krill predators will likely face increased competition
from the krill fishery, combined with potentially negative impacts of climate change
on krill biomass. Given CCAMLR's commitment to minimizing the impacts of the
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fishery on krill predators, it may be possible to mitigate climate-induced changes in
krill biomass through changes in annual catch limits. To do so, however, requires an
exploration of the potential changes in krill biomass in response to climate change,
and no such attempts have been made to date.
In this dissertation I develop a modeling framework to better understand how
krill biomass may change in response to global warming, and how such a change
may affect the recovery of baleen whales. Although krill are circumpolar in their
distribution, my work focuses on the Antarctic Peninsula and Scotia Sea because 1)
the majority of krill biomass is found in this area of the Southern Ocean, 2) most of
the krill research on which my models are based has occurred here, and 3) this
region is rapidly changing with respect to temperature and sea ice cover. In Chapter
2, I explore how the size (in length and mass) of individual krill in a cohort may
fluctuate in response to temperature fluctuations, and the impact that successive
cohorts of above or below average size may have on the total biomass in the
population in a given area. In Chapter 3, I model the link between krill recruitment
and sea ice cover to better understand the possible mechanisms behind this
relationship, and to potentially predict how recruitment will respond to a continued
decline in sea ice off the west Antarctic Peninsula. In Chapter 4 I develop a
behavioral foraging model for baleen whales to explore how the fitness of individual
whales may be affected by changes in both the biomass and distribution of krill
resulting from climate change and an expanding fishery. Finally, in Chapter 5 I
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summarize the major findings from each chapter and discuss potential areas for
future work.
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CHAPTER 2
Temperature-Dependent Growth of Antarctic Krill: Predictions for a Changing
Climate from a Cohort Model1
Krill biomass fluctuates widely from year to year (Mackintosh, 1972, 1973;
Murphy et al., 1998), so for a better understanding of the potential conflicts between
the fishery and krill predators, we must first identify all the factors driving the
variability in krill biomass. The biomass of any species fluctuates in response to
changes in mortality and reproductive success that affect the abundance of
individuals in the population, as well as changes in growth that affect the mass of
individuals in the population. Many studies have explored the sources of variability
in krill abundance, mostly focusing on the link between regional abundance of krill
and sea-ice extent the previous winter (Siegel and Loeb, 1995; Loeb et al., 1997;
Hewitt et al., 2003). In contrast, no studies have yet explored how temporal changes
in growth may also affect the biomass of the population. Krill are ectotherms, so
changes in the temperature of the Southern Ocean will surely affect their growth
rates. Based on other Antarctic ectotherms, one might expect extreme sensitivity of
krill to temperature (Peck et al., 2004).
Attempts to forecast the impacts of climate change on organisms have often
focused on broad scale patterns across ecosystems (e.g. Root et al., 2003; Behrenfeld

1

This Chapter is published as Wiedenmann, J., K. Cresswell, and M. Mangel. 2008. Temperature
dependent growth of Antarctic krill: predictions for a changing climate from a cohort model. Marine
Ecology Progress Series, 358: 191-202.

22

et al., 2006). However, for more accurate predictions, one must look at the biology
of individual species and explore how it may change as the climate changes. In this
Chapter, I examine the impacts of temporal change in Southern Ocean temperatures
on the growth of Antarctic krill. Using an existing temperature-dependent growth
model and a time series of temperature data, I project the growth trajectories for
individual cohorts, and estimate how total biomass in an area available to both
predators and the fishery may vary from year to year. Specifically, I use
temperature data obtained from the World Ocean Database (WOD) for two regions
in the South Atlantic sector of the Southern Ocean: around the island of South
Georgia, and from the Antarctic Peninsula east to South Orkney islands (Figure 2.1).
I select these regions because they contain some of the highest concentrations of
krill in the Southern Ocean (Atkinson et al., 2004; Siegel, 2005), and because they
represent two different environments, with South Georgia being the northernmost,
and therefore the warmest area inhabited by krill.
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Methods
Although a number of krill growth models have been developed, few project
growth as a function of temperature. Three models project some aspect of growth as
a function of temperature (Alonzo and Mangel, 2001; Atkinson et al., 2006; Candy
and Kawaguchi, 2006), with a fourth model (Hofmann and Lascara, 2000) modified
to incorporate temperature-dependence by Fach et al. (2002, 2006). I use only the
model developed by Atkinson et al. (2006), and defer explanation of the exclusion of
the other models to the Discussion. The model of Atkinson et al. (2006) is based on
the instantaneous growth rate method, which uses field estimates of growth
increment and inter molt period (IMP) to project krill growth.

General Model Structure
I use the growth model to project growth in terms of length, but also mass
(using the length-mass relationships from Hofmann and Lascara, 2000; Table 2.1
here), and how it may vary temporally and with temperature. I also need to account
for temperature differences in habitats occupied by krill. Krill commonly exhibit
diurnal vertical migration, moving towards the surface at night (Watkins, 2000).
Thus, krill may experience different temperatures based on the regions of the water
column occupied in a given day. Therefore, I project krill growth in daily time
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steps, and assume that they spend a proportion (τ(t) ) of each day in a deep habitat
and a proportion (1- τ(t)) in a shallow habitat (cf Alonzo and Mangel, 2001).
I obtained temperature profile data from 1970 to 2004 from the World Ocean
Database (WOD, http://www.nodc.noaa.gov/OC5/indprod.html) for the waters
around South Georgia (43˚W to 34˚W, 52.5˚S to 56˚S) and for the waters from the
Antarctic Peninsula to the South Orkney Islands (62˚W to 42˚W, 59˚S to 66˚S;
Figure 2.1). Though the time step of the model is one day, getting temperature data
at that resolution is not practical. I therefore generated monthly averages for each
region. In total, I analyzed 4785 and 9728 depth-temperature profiles to generate
monthly temperature averages for each year over the South Georgia and Antarctic
Peninsula regions respectively. There are many instances, particularly over the
winter months, when there are no data. When an average is not available for a given
month in a particular year, I use the mean temperature for that month (calculated
across all available years).
To account for the vertical migration of krill, I divide each temperature
profile into 50 m sections down to 300 m, and calculate the average monthly
temperature for each region in the water column. Based on the seasonal variation in
vertical migration (Siegel, 2005), I assume the following vertical distributions for
age-1 and older krill. In summer (January – March) krill occupy surface waters (050 m) during both day and night (τ(t) = 0). In the spring (October-December) and
in the fall (April – June), krill occupy waters between 100 and 150 m during the day
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(τ(t) > 0), and move up to the region between 50 and 100 m at night. Finally, during
the winter (July-September), krill spend the day between 250 and 350 m, and
migrate up to the region between 100 and 150 m at night. I assume that age-0 krill
depend solely on phytoplankton and therefore occupy surface waters (0-50 m)
completely during their first year of life.
In the growth model, IMP depends only upon temperature (Eqn 2.2 below)
but the amount of growth following a molt depends upon temperature, length going
into the molt, and food (Eqn 2.5 below). Atkinson et al. (2006) did not measure the
amount of food ingested by krill; rather, they measured surface chlorophyll
concentrations (in mg chl a m-3) in the area where krill were collected and correlated
the growth increment with ambient phytoplankton concentrations, not the food
ingested. In their experiments, krill were starved after collection so that one needs
to modify their results to apply them to krill growing in a more or less continuous
source of food. For example, I initially parameterized the model using SeaWiFSderived estimates of phytoplankton in each region, but the resulting growth curves
were unreasonable: krill around the Antarctic Peninsula grew too slowly or not at all
in the first year, while krill around South Georgia grew too rapidly in the first year,
nearly reaching asymptotic size. Furthermore, the low phytoplankton concentrations
in the winter in both regions result in shrinkage of 10 mm or more for adult krill.
Thus, some modification of Atkinson et al. (2006) was required. One could
modify the coefficients in Eqn 2.5 below, the food input, or both. I chose to modify
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the food input. In particular, to focus attention on the influence of temperature on
krill growth, I set temporal patterns of food availability to produce growth curves in
each region similar to those of Siegel (1987). I generated a reference growth curve
following Siegel (1987) and solved numerically for the monthly food concentrations
that produced a growth curve that most closely matched the reference for a cohort
experiencing average temperatures throughout its life. Food availability varies by
month, but each cohort experiences the same food concentrations to keep the impact
of food on growth constant across all cohorts.

The Growth Model
The instantaneous growth rate method accounts for growth during discrete
periods by measuring the IMP and the amount of growth that occurs during a molt
(Quetin and Ross, 1991; Nicol et al., 1993). The general growth formula is

L(t + 1) = L(t) + L(t) ⋅ δ ⋅ G(t)

(2.1)

where G is the proportional growth increment, and δ is an indicator function that
takes a value of 1 if t corresponds to a molt, or a value of 0 if it does not. Although
there is a general pattern of increasing size of ectotherms at lower temperatures
(Birkemoe and Leinaas, 2000), I know of no studies showing different maximum
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sizes in krill based on temperature, and set maximum length at 60 mm for both
regions (Siegel, 1987).
There are two models for predicting the IMP of krill as a function of
temperature. Kawaguchi et al. (2006a) estimate IMP only as a function of
temperature, while Tarling et al. (2006) estimate IMP as a function of temperature,
length, sex and maturity. The IMP model of Kawaguchi et al. (2006a) predicts a
decrease in IMP with increasing temperature; the model of Tarling et al. (2006)
predicts opposing trends in IMP for male and female krill with increasing
temperature. I explored both IMP models, but use the model of Kawaguchi et al.
(2006a) for simplicity (because it does not require distinguishing between sexes and
maturity stages). IMP (in days) is

IMP = exp (α 0 + α1 iln(T (t) + 2))

(2.2)

where α0 and α1 are constants (Table 2.2), and T(t) is the average of the day and
night habitat temperatures, Td(t) and Tn(t), respectively, adjusted for the amount of
time spent in each habitat

T (t) = τ (t) ⋅ Td (t) + (1 − τ (t)) ⋅ Tn (t)

(2.3)
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With an estimate of the IMP, I can calculate the exact day on which a molt occurs,
using the method outlined by Candy and Kawaguchi (2006). Fractional
development at time t (d(t)) is calculated by

d(t) =

s =t max

∑
s =1

1
IMP(s)

(2.4)

Molts occur when d(t) is closest to a set of integers corresponding to molt number, i
= 1, 2, …I, where I is the total possible number of molts in a lifetime for an
individual krill. Therefore, the first molt (i = 1) occurs on day t where d(t) is closest
to 1. Knowing the days on which molts occur, I then estimate G as a function of
length, temperature, and food concentration, f(t) using:

G(t) = β 0 + β1 L(t) + β 2 L(t)2 +

β 3 f (t)
+ β 5T (t) + β 6T (t)2
β 4 + f (t)

(2.5)

where β0 to β6 are constants. Atkinson et al. (2006) provide parameter estimates for
both male and female krill of different developmental stages. I explored all
parameterizations, but only report the results for all stages and sexes combined
(Table 2.2).
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Biomass Per Recruit
Biomass Per Recruit (BPR) is the expected mass of a recruit, averaged over
the age of death, and is commonly used in fisheries to determine the effects of
harvest rate on the contribution of a cohort (Quinn and Deriso, 1999; Haddon, 2001;
Mangel, 2006). Here, I use BPR to determine the effects of water temperature on
krill size (in mass) and thus biomass available to predators and the fishery. Using
monthly temperature estimates from 1970 to 2004 and the growth model, I estimate
BPR for cohorts around the Antarctic Peninsula and South Georgia. Krill longevity
has been estimated to be as high as 9 years (Nicol, 2006); to be more conservative I
assume the maximum age is 5 years. Around the Antarctic Peninsula, all age classes
of krill can be found (age-0 through age-5), and I assume that age-0 krill recruit to
the region at a length of 2 mm (Hofmann and Lascara, 2000). As a result, I only
estimate BPR for Antarctic Peninsula cohorts from 1970 to 1999. I cannot estimate
BPR for a cohort produced after 1999 because these cohorts may still be alive in
2004 (the final year with temperature data). Around South Georgia, age-0 krill are
absent. I thus explore 2 possibilities for cohorts around South Georgia: 1) age-1
krill recruit to the region at a constant length of 18mm (Watkins et al., 1998) and 2)
the length at recruitment to age-1 varies based on variation in length at age-1 around
the Antarctic Peninsula, on the assumption that young krill are transported from
there to South Georgia (Hofmann et al., 1998; Fach et al., 2002; Tarling et al.,
2007). For example, if the 1970 cohort around the Peninsula reaches a length of 20
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mm at the end of the first year, I set the starting length of the 1971 cohort around
South Georgia at 20 mm. Therefore I estimate BPR for cohorts around South
Georgia from 1970 to 2000 and from 1971 to 2000 for cohorts with constant and
varying starting lengths, respectively. Again, it is not possible to estimate BPR for a
cohort produced after 2000 around South Georgia because these cohorts may still be
alive in 2004.
To estimate BPR, I need an estimate of the abundance of a cohort that
recruits to the population in year y. I define N(t | y) as the number of krill on day t
(post recruitment) from a cohort born on day 1 in year y. Assuming constant
recruitment, R, of a cohort to the population,

⎧R
N(t | y) = ⎨
⎩ N(t − 1 | y) ⋅ exp(−M − F)

t =1
t =1

(2.6)

where R is set to 1000 for all y, and M and F are the instantaneous rates of natural
and fishing mortality, respectively. I set M to 0.0025 based on the range of values
presented by Siegel (2000), representing a loss of approximately 0.25% per day or
60% per year. The number of individuals of cohort y dying on day t (ND(t | y)) is

N D (t | y) = N(t | y) ⋅ (1 − exp(−M − F))

(2.7)
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If the mass of an individual of cohort born in year y at time of death is W(t | y),
then the BPR for the cohort born in year y is

1 t =tmax M
BPR(y) = ∑
⋅ N D (t | y) ⋅W (t | y)
R t =1 F + M

where

(2.8)

M
is the fraction of those dying by natural mortality (see Mangel, 2006).
F+M

By incorporating F into the calculation, one can explore a range of values to
determine a suitable harvest given the influence of temperature on BPR of a cohort.
I estimate krill growth trajectories for cohorts in each region starting on
January 1st and project for 6 years around the Antarctic Peninsula, and for 5 years
around South Georgia.

Total Biomass
Estimates of BPR tell us how growth of a particular cohort has varied in
response to temperature. The existence of a multiple cohorts with a below or above
average BPR may have dramatic effects on the total biomass in an area available to
both predators and the fishery. On any day t, the biomass of cohort born in year y is

B(t | y) = N(t | y) ⋅W (t | y)

(2.9)
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and the total biomass in the population in year z is

Btotal (t | z) =

z

∑

(2.10)

B(t | y)

v= z − x

x is maximum number of cohorts in the population at any one time (x = 6 for the
Antarctic Peninsula and x = 5 for South Georgia) and v represents the year in which
the oldest cohort left in the population was born.
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Results
Temperature
Around the Antarctic Peninsula, temperatures in the depths of water column
occupied by krill ranged from -1.87 ˚C to 2.66 ˚C. Around South Georgia,
temperatures were as low as -0.86 ˚C and as high as 5.4 ˚C. In Figure 2.2, the
annual mean temperature experienced by krill in waters around the Antarctic
Peninsula and South Georgia from 1970 to 2004 are shown. For the Antarctic
Peninsula, the temperature experienced by krill depends on age, since I assume age0 krill occupy the surface layer for the entire year, while age-1+ occupy different
sections of the water column through the year. The trends in annual mean
temperatures experienced by age-0 and age-1+ krill mirror one another, with age-0
krill exposed to slightly lower temperatures each year. Notably, there is no warming
or cooling trend apparent in the time series, although 2004 temperatures were
anomalously high. There is no apparent trend in temperatures around South
Georgia, either, although annual temperatures showed considerably wider
fluctuations prior to 1989, and have remained relatively stable since (Figure 2.2).

Food
Food concentrations that produce growth curves matching those of Siegel
(1987) for average temperature around the Antarctic Peninsula are much higher in
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the first 14 months than around South Georgia or around the Antarctic Peninsula for
the remainder of life (Figure 2.3A). After 14 months, the predicted food
concentrations begin to follow an annual cycle (Figure 2.3B), but the peaks occur in
different months in each region. For the Antarctic Peninsula, the highest food
concentrations are necessary from September through Novembers, whereas for
South Georgia they are highest from January through March. Although food
concentrations are much higher for the first 14 months of life around the Antarctic
Peninsula (average for the first 14 months = 4.6 mg chl a m-3 compared to 0.25 mg
chl a m-3 for the remaining months) these values are well within the range of
concentrations observed by Atkinson et al. (2006) (between 0 and 12 mg chl a m-3).

Mean Growth
For months where krill occupy both a shallow and deep habitat (April –
December), I explored a range of τ(t) from 0 to 1 to examine the influence of
different times spent in each habitat on mean growth. Changing τ(t) does not
substantially change the results, and I therefore only present results for τ(t) = 0.5 for
April through December in both regions.
Because cohorts from the Antarctic Peninsula had a much smaller starting
length than cohorts from South Georgia, BPR estimates were much smaller. In the
absence of fishing (F = 0), BPR estimates for the Antarctic Peninsula cohorts ranged
from 99 to 171.9 mg (Figure 2.4), corresponding to lengths of 23.5 and 28.1 mm,
35

respectively. Furthermore, there was no trend in BPR over the time series. BPR
estimates around South Georgia cohorts with a constant starting length ranged from
285.5 to 369.8 mg (mean length between 33.4 and 36.3 mm; Figure 2.4). When
starting length is varied around South Georgia, the range of BPR estimates is greater,
ranging from 267 to 386.2 mg (length range from 32.5 to 36.8 mm). There was also
no trend over the time series in this region. In Figure 2.5 I plot length trajectories
for the smallest, largest and average cohorts (in terms of BPR) for each region to
show how growth trajectories vary in extreme cases.
To understand how temperature affects predictions of BPR requires plotting
BPR against the temperatures that a cohort experiences in its lifetime. Because BPR
is a balance between growth and mortality, not all temperatures that a cohort
experiences may affect estimates of BPR, particularly temperatures experienced later
in life when growth is greatly reduced and there are very few members of the cohort
remaining. Therefore, I calculated the temperature that a cohort experiences ( T ) in
year 1, years 1 and 2, and so on until all years (1-5 for South Georgia, 1-6 for the
Antarctic Peninsula) were used in the calculation:

T=

1
t max

t =t max

∑ τ (t) ⋅ T (H
t =1

d

,t) + (1 − τ (t)) ⋅ T (H s ,t)

(2.11)

where tmax is the total number of days (e.g. tmax = 365 when calculating the
temperature experienced in year 1, and tmax = 730 when calculating the temperature
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in years 1 and 2). I performed a linear regression of BPR against the range of
temperatures, and selected the T that produced the best fit (determined by the
highest R2 value). For both regions the temperature for the years 1-3 was the best
predictor of BPR, indicating that temperature has the largest effect on growth (and
BPR) in the first 3 years of life.
The model predicts that in the Antarctic Peninsula region, as temperature
increases, BPR increases, with a predicted increase of 175.9 mg per ˚C (95% CI
119.4 to 232, p<0.0001; Figure 2.6). Comparing the influence of temperature on
BPR around South Georgia (with constant starting length) reveals a different picture.
The model predicts a decrease in BPR with increasing temperature, with the
predicted decrease of 131.7 mg per ˚C (95% CI -82.6 to -180.9, p<0.0001; Figure
2.6). I did not perform this analysis for South Georgia with fluctuating starting
lengths because the relationship between BPR and temperature becomes obscured
due to the differing effects of temperature in each region.
Increased mortality from fishing will decrease the BPR of a cohort.
However, temperature may have a large influence on the BPR, so different harvest
rates may produce the same BPR for different cohorts. As an example, in Figure 2.7
I plot BPR as a function of F for the smallest, average, and largest cohorts (in terms
of BPR) from the South Georgia region (constant starting length). For these three
cohorts, the same BPR can be produced by very different harvest rates (F = 0.15,
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0.35, and 0.48 for the smallest, average, and largest cohorts, respectively; Figure
2.7).

Total Biomass
From Figure 2.4 it is apparent that estimates of BPR exhibit serial
autocorrelation in both regions. Therefore, these periods of below or above average
cohort BPR may have an effect on the total biomass in the region. Each year, I have
estimates of abundance for all the cohorts in the population from Eqn 2.6, and can
estimate the total biomass in a given year using Eqn 2.10. Because recruitment and
mortality are constant for all cohorts, total abundance in the population is constant
across all years. As a result, changes in total biomass are solely the result of
differential growth for the different cohorts, resulting from different temperatures
experienced throughout ontogeny. Because the estimate of biomass is relative,
depending on the initial level of recruitment, I present the results relative to the
mean biomass for the time period. For the Antarctic Peninsula, total biomass ranged
from 20% below average to 40% above average. For South Georgia, when cohorts
had a constant starting length, total biomass ranged from 29% below average to
17.5% above. Total biomass was very similar around South Georgia when starting
length fluctuated, ranging from 28% below to 19% above average. There is no
discernable trend in total biomass in each region over the time series, although wider
fluctuations occurred after 1990 around the Antarctic Peninsula, whereas wider
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fluctuations occurred prior to 1990 around South Georgia (for both model runs;
Figure 2.8).

Climate Change
From Figure 2.6 it is apparent that a warming Southern Ocean will have
different effects on krill growth, with an increase in BPR in the cooler Antarctic
Peninsula region and a decrease in BPR in the warmer waters off South Georgia.
However, the impacts of a warming Southern Ocean on krill BPR may be mitigated
changes in food availability. For example, around South Georgia an increase in food
availability may lessen or even prevent decreases in BPR if temperature increases.
To determine the impacts that a warming ocean and variable food availability may
have on BPR, I first estimated BPR for an “average” cohort in each region (with
constant starting lengths) using the food concentrations shown in Figure 2.3 and the
average monthly temperature from 1970 to 2004 in each region. I can then explore
how a range of food (from -100 to +100%) may affect BPR over a range of
temperature increases (from 0 to 5 ˚C for the Antarctic Peninsula and from 0 to 2 ˚C
for South Georgia). In Figure 2.9 I show the balance between changes in food
availability and increasing temperature. For the Antarctic Peninsula, contour lines
(representing the same proportional change in BPR) decrease up to an increase in
temperature of 2.5 to 3 ˚C, and then increase sharply after that. This indicates that
after an increase in temperatures in this region of about 3 ˚C, increasing temperature
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will begin to have a negative impact on BPR (for a given level of food availability).
Conversely, around South Georgia, contour line increase over the range of
temperature increases. To maintain a constant BPR in this region with a warming
ocean, more food will be required. For example, if waters off South Georgia warm
by 1 ˚C, an increase in food of approximately 40% will be needed to keep BPR the
same.
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Discussion
Temporal changes in water temperature affect the growth of individual
within a cohort, which, in turn, may affect total biomass in a region. My
examination shows different effects of temperature in the regions explored. For the
Antarctic Peninsula region, the growth model predicts increasing individual size
with increasing temperature. Conversely, a decrease in individual size with
increasing temperature is predicted in the South Georgia region. The reasons for the
different predictions between regions are clear. The IMP model (Kawaguchi et al.,
2006a) predicts decreasing IMP with increasing temperature, and the growth
increment model (Atkinson et al., 2006) follows a parabolic relationship with
temperature reaching a maximum at about 0.6 ˚C (computed from the parameters in
Table 2.2). Therefore, mean growth increases with rising temperature in the colder
waters off the Antarctic Peninsula and decreases with rising temperatures in the
warmer waters off South Georgia, where the increased number of molts is not
sufficient to offset the decrease in growth.
The parabolic relationship between temperature and growth also explains
why the food concentrations estimated to produce reasonable growth curves peaked
in October in the Antarctic Peninsula and in February in South Georgia (Figure 2.3).
The reference growth curve created to estimate food concentrations allows for little
or no growth from May through September, so rapid growth must occur in the
remaining months. In both regions, the warmest temperatures occurred between
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January and March, but around the Peninsula, these temperatures are close to the
optimal temperature for maximizing growth (between 0.7 and 1.0 ˚C), whereas they
are much higher than the optimal temperature around South Georgia (between 3.0
and 3.5 ˚C). Conversely, in October and November, temperatures are close to
optimal off South Georgia but are well below optimal off the Antarctic Peninsula.
As a result, the sub-optimal temperatures for South Georgia in January through
March and for the Peninsula in October and November means that higher food
concentrations are needed in these months to allow for enough growth during the
limited growing season.
Predictions from both regions show that changes in temperature may have
relatively small effects on the individual length of members of a cohort, but these
small changes can have a large impact on the total biomass in a region. In the
Antarctic Peninsula region, successive cohorts with individuals of below or above
average BPR result in total biomass ranging from 20% below to 40% above average.
Around South Georgia, successive cohorts with below average BPR result in
biomass well below average (as low as 29% below the mean), whereas many cohorts
with above average BPR result in biomass well above the average (as much as 19%
higher; Figure 2.8). Thus, temporal changes in Southern Ocean temperatures may
have profound effects on the total biomass in an area that is available to both
predators and the fishery.
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I initially set out to examine all four temperature-dependent krill growth
models to get a broader range of predictions of temperature on growth, but
ultimately excluded the models of Hofmann and Lascara (2000), Alonzo and
Mangel (2001) and Candy and Kawaguchi (2006). Fach et al. (2002) modified the
energetics model developed by Hofmann and Lascara (2000) by assuming only
growth rate was influenced by temperature, following a Q10 relationship (increasing
exponentially with increasing temperature). The instantaneous growth rate model of
Candy and Kawaguchi (2006) incorporates temperature-dependence only in the
estimation of the IMP, with IMP decreasing with increasing temperature (estimated
by Kawaguchi et al., 2006a). These models have no costs associated with increasing
temperatures, and predictions are straightforward: higher temperatures result in
higher growth rates or more frequent molts, therefore producing larger krill within a
cohort. The energetics model of Alonzo and Mangel (2001) has both costs and
benefits to increasing temperature, with increasing metabolic costs and food intake
with increasing temperature. However, the model is very sensitive to the
temperature-dependent food intake, but the relationship is not based on any
empirical studies. I found no studies estimating the effect of temperature on krill
filtration rates, and therefore excluded this model, and the models of Candy and
Kawaguchi (2006) and Hofmann and Lascara (2000) from the analyses.
The current krill-yield model used by CCAMLR to determine krill quotas
(Constable and de la Mare, 2001) uses the temperature-independent growth model
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developed by Rosenberg et al. (1986). My results suggest that inclusion of
temperature-dependent growth into the assessment process may help to predict
fluctuations in krill biomass with greater accuracy. However, my review of existing
temperature-dependent growth models reveals some limitations, highlighting the
need for additional research before such models may be used for management
purposes. Even with accurate information on temperature-dependent metabolic
costs and filtration rates, using complex energetics models such as those by
Hofmann and Lascara (2000) and Alonzo and Mangel (2001) may not be practical
from a management perspective. Energetics models require precise information on
many aspects of krill energetics, particularly in the conversion of energy surplus into
growth in length.
In contrast, instantaneous growth rate models, such as those by Atkinson et
al. (2006) and Candy and Kawaguchi (2006), measure growth directly as a function
of environmental variables. This approach is currently limited by a lack of studies
examining growth across all months. Candy and Kawaguchi (2006) used growth
increments measured from December through April, and explored a variety of
assumptions about growth from May to November. Atkinson et al. (2006)
parameterized their model using krill collected in January and February. Krill were
collected across a wide range of temperatures and food concentrations, but using the
current model to predict growth in other months may be problematic. Research at
the Australian Antarctic Division on krill growth in the laboratory under a variety of
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temperatures is underway, which will increase our understanding of temperaturedependent krill growth, and thus enable more accurate model predictions (S.
Kawaguchi, personal communication).
A second implication for the management of krill is that model results
indicate different predictions for the different regions explored, with growth
positively correlated to temperature around the Antarctic Peninsula, and negatively
correlated to temperature around South Georgia. Using temperature data averaged
over broad spatial scales (such as the south-Atlantic sector of the Southern Ocean)
may not accurately reflect local temperature dynamics, resulting in biased estimates
of krill growth. Thus, there is a geographic mosaic of krill life histories (sensu
Thompson 2005), responding differently to temperature changes in the Southern
Ocean.
There is potential for considerable variation in the total biomass in a given
year resulting just from changes in temperature. However, the estimated years of
anomalously low or high biomass (Figure 2.8) need not correspond to observed
biomass trends. Temporal changes in recruitment, mortality, and transport to a
particular region, like South Georgia, are likely driving the overall trends observed
in an area. Nevertheless, unfavorable temperatures may exacerbate years when
biomass is already low due to decreased abundance in a particular region.
Although there may be potential violations of model assumptions (e.g. the
depths in the water column occupied or constant food availability) biasing the
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quantitative results, they will not change the main conclusion and qualitative results
(e.g. Figure 2.9 in which the patterns at the Antarctic Peninsula and South Georgia
are strikingly different). My examination of existing growth models indicates that
temporal changes in temperature in the Southern Ocean may affect individual
growth as well as the total biomass available to both predators and the fishery.
Moreover, the effects of a potentially warming Southern Ocean on krill biomass will
likely be more pronounced in the warmer regions that krill occupy.
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Table 2.1. Length to wet mass relationships for different size classes krill. Length
estimates in the model are for total length (L) and need to be converted to standard
length (LS) to estimate wet mass.
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Equation
W(t) = 0.0470 LS(t)2.121

Size
range
(mm)
2-5

W(t) = 0.0072 LS(t)3.021

10-40

Wet mass (in
mg)
Wet mass (mg)

W(t) = 0.0016 LS(t)3.423

40-60

Wet mass (mg)

Hofmann and
Lascara 2000

Conversion of
total length (L)
to standard
length (LS; both
in mm)

Miller 1983

LS (t) =

L(t) − 0.971
1.001
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Description

Original
Source
Ikeda 1984
Hofmann and
Lascara 2000

Table 2.2. Parameter values used in the instantaneous growth rate model, as
estimated by Kawaguchi et al. (2006a) and Atkinson et al. (2006).
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Equation
2.2

2.5

Parameter

Value

α1

3.5371

α0
β0
β1
β2
β3
β4
β5
β6
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-0.5358
6.6
-0.385
0.00259
17.53
0.332
0.595
-0.477

Figure 2.1. The South Atlantic sector of the Southern Ocean. Boxes around South
Georgia and from the Antarctic Peninsula to the South Orkney Islands represent the
approximate areas where temperature data from the World Ocean Database were
collected.
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Figure 2.2. Average annual temperatures (in ˚C) for the habitats occupied by krill in
waters off South Georgia and the Antarctic Peninsula. For the Antarctic Peninsula
region, the average temperature krill experience depends of their age, since I assume
age-0 krill occupy surface waters, while age-1 krill exhibit extensive vertical
migration.
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Figure 2.3 Monthly food concentrations (in mg chl a m-3) in the growth model
required to produce growth curves matching those of Siegel (1987) for average
temperature. A) The first 14 months of life; B) the remaining months of life. I
assume that age-0 krill are absent around South Georgia, so I do not present food
concentrations for months 1-12 for this region.
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Figure 2.4. Biomass per recruit (BPR) for the region off the Antarctic Peninsula
from 1970 to 1999 and South Georgia from 1970 to 2000. Here I assume F = 0 in
Eqns 2.7 and 2.8.
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Figure 2.5. Length trajectories (in daily time steps) of the largest, smallest and
average-sized cohorts (in terms of BPR) predicted for the Antarctic Peninsula and
South Georgia, with constant and varying lengths.
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Figure 2.6. BPR vs. average temperature (˚C) that a cohort experiences in the first
three years of life for the Antarctic Peninsula and South Georgia (constant starting
length).
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Figure 2.7. BPR as a function of fishing mortality rate, F, for the largest, smallest
and average-sized cohorts around South Georgia (constant starting length).
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Figure 2.8. Total relative biomass anomaly (measured as a proportion of the mean)
from 1975 to 2004 for the Antarctic Peninsula and from 1974 to 2004 for South
Georgia. The line at 0 represents the mean relative biomass.
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Figure 2.9. Proportional changes in BPR (shown by the contour lines) resulting from
proportional changes in food availability and increasing temperature for the
Antarctic Peninsula and South Georgia (constant starting length).

67

68

CHAPTER 3
Connecting Recruitment of Antarctic Krill and Sea Ice2
Proportional recruitment to age-1 (R1) has been used as a proxy for krill
recruitment since its introduction by de la Mare (1994). R1 is the ratio of the number
of age-1 krill to the number of age-1 and older krill in a given year, and the majority
of correlations between year-class strength and sea ice have used R1 (Siegel and
Loeb, 1995; Quetin and Ross, 2003). The benefit of using R1 as a proxy for
recruitment is that it allows comparisons among multiple surveys to identify broadscale linkages between regions (Siegel et al., 2003). However, using R1 as a proxy
for year-class strength can be misleading, since the same R1 can occur at very
different population sizes (Hewitt, 2000). Furthermore, R1 limits the ability to
adaptively manage the krill fishery. Even if it were possible to accurately predict R1
from sea ice indices, it would be necessary to have information on actual krill
abundance to determine the magnitude of the recruitment event and allocate harvest
levels accordingly.
In this paper, I estimate recruitment events for krill in the west Antarctic
Peninsula region and link them with different measures of sea ice in the region.
Rather than assuming an underlying relationship between krill recruitment and sea
ice, I use an age-structured model for krill population dynamics and estimate the time
series of recruitments that most closely mimics the observed trends in krill
2

This Chapter is published as Wiedenmann, J., K. Cresswell and M. Mangel. 2009. Connecting
recruitment of Antarctic krill and sea ice. Limnology and Oceanography, 54: 799-811.
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abundance and R1 in the region. I parameterize the model with survey data from
three regions: the Palmer Long Term Ecological Research (LTER) study area
between Anvers and Adelaide islands off the west Antarctic Peninula, Elephant
Island (although it is at the northern tip of the Antarctic Peninsula, I consider it part
of the west Antarctic Peninsula throughout this paper), and South Georgia (a region
that is believed to depend on krill immigrants from the Peninsula; Figure 3.1).
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Methods
Data
I model krill population dynamics using an age-structured model and
estimates of krill abundance and R1 from surveys around the west Antarctic Peninsula
and Scotia Sea. Currently there are three surveys around the west Antarctic
Peninsula and one around South Georgia in the Scotia Sea that collect krill on an
(almost) annual basis. The Palmer LTER program has sampled krill since 1991
between Anvers and Adelaide Islands (Quetin and Ross, 2003). The United States
Antarctic Marine Living Resources (US AMLR) survey has sampled krill around
Elephant Island since 1988, and the survey was expanded in 1998 to include the
waters in the vicinity of the South Shetland Islands (Reiss et al., 2008). A German
survey around Elephant Island has operated since 1978, although in some years data
were not collected (Siegel et al., 2003). The British Antarctic Survey (BAS) has
sampled krill with acoustics and nets around South Georgia (Brierley et al., 1999;
Watkins, 1999; Reid et al., 2005). Sampling was sparse around South Georgia
throughout the 1980s, but has occurred in most years since 1991. Based on these
data, I model krill population dynamics for two populations off the west Antarctic
Peninsula; one closed population in the region sampled by the Palmer LTER survey,
and a population around Elephant Island that I assume is the source of krill found in
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the ice-free waters off South Georgia (Tarling et al., 2007). For Elephant Island, I
only use data from the German survey because it coves a longer time series.

Population Models
The surveys sample in the austral summer (December – March), and data
collected in a given sampling season may thus cover two calendar years. I use a
yearly timestep in the model, and evaluate the model each year on January 1st. As a
result, I assume that any data collected in an austral summer came from the later
year, regardless of the actual date of sampling. For example, if sampling in a region
occurred from December 1999 through January 2000, I allocate all sampling
information in 2000. Furthermore, I report R1 values for the years in which they
were observed in a sampling program (which is also the year in which a given yearclass recruits), and not the year in which the year-class is spawned.
For the Palmer LTER region, I assume the krill population is closed (i.e., no
migration). This assumption is supported by Quetin and Ross (2003), who note that
the Palmer LTER sampling region was largely selected because of the local gyres
that act as a retention mechanism for krill. The assumption of a closed population
makes the population dynamics straightforward. The number of individuals in this
region of age a at time t, N aPAL (t) , increases as the result of recruitment to age-1,

r PAL (t) , and decreases due to age-specific natural mortality, Ma (Mangel, 2006; all
variables and parameters used are described in Table 3.1)
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N

PAL
a

⎧⎪ r PAL (t)
(t) = ⎨ PAL
⎩⎪ N a−1 (t − 1) ⋅ exp(−M a −1 )

a=1

(3.1)

1< a ≤ 6

I discuss below how r PAL (t) is estimated; Ma is based on Pakhomov (1995; Table
3.2). Although krill longevity has been estimated to be as high as 9 years (Nicol,
2006), I assume that the maximum age is 6 for all regions.
Unlike the Palmer LTER region, it is necessary to account for transport of
krill out of the Elephant Island area. The southern boundary of the eastward flowing
ACC flows very close to Elephant Island, and many krill may be passively
transported out of this region (Murphy et al., 2004; Thorpe et al., 2004). Krill
population dynamics around Elephant Island are modeled by

⎧⎪ r Tot (t) ⋅ (1 − τ (t − 1) ⋅ s0 )
N (t) = ⎨ EI
⎩⎪ N a−1 (t − 1) ⋅ (1 − τ (t − 1) ⋅ sa −1 ) ⋅ exp(−M a −1 )
EI
a

a=1
1< a ≤ 6

(3.2)

where rTot(t) is the total recruitment that occurs around Elephant Island and
downstream areas, τ(t) is the fractional transport out of the region in year t, and sa is
the age-specific susceptibility to transport (the proportion of individuals in an ageclass that can transported; Table 3.2). Ecosystem models of krill used by CCAMLR
either assume no movement of krill or passive transport in the currents (SC73

CCAMLR 2007). I make the same assumption, and explore two transport scenarios:
1) No transport (τ(t) = 0), and 2) varying passive transport (described below). I also
explore three scenarios for sa: 1) all age-classes are equally susceptible to transport,
2) younger age-classes are more susceptible (because swimming speed increases
with size (Hamner, 1984), giving larger krill an advantage when swimming against
currents), and 3) older age-classes are more susceptible (based on Siegel et al., 2002,
who show segregation by size around Elephant Island, with the largest krill
occupying areas closest to the ACC).
There are arguments that the krill population at South Georgia is not selfsustaining, and that the west Antarctic Peninsula is a major source of krill in this
region (Tarling et al., 2007). To accurately model the dynamics at Elephant Island, it
may be necessary to consider the dynamics around South Georgia. However, krill
around South Georgia may also originate in the Weddell Sea (Priddle et al., 1988),
and there is no way to determine the source of krill collected in the South Georgia
survey in a given year. Therefore, when accounting for transport away from
Elephant Island, I explore two assumptions: Elephant Island is the only source of
krill found around South Georgia, and the fate of krill transported away from
Elephant Island is unknown, and I ignore the dynamics around South Georgia. The
following deals with the first assumption, and I discuss how I deal with the second
assumption in the Model fitting section below.
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When assuming that Elephant Island is the only source of krill around South
Georgia, I must also account for the interannual variation in the ACC. Thorpe et al.
(2004) use a circulation model and show that there is considerable year-to-year
variation in the probability of passive drifters reaching South Georgia. I account for
this fluctuating probability of reaching South Georgia, p(t), in the model (Eqn. 3.3),
and use the annual estimates (from 1979 to 1997) provided by Thorpe et al. (2004).
For years after 1997, I use the mean probability for the time series. The abundance
of krill around South Georgia in a given year is a function of transport into the region
from Elephant Island and the individuals already at South Georgia that survived from
the previous year

⎧ r Tot (t) ⋅ τ (t − 1) ⋅ s0
⎪⎪ SG
N aSG (t) = ⎨ N a−1
(t − 1) exp(−M a −1 )+
⎪ EI
⎪⎩ N a−1 (t − 1) ⋅ τ (t − 1) ⋅ sa −1 ⋅ p(t − 1) exp(−M a −1 )

a=1
(3.3)

1< a ≤ 6

Model Fitting
With model estimates of numerical abundance in a region, I calculate the
total proportional recruitment to age-1 in each region according to

R1 (t) =

N1 (t)

(3.4)

a=6

∑ N (t)
a =1

a
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and compare this with the observed values, R̂1 (t) . I also estimate the total biomass
(in grams) in each region with

a=6

B(t) = ∑ N a (t) ⋅ wa

(3.5)

a =1

where wa is the mass-at-age (in g, estimated from the length-mass relationship of
Hofmann and Lascara, 2000). I assume a fixed length-at-age for all regions based on
those provided by Quetin and Ross (2003; Table 3.2), and then calculate the biomass
density for each region, D(t), with

D(t) = B(t) ⋅ q

(3.6)

for comparison with the observed densities, D̂(t) . Here, q is the survey-specific
catchability; I assume q is fixed for a given survey. In 2000, CCAMLR conducted a
synoptic survey to estimate krill biomass in the Small Scale Management Units
(SSMUs) off the west Antarctic Peninsula and in the Scotia Sea. I estimate q in a
region by dividing the estimated biomass density in 2000 by the estimated total
biomass in 2000 for each region. For the Palmer LTER region, I use the biomass
estimate from SSMU 2 to estimate q (see Hewitt et al. 2004a for details on the
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SSMUs). For Elephant Island, I use the biomass estimate from SSMU 7, and for
South Georgia I use the estimates from SSMUs 14 and 15 combined to estimate q
(Table 3.3). To account for the years in which the German survey (which samples
the Elephant Island area) was not conducted, data from the US AMLR survey
augment the time series (Siegel et al., 2002). I examined density estimates from each
survey in years where both surveys sampled around Elephant Island to determine
how q may differ between surveys (Table 3.4). In all years, biomass densities from
the US AMLR survey were larger than those from the German survey, but the
difference between survey estimates was not consistent across years. On average,
the US AMLR survey density estimates were 1.8 times greater than the German
survey. I use this information to scale q by a weighting function γ in years when the
US AMLR survey sampled (see Table 3.4). I explore two values for γ (γ = 1, 1.8;
no difference and the mean difference, respectively).
I search numerically for the values of r(t) and τ(t) that produce model
estimates of biomass density and proportional recruitment that most closely mimic
the observed estimates in each region. A likelihood approach (Hilborn and Mangel,
1997), always resulted in the best-fitting model focusing on fitting trends in
proportional recruitment and ignoring trends in biomass density. Therefore, I fit the
model by minimizing the sum of squares (SS). For the Palmer LTER region, SS is
calculated with
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2

SS

PAL

⎛ ⎛ D̂ PAL (t) ⎞ ⎞
= ∑ ⎜ ln ⎜ PAL ⎟ ⎟ + φ ∑ R̂1PAL (t) − R1PAL (t)
⎝ D (t) ⎠ ⎠
t ⎝
t

(

)

2

(3.8)

Because values of D(t) are much larger than R1(t), I log-transform the difference
between observed and modeled densities, and multiply the summed differences of
proportional recruitments by a balancing parameter φ (Lenhart and Workman, 2007) .
For the Palmer LTER region, I have estimates of D̂ PAL (t) , R̂1PAL (t) and numerical
density-at-age from 1993 to 2002 (Quetin and Ross, 2003), so I start the model in
1993, estimating recruitment to age-1 in that year, and use the proportions-at-age
(determined from the numerical density-at-age data) to estimate abundance in the
older age-classes. For this region, I estimate r(t) from 1993 to 2002.
For the krill population at Elephant Island, the total SS is

2

SS

EI

⎛ ⎛ D̂ EI (t) ⎞ ⎞
⎛ ⎛ D̂ SG (t) ⎞ ⎞
2
= ∑ ⎜ ln ⎜ EI ⎟ ⎟ + φ ∑ R̂1EI (t) − R1EI (t) + ψ ∑ ⎜ ln ⎜ SG ⎟ ⎟
⎝ D (t) ⎠ ⎠
⎝ D (t) ⎠ ⎠
t ⎝
t
t ⎝

(

)

2

(3.9)

where ψ is an indicator function that takes a value of 1 when assuming that Elephant
Island is the source of krill found at South Georgia, and 0 when I make no
assumptions about the fate of krill transported away from Elephant Island. For
Elephant Island I have nearly a nearly continuous time series of D̂ EI (t) and R̂1EI (t)
from 1981 to 2004 (estimates of D̂ EI (t) are from Siegel (2005); estimates of R̂1EI (t)
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through 2001 are from Siegel et al. (2003), and from 2002 to 2004 are from Reiss et
al. (2008)). Estimates of D̂ EI (t) from 2002 to 2004 are from the US AMLR survey,
and it was discovered that post-1999 densities from this survey were overestimated
due to a calculation error. I therefore multiply D̂ EI (t) from 2002 to 2004 by 0.65 to
account for this bias (C. Reiss, personal communication). Estimates of D̂ SG (t) are
from Reid et al. (2005). I start the model in 1980, and estimate r(t) from 1980 to
2004, assuming the population is in equilibrium in 1980, and discarding estimates of
r(t) from 1980, 1986, and 1987 because of missing survey estimates in these years. I
set φ = 5 for both the Palmer LTER and Elephant Island populations.

Correlating Recruitment with Ice Indices
I link measures of sea ice off the west Antarctic Peninsula and other regions
with the estimates of r(t). I obtained monthly satellite estimates of sea ice area and
extent (where area is the total area of sea ice and extent is a measure of defined ocean
area grids covered by 15% or more sea ice) from 1979 to 2007 for the area between
60˚W and 90˚W (this region contains the Bellingshausen Sea and waters in the west
Antarctic Peninsula region, but herein for simplicity I classify it as ice from the
Bellingshausen), between 90˚W to 130˚ W (herein called the Amundsen Sea), and
between 40˚W to 60˚W; (the East Antarctic Peninsula; Figure 3.1). The longitudinal
boundaries are based on Stammerjohn and Smith (1997). In addition, I obtained sea
ice duration (in days) for the Bellingshausen Sea from Stammerjohn et al. (2008).
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Results
The best fitting model results for the Palmer LTER population are shown in
Figure 3.2. The model can replicate the observed trends in biomass density, with two
cycles in abundance, but it cannot replicate the large peaks in density observed in
1993 and 1998 (Figure 3.2A). As a result, the overall model fit to biomass density is
poor (R2 = 0.18). In contrast, model estimates of R1 are very close to the observed
values in all years (R2 = 0.9; Figure 3.2B). The abrupt peaks in biomass density
observed cannot be replicated because of the assumption of a closed population. In a
closed population large recruitment events remain in the population for many years,
keeping the overall biomass high. I therefore refit the model allowing for transport
(using Eqn. 3.2), ignoring the ultimate fate of those transported out the region (i.e., I
did not assume that krill from the Palmer LTER region ended up downstream at
Elephant Island or South Georgia). As with the Elephant Island –South Georgia
model, I explored the three scenarios for susceptibility to transport (sa; Table 3.2),
and found that scenario 1 (all age-classes are equally susceptible) produced the best
fit. As a result, all results described from this model are for scenario 1. The
resulting fit for biomass density was much improved (R2 = 0.91; Figure 3.2A), while
the R1 fit was similar, but not as good (R2 = 0.86; Figure 3.2B). Despite the different
fits in biomass density between the models, both produced the same trend in the
magnitude of recruitment events across years (correlation coefficient = 0.97), with
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recruitments from the model with transport being higher in all years. Because the
trends are nearly identical, I use the estimates of recruitment from the model
assuming a closed population for all subsequent analyses.
For Elephant Island, when transport was allowed, I either assumed that region
was the only source of krill around South Georgia, or I ignored the fate of krill
transported away from the region. As with the Palmer LTER transport model, the
best fitting model under both assumptions occurred under scenario 1, so all results
discussed are for this scenario. Furthermore, whether or not I accounted for the fate
of krill transported away from Elephant Island had a negligible effect on estimates of
recruitment (correlation coefficient = 0.99), so all results are for the model that
couples the dynamics of Elephant Island and South Georgia. I also explored
different values of γ (which weighs q) when estimating recruitment for this model.
Changing γ had little effect on recruitment estimates (correlation coefficient = 0.98)
so I only show model results for γ = 1.
For Elephant Island, the model that allows for transport provided a better fit
than the model with no transport to the observed trends around EI in both biomass
density (R2 = 0.89 and 0.31, respectively; Figure 3.3A) and R1 (R2 = 0.44 and 0.27,
respectively; Figure 3.3B). For biomass density at South Georgia, the variable
transport model does a fair job at reproducing observed trends prior to 1991 and after
1995, but cannot replicate the observed trends between these years (Figure 3.3C). As
a result, the overall fit is poor (R2 = 0.14).
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The transport model matches the observed trends in biomass density very
well in most years, but underestimates density in the anomalously high years of 1982
and 1997. The reason the densities are not matched more closely in these years is
that densities are low in the following years, and because allowing for more transport
away from Elephant Island reduces the fit of biomass density at South Georgia. For
R1 at Elephant Island, model results are close to the observed values in most years
prior to 1992. From 1992 to 2001, there are a few years (1992, 1996, and 2001)
where the observed estimates of R1 are high, but the model estimates are
substantially higher (Figure 3.3B). All of these years are followed by years of higher
biomass density, so large recruitments are needed to allow for this increase. These
years also follow periods (≥ 2 years) of low R1 and low biomass density (and thus
low recruitment), so the abundance of other age-classes in the population is minimal.
Therefore, the large recruitments result in very high model estimates of R1 in these
years. For biomass density at South Georgia, the model greatly overestimates
density in 1991, 1994, and 1999 because of the assumption that once krill reach
South Georgia, they remain there, and these years follow periods of high biomass. In
addition, the model cannot replicate the period of high biomass density in 1992 and
1993; this is the period at Elephant Island where biomass density is lowest.
For the Palmer LTER model that allowed for transport, transport is predicted
to occur in only 3 years. In the remaining 7 years, the model estimate of transport is
minimal (at a lower bound τ(t) = 0.01), suggesting that the assumption of a closed
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population may be appropriate in most years (Table 3.5). For Elephant Island, in 10
years the model predicts minimal transport. In the remaining 11 years (estimates
from 1980, 1986, and 1987 were omitted because of missing data), transport ranges
between 0.32 and 0.93 (Table 3.5). For some of the years when transport is minimal,
the reason is that there are no data on the dynamics at South Georgia for the model to
replicate (1981, 1983, 2001, and 2003). In other years, the biomass density at
Elephant Island is very low so the model does not allow for a large flux out of the
region (1992, 1993, and 1996). Finally, there are years when biomass is already high
at South Georgia, so transporting additional krill produces a worse model fit (1999
and 2000).
I plot estimates of recruitment for the Palmer LTER and Elephant Island
areas against various environmental measures related to sea ice to determine which
variables may be driving year-class success, and what the relationship between
recruitment and sea ice may be. I consider ice duration from the previous year in the
Bellingshausen Sea (Figure 3.4A), and the ratio of ice area to ice extent in the
previous August in the Bellingshausen Sea (Figure 3.4B) and in the Bellingshausen
and Amundsen Seas combined (Figure 3.4C). Sea ice area is the total area of ice,
while extent is a measure of the ocean area containing at least 15% sea ice.
Therefore, the ratio of area to extent is a measure of percent cover; a value of 1
indicates that the entire area of ocean is covered by ice, and smaller values indicate
more areas of open water. I also consider recruitment and ice area from the previous
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years. I plot Elephant Island recruitment and ice area averaged over August through
December (the late-winter and spring period) from the previous year from the East
Antarctic Peninsula (as one would not expect the Palmer LTER region to be
influenced by ice in this region; Figure 3.4D), and recruitment from both regions
over the same period of ice from the Bellingshausen Sea (Figure 3.4E) and the
Amundsen and Bellingshausen Seas combined (Figure 3.4F).
Many of the plots in Figure 3.4 show that maximum recruitment occurs at
moderate ice levels. However, the data are noisy, and the goal is to extract the
strongest signal possible. To determine if ice in a particular area for a particular
period may be controlling recruitment in these areas, I fit a Gaussian model to the
recruitment estimates for six periods (July - November, July – December, August –
November, August – December, September – November, and September –
December) from the Bellingshausen Sea and combined Bellingshausen and
Amundsen Seas. I also fit the model using ice duration from the Bellingshausen Sea
and the ratio of ice area to extent in August for Bellingshausen Sea and combined
Bellingshausen and Amundsen Seas. The model predicts recruitment at time t, r(I,t)
as a function of ice the previous year, I(t-1), with

r(I, t) = rlow

(

⎡
I (t − 1) − I *
1
+ rup ⋅
exp ⎢ −
2σ 2
σ 2π
⎢
⎣
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)

2

⎤
⎥
⎥
⎦

(3.10)

where I* is the ice area where maximum recruitment occurs, and σ determines the
spread of the model fit. The minimum level of recruitment is rlow, and rup scales the
magnitude of the recruitment events. I numerically estimate rlow, rup, I*, and σ, and
determine which region and period produced the best fit using Akaike Information
Criteria with the correction for a small sample size (AICc; Burnham and Anderson,
1998). When fitting the model to Elephant Island recruits, I remove the 1980 yearclass (Siegel et al., 2002, indicate that age-1 krill collected here in the summer of
1981 likely originated in the Weddell Sea).
For both areas, the best fitting model resulted when using ice area from the
Bellingshausen and Amundsen Seas combined averaged over August through
November (Table 3.6). For Elephant Island, this period produced by far the best fit
(R2 = 0.68; AIC weight = 0.97). For the Palmer LTER region, this period explained
much of the recruitment variation (R2 = 0.83; AIC weight = 0.51) but one other
period (August through December) produced a fit nearly as good (R2 = 0.82; AIC
weight = 0.46). The best fitting models for each region are shown in Figure 3.5. For
both regions, the models predict a narrow range of ice area in which large
recruitment events occur. Both fits also show an above average recruitment event at
one of the highest levels of ice area. In both areas this is the 1996 year-class, which
Quetin and Ross (2003) indicate as an outlier with respect to the ice conditions from
the previous year (although they used R1). They suggest that this year class was the
result of a very large spawning output. Therefore, although the model fitting
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recruitment to ice area at time t-1explains much of the recruitment variation in both
regions, in some years, recruitment may be affected by large reproductive output,
which may be the result of ice dynamics at time t-2.
Bracegirdle et al. (2008) predict a decrease in sea ice area of 33 ± 9%
throughout the Southern Ocean over the 21st century, with the largest decreases
occurring in the winter and spring. My results suggest that ice area during the late
winter and spring may be critical for determining year-class strength of krill, so I fit a
linear model to the times series of ice area average over August through November
from 1979 to 2007 to see if a decline has already occurred. The linear fit shows no
trend in ice area over this period (p = 0.2; R2 = 0.05; power = 0.11). Although there
is no trend, I plot the time series to explore if the frequency of ‘good’ ice years has
declined in recent years (Figure 3.6). I define a good ice year as one where the
average ice area is between the thresholds for both regions (where the threshold is
the ice area below or above which recruitment is predicted to be minimal; see Figure
3.5). There were 4 years between the thresholds for the first half of the time-series
(1979-1992), and 4 years above the threshold for the second half of time series
(1993-2007) for the Palmer LTER and Elephant Island regions. Good ice years for
the combined Bellingshausen and Amundsen Seas still occur at the same frequency
since 1992, and strong recruitment events are still occurring. Therefore, it is likely
that decreases in krill biomass in this region have not yet occurred, but could in the
near future if sea ice area over the winter and spring follows the trends predicted by
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Bracegirdle et al. (2008).
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Discussion
Previous attempts to correlate recruitment with sea ice have mostly used R1 as
the measure of year-class strength (Siegel and Loeb, 1995; Quetin and Ross, 2003).
In this Chapter, I provide the first estimates of the magnitude of recruitment in
Antarctic krill and link them to various measures of sea ice coverage. I explored a
variety of measures of sea ice coverage in different areas as predictors of
recruitment, but found the strongest signal with ice area for the combined
Bellingshausen and Amundsen Seas. The results suggest that sea ice during the late
winter–spring period has the largest effect of recruitment to age-1 the following year.
Some studies on krill recruitment have suggested a nonlinear relationship with sea
ice (Kawaguchi and Satake, 1994; Hewitt et al., 2003; Quetin and Ross, 2003), and
the model results agree with these findings. Model predictions suggest that this
relationship is bell-shaped, with large recruitment events occurring over a narrow
range of ice area slightly above the average for the time series (1979-2007), and low
recruitment events otherwise. For both regions modeled, recruitment was most
strongly correlated with the average ice area from August through November.
The combined ice area from the west Antarctic Peninsula (the Bellingshausen
Sea) and further west (the Amundsen Sea) is predicted to be controlling recruitment
to both the Palmer LTER and Elephant Island regions, suggesting that recruits are
likely coming from both Seas. Having recruits coming from two regions may buffer
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against a bad ice year in one area, as sea ice area in the Amundsen Sea does not
follow the same trends as ice area in the Bellingshausen Sea in some years (Smith et
al. 1998). A below or above average ice year in Bellingshausen may be mitigated by
an average year in the Amundsen, or vice versa. That recruitment in the Palmer
LTER is most strongly correlated with ice area from the combined Seas may seem at
odds with the assumption that this population is closed, as this region lies well east of
the Amundsen Sea. When I refit the model assuming the population was not closed,
the resulting fit was much improved, suggesting that some migration may occur in
some years. Quetin and Ross (2003) acknowledge that spawning in this region
occurs close to the ACC, and that eggs and larvae may be transported out of the
region. It may be that many recruits to this region (and to Elephant Island) are not
the solely the result of local reproduction, and are deposited via the ACC from the
Amundsen Sea.
Despite results indicating that ice area over the late winter and spring may be
controlling recruitment, I can only speculate on the underlying mechanism. If the ice
were providing ice algae or refuge from predators, then I would expect a more
gradual increase in recruitment with larger ice areas. Furthermore, I would not
expect a decrease in recruitment at the largest ice areas. Growth of larvae under ice
off the west Antarctic Peninsula has been examined during winter, and growth rates
were either minimal (Daly, 2004), or negative (Ross et al., 2004). Daly (2004) found
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minimal food available on the underside of ice, and concluded that sea ice biota may
not be an important food source during the winter.
Although sea ice may not be important as a winter food source, it may
influence the timing and magnitude of the spring phytoplankton bloom. The narrow
range of ice area over which large recruitments occur in both regions suggests such a
match-mismatch mechanism (Cushing, 1982). Low ice area during this period
results in large areas of water over the continental shelf and shelf break being
exposed to winds, which may deepen the surface mixed layer, inhibiting a bloom.
Conversely, too much ice area during this period may also prevent a bloom by
reducing the amount of light available to the phytoplankton (Smith et al., 2008).
Although satellite estimates of surface chlorophyll concentration may be used to test
such hypotheses, diatoms often form large assemblages below the depth detected by
satellites, limiting the conclusions that can be drawn from such an exercise (Siegel,
2005).
The results of this study have important implications for the management of
krill fisheries. Currently, the CCAMLR catch limit is well below the estimated
biomass, but there is some concern of local depletion of krill, particularly in areas
where the fishery operates close to predator breeding colonies. My results indicate
that it may be possible to predict recruitment from ice area, which would enable the
prediction of biomass, and thus potentially allow for the adaptive management of
krill in this region. However, the results are for krill around the west Antarctic
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Peninsula and South Georgia. Although these regions are important fishing grounds,
the fishery also operates consistently around the South Orkney Islands in the Scotia
Sea (Kawaguchi et al., 2006b). The South Orkneys lie near the Weddell Front (the
boundary between the colder water of the Weddell Sea and the relatively warmer
water of the Scotia Sea) and krill found in this region may be a combination of those
transported in ACC from the west Antarctic Peninsula, and those from the Weddell
Sea. No time series of krill density exists for this region to estimate recruitment, and
the results from the west Antarctic Peninsula may not be applicable to this region. In
addition, sea ice in the Weddell Sea does not follow the same trends as ice from the
Bellingshausen or Amundsen Seas (Zwally et al., 2002), so it is unlikely that a single
ice measure can be used to adaptively manage the krill fishery in the Scotia Sea.
When fitting the model to Elephant Island recruits, I removed the 1980 yearclass as it likely originated in the Weddell Sea (Siegel et al., 2002). There may be
other years when recruits around Elephant Island are coming from the Weddell Sea,
but I found no information to indicate which year-classes (other than that from 1980)
may be of Weddell origin. However, Siegel et al. (2003) show a strong correlation
between R1 in the Palmer LTER and Elephant Island areas, suggesting that both
regions are responding to the same ice conditions, and therefore that the Weddell Sea
is not the primary source of recruits to Elephant Island.
There are additional potential sources of error resulting from some of the
assumptions in estimating recruitment. Although the surveys sample the same
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stations each year, it may be that the distribution of krill in an area fluctuates from
year to year as oceanographic conditions fluctuate. Therefore, different estimates of
survey densities may result from the same biomass of krill in different years. The
only information on survey bias is from Saunders et al. (2007), who indicate that the
timing of a survey around South Georgia each year may affect density estimates.
They found that density estimates exhibited a periodic pattern, with highest densities
typically occurring in February in a given year. I did not adjust density estimates in
this region because as I have already noted, ignoring the dynamics at South Georgia
does not dramatically affect recruitment estimates at Elephant Island. Unfortunately,
I do not know of any studies that quantify the effect of sampling date (or other
variables) on density estimates for other regions explored, so I could not adjust these
densities accordingly. The model could be easily modified to allow for a timevarying q as such information becomes available.
Changes in krill distribution may also affect the estimates of the population
age-structure in an area. Siegel et al. (2002) show different distributions by size in
2001, with the largest krill occupying the most northern area and the smallest krill
occupying the most southern area of the survey grid. From 1991 to 2000, the
southern portion of the survey grid was not sampled, as it was believed that the
remaining areas would provide an adequate sample of all age-classes of krill around
Elephant Island. The results of Siegel et al. (2002) indicate that in some years, this
southern area may contain a substantial number of age-1 krill, resulting in estimates
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of R1 being biased low in these years. I did not explicitly account for this difference
in the model fitting, but in nearly all years in which the truncated sampling grid was
used, model estimates of R1 were larger than the survey estimates (Figure 3.3B),
although the difference was not identical across all years. Therefore, even if I had
adjusted the R1 values in these years, the results would not differ drastically.
The models predict a non-linear relationship between krill recruitment around
the west Antarctic Peninsula and sea ice area in the Bellingshausen and Amundsen
Seas from the previous winter and spring. Estimates of recruitment show a narrow
range of ice area where recruitment successes occur, and a wide range of ice area that
results in poor recruitment events. This finding has important implications for the
management of the krill fishery, as it may allow for an adaptive approach. This
finding also has important implications for a warming Southern Ocean, as a steady
decline in sea ice in the region does not mean a steady decline in krill biomass. Once
average ice area drops below the recruitment threshold, a dramatic change in the
west Antarctic Peninsula ecosystem (and downstream ecosystems such as South
Georgia) may occur as krill biomass rapidly declines.
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Table 3.1. Descriptions of the abbreviations, variables, and parameters used.
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Symbol

Description

Ma

Instantaneous rate of natural mortality (per capita deaths per year)

wa

Individual mass of krill at age a (g)

Na(t)

Abundance of krill of age a in year t

B(t)

Total biomass of krill (kg) in year t

τ(t)

Maximum fraction of the krill population transported out of the region in year t

sa
r(t)

Proportion of krill of age a that are susceptible to transport

rTot(t)

Recruitment of age-1 krill in a region in year t
Total recruitment of age-1 krill that would that would have occurred in the
absence of transport

R1(t)

Model estimate of the proportion of age-1 krill in the population in year t

R̂1 (t )

Observed estimate of the proportion of age-1 krill in the population in year t

q

Survey catchability (m-2 or 1000 m-3)

D(t)

Model estimate of krill biomass density (g m-2 or g 1000 m-3)

D̂1 (t )

Observed estimate of krill biomass density (g m-2 or g 1000 m-3)

I(t)
r(I,t)
I

*

Ice area (km2) in year t
Predicted number of age-1 recruits in year t as a function of ice area
Ice area (km2) where maximum recruitment occurs

rlow

Minimum predicted recruitment

rup

Parameter that scales the magnitude of model estimates of recruitment

σ

Parameter that controls the spread of the model fitting ice area to recruitment
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Table 3.2. Age-dependent model input of length (La), mass (wa), natural mortality
rate (Ma), and susceptibility to transport (sa).
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Age
0
1
2
3
4
5
6

La (mm)1
24.36
34.08
42.24
47.78
54.19
60.00

1

Quetin and Ross (2003)

2

Hoffman and Lascara (2000)

3

Pakhomov (1995)

wa (g)2
0.11
0.31
0.59
0.90
1.38
1.95

Ma 3
0.65
0.55
0.80
1.70
2.40
-

97

Susceptibility to transport (sa)
Scenario Scenario Scenario
1
2
3
1.00
0.92
0.08
1.00
0.50
0.50
1.00
0.08
0.92
1.00
0.01
0.99
1.00
0.00
1.00
1.00
0.00
1.00
-

Table 3.3. Estimates of total biomass and biomass density in 2000 are used to
estimate q for a given region. Around Elephant Island, many density estimates come
from the German survey, but in some years (1992-1994, 1996, 1998-1999, 20022004) data from the US AMLR program are used to augment the time series, so I
multiply q by a weighting function, γ in years sampled by the US AMLR survey (see
text for values of γ explored).
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Region
Palmer LTER
Elephant Island
South Georgia
#

Hewitt et al. (2004b)

$

Quetin and Ross (2003)

&

Siegel (2005)

*

Reid et al. (2005)

Biomass in
2000 (x 109 kg)#
1.38
1.36
3.85

Density in
2000
12.15 (g 1000m-3)$
2.65 (g m-2)&
34.7 (g m-2)*
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Estimated q
(density:biomass)
8.78 x 10-12 (1000m-3)
γ x 1.94 x 10-12 (m-2)
9.01 x 10-12(m-2)

Table 3.4. Estimate of biomass density (g m-2) from the German (Siegel, 2005) and
US AMLR surveys (data taken from AMLR, 2004; 2007) for years when both
surveys were conducted. Ratio is the density from the US AMLR survey divided by
the density from the German survey. The US AMLR density in 2001 was adjusted
to account for the calculation bias.
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Year
1995
1997
2001

Biomass Density (g m-2)
US AMLR
German
7.47
2.97
56.7
46.79
20.7
13.04
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Ratio
2.5
1.2
1.6

Table 3.5. Best fitting model estimates of fractional transport (τ(t)) from 1993 to
2002 for the Palmer LTER region, and from 1981 to 2003 for Elephant Island.
Estimates from Elephant Island for 1981, 1986, and 1987 were discarded because of
missing data.
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Year
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003

Fractional transport (τ(t))
Palmer
Elephant
LTER
Island
0.01
0.73
0.01
0.60
0.01
0.62
0.44
0.60
0.74
0.01
0.84
0.01
0.23
0.01
0.01
0.60
0.01
0.01
0.01
0.88
0.13
0.32
0.01
0.01
0.01
0.58
0.01
0.01
0.01
0.93
0.01
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Table 3.6. Parameter estimates, R2 and AICc values for the Gaussian model fits of
recruitment to ice duration (see Eqn 10), the ratio of ice area to extent (A/E), and ice
area averaged over a range of months for the Bellingshausen Sea (B) and the
Amundsen and Bellingshausen Seas combined (AB). The best fitting model in each
region is in bold.
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Island

Elephant

LTER

Palmer

*

0.00

*

0.00
1352.53

AIC weight

Null AIC c

0.33

0.01
1352.45

2

0.72

6.54 x 10

AIC c

R

!

I

r up

21

21
4.57 x 10

n

r low
11

12

10

11

0.00

1355.21

0.23

0.01

0.78

9.18 x 10

1.48 x 10

AB
A/E

B
A/E

Region

Measure

11

Aug

Aug

0.00

580.90

0.22

0.01

0.73

9.78 x 10

-

12

10

569.86

Null AIC c

AIC weight

0.43

0.01
577.73

2

0.81

6.71 x 10

AIC c

R

!

I

r up

10
2.47 x 10

10
2.73 x 10

n

r low

11

A/E

A/E

Measure

AB

Aug

B

Aug

Region

-

12

11

14

12

0.00

1356.03

0.20

5.0

325.0

4.34 x 10

7.34 x 10

21

Duration

B

-

-

0.00

582.41

0.09

5.0

250.6

4.83 x 10

2.13 x 10

10

Duration

B

16

11

18

12

0.00

1357.23

0.16

19282.6

565335.5

1.07 x 10

5.61 x 10

21

Area

B

Jul-Nov

-

0.00

577.62

0.44

15000.0

744160.1

4.76 x 10

2.42 x 10

10

Area

B

Jul-Nov

17

10
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12

0.00

1351.90
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15000.0

1668366.8

1.35 x 10

4.06 x 10
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Area
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Jul-Nov

-

0.01

573.82
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33225.4

1717672.0

1.38 x 10

1.60 x 10
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Area
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Jul-Nov

17
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15000.0

558710.3

5.64 x 10

6.52 x 10
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Area

B
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-
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15000.0

683762.8

1.02 x 10

2.53 x 10
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Area

B

Jul-Dec

16
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0.00

1348.76
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25181.6

1577512.1

2.89 x 10

3.07 x 10
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Area
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-

0.01

572.98

0.65

21628.0

1585313.0

8.74 x 10

1.58 x 10
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Area
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1352.83
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594232.9
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4.47 x 10
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Figure 3.1. Map of the study region. Boxes represent approximate regions where
sampling occurs around South Georgia, Elephant Island, and the Palmer LTER
region. Lines at 90˚W, 60˚W, and 40˚W are the boundaries for classifying ice from
the Amundsen Sea, Bellingshausen Sea, and the East Antarctic Peninsula.
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Figure 3.2. Observed and model estimates of A) biomass density (g 1000 m-3) and
B) proportional recruitment for the Palmer LTER population. Proportional
recruitment values are presented for the years in which they were collected and not
for the year in which a particular year-class was spawned.
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Figure 3.3. Observed and model estimates of A) biomass density (g m-2) and B)
proportional recruitment for Elephant Island and C) biomass density (g m-2) for
South Georgia for different assumptions of krill migration. Proportional recruitment
values are presented for the years in which they were collected and not for the year
in which a particular year-class was spawned.
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Figure 3.4. Recruitment estimates at time t for the Palmer LTER and Elephant
Island areas as a function of A) ice duration (days) in the Bellingshausen Sea at time
t-1, B) the ratio of ice area to extent in August in the Bellingshausen Sea at time t-1,
C) the ratio of ice area to extent in August in the combined Amundsen and
Bellingshausen Seas at time t-1, D) ice area in the Bellingshausen Sea averaged over
August through December at time t-1, E) ice area off the East Antarctic Peninsula
averaged over August through December at time t-1, and F) ice area from the
combined Bellingshausen and Amundsen Seas averaged over August through
December at time t-1.
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Figure 3.5. Gaussian model fits predicting recruitment at time t in the Palmer LTER
and Elephant Island areas from ice area averaged over August through November at
time t-1. Inset: model fits over the narrow range of ice area where recruitment is
predicted to increase. The open circle for Elephant Island represents the 1980 yearclass that was removed when fitting the model.
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Figure 3.6. Ice area for the combined Bellingshausen and Amundsen Seas from
1979-2007 averaged over the months of August through November. The horizontal
lines represent the threshold ice areas: between the lines recruitment is predicted to
be large, outside the lines recruitment is predicted to be minimal.

116

117

CHAPTER 4
Impacts of Climate- and Fishery-Induced Reductions in Krill Biomass on the
Recovery of Blue Whales
The continued recovery of many species of baleen whales in the Southern
Hemisphere will depend on the availability of krill in the Southern Ocean. Krill are
currently very successful (Atksinon et al., 2008), but from Chapters 2 and 3 it is clear
that climate change will likely affect krill availability, although the magnitude of this
change, and how widespread it may be are difficult to forecast. A decrease in sea ice
is predicted to reduce biomass through dramatic declines in recruitment, but this
decrease may be mitigated in part by increased growth rates in colder regions,
resulting from increases in water temperature. The net effect of climate change (at
least in the regions modeled) will likely be negative, however, as increased growth
rates (resulting in biomass increases as high as 40%; Figure 2.8) will not be able to
make up for over an order of magnitude loss in recruitment (Figure 3.5).
In this chapter, I explore how climate- and fishery-induced changes in krill
biomass and distribution may affect baleen whales in the Southern Ocean.
Specifically, I ask what happens if the whales have evolved to exploit a particular
landscape of krill, but climate change and the expanding krill fishery change this
landscape. I develop the model specifically for blue whales, but with simple
modifications the model could be applied to other whale species. I focus on blue
whales for two reasons. First, despite evidence for population growth, the population
size is still at critically low levels (Branch et al., 2004). Second, blue whales have
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the highest prey demands of any predator that has ever existed, forcing them to feed
on incredibly dense krill aggregations (Croll et al., 2005). The commercial krill
fishery also targets the densest aggregations of krill to maximize profits (Kawaguchi
and Nicol, 2007; Kawaguchi and Candy, 2009), setting up the potential for
competition between blue whales and the fishery. I use state dependent life history
theory, implemented by stochastic dynamic programming (SDP; Mangel and Clark,
1988; Houston and McNamara, 1999; Clark and Mangel, 2000) to answer this
question.
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Methods
I model the foraging behavior of blue whales in the Southern Ocean. Not all
blue whales in the Southern Hemisphere feed in the Southern Ocean, but of those
that do, most do so seasonally (Branch et al., 2007). There is evidence that some
individuals remain in the Southern Ocean year-round (Sirovic et al., 2004; Branch et
al., 2007), but to mate and reproduce, they must migrate thousands of km to
temperate or tropical waters (Mackintosh, 1965). The locations of their breeding
grounds are unknown, but based on sightings, catch, and acoustic data, Branch et al.
(2007) hypothesize that one is located off the southwest coast of Africa (somewhere
between Angola and South Africa). While on the breeding grounds, two lines of
evidence suggest that whales do little or no feeding, living primarily off their energy
reserves. First, whales caught leaving the feeding grounds typically contained large
amounts of blubber, while those caught entering the feeding grounds were
considerably leaner. Second, stomach analyses of blue whales caught off South
Africa show little or no food in their stomachs (Lockyer, 1981). Whales must
therefore acquire enough energy during the feeding season to survive the overwinter
period.
The amount of time spent on the feeding grounds varies with the size and
reproductive status of the whale. For humpbacks, Dawbin (1966) found an orderly
precession of individuals, with pregnant females being the first to enter and the last
120

to leave the feeding grounds. Lockyer (1981) suggests that similar patterns are likely
for blue whales, and that on average whales spend approximately 120 days on the
feeding ground, with pregnant females spending slightly more time there. The first
blue whales to enter the feeding grounds typically begin arriving in early November,
while the last to leave do so in early April so they can reach the breeding grounds in
May (Lockyer, 1981; Brown and Lockyer, 1984). I assume that the number of days
spent on the feeding grounds, T, is 150 (entering in early November and leaving in
late March), and that once they leave, the distance they must migrate to the breeding
grounds is DB.
It is currently unknown how much feeding, if any occurs at night. Toothed
whales use echolocation to find prey, but it was previously assumed that baleen
whales were visual predators. Recently, however, humpbacks in the north Atlantic
have been found to produce clicking sounds at night, leading some to speculate that
they are echolocating their prey (Stimpert et al., 2007). Whether or not these click
are used for echolocation, or how widespread this behavior is among other baleen
whales is uncertain. Analysis of stomach fullness data in minke whales in the
Southern Ocean reveals that fullness (measured as the % of stomachs sampled that
were full) peaks around dawn, and goes to 0 at night (Horwood, 1990), suggesting
that little or no feeding occurs at night. I therefore assume that blue whales only feed
during daylight hours, and model the daily foraging decisions of a whale throughout
the season, where 1 day is considered the 24 hour period starting and ending at dusk
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(the reasons for this are described below). On day t, the whale has H(t) hours of
daylight to forage and 24 - H(t) hours of night, where H(t) is calculated using the day
length approximation of Forsythe et al. (1995), assuming whales are foraging at a
latitude of 60˚ S (Figure 4.1).

The Prey Landscape
Krill form aggregations of varying size, density and duration. A single dense
aggregation of krill is called a swarm, and an individual swarm can extend over
several m to km, and can have densities in excess of 10 kg m-3 (Siegel and
Kalinowski, 1994; Hamner and Hamner, 2000). The largest swarms, which may
extend over several km are called super swarms, but are typically of a lower density
than smaller swarms (Siegel and Kalinowski, 1994). Swarms are ephemeral, lasting
only a few hours to a few days, but there are mesoscale areas within the Southern
Ocean that contain numerous swarms over longer timescales, and Siegel and
Kalinowski (1994) refer to these areas as patches.
For the model, I create a simplified landscape of krill swarms distributed
between patches, indexed by c. The patches last for the duration of the feeding
season, and the same size: a square grid 100 km x 100 km. Each patch therefore has
N = 10,000 1 km2 cells. For simplicity, I assume that the act of feeding on an
individual swarm does not reduce the probability of finding swarms with the patch,
but that as the feeding season progresses, the probability of finding a swarm, p(c|t),
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decreases (Figure 4.2). Swarms have the same volume, v, and differ in density (kg
m-3) only. I index density by j=1,2,..,jmax and compute actual density from , δ(j) = ω j
, ω = 0.05 kg m-3. The biomass of the jth swarm, B(j) is therefore δ(j)v. Within each
patch, an encountered swarm has a probability of having a density of δ(j), denoted
p(j). Thus, the probability that a particular cell within patch c will contain a swarm,
and that the swarm is of type j is p(c,j | t) = p(c|t) p(j). Patches differ in the overall
probability of finding a swarm (p(c | t)), but once a swarm is located, the probability
that it will be of a certain density (p(j)) is the same in each patch (Figure 4.3).
The arrangement of krill within a patch is determined by a spatial structure
parameter z (modified from Travis and Palmer, 2005). For the cth patch, the
placement of swarms within cells is done as follows.

1) Pick a random location within the grid, and place the lowest density swarm
(j=1) in it.
2) Draw a random variable z*~Unif[0,1].
3) If z*≤ z, place the next swarm (j=1) in an adjacent cell, go to step 2.
4) If z* > z, go to step 1.
5) Continue filling cells of type j=1 by repeating 1-4 until p(c,1|t = 0)N cells
are filled, then do the same (starting at step 2) for the remaining types of
swarm (j = 2,3,…,jmax).
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For a given patch, I generate thousands of krill arrangements (for a fixed z and
p(c,j|t = 0); see Figure 4.4) and estimate the probability of finding a swarm of type j,
given the whale is currently in a cell that contained a swarm of type i in patch c by
moving d km away, p(j|c,i,d,t).

The Physiological Model
I am interested in the foraging behavior of a whale throughout the feeding
season, and how these behaviors vary with physiological state. For simplicity, I
assume that energy is stored only as blubber, and that during periods of starvation,
the whale meets its energy requirements by breaking down stored blubber, and not
other tissues such as muscle (cf. Noren and Mangel, 2004). According to Lockyer et
al. (1985) there are lipid reserves in other parts of the body, but this assumption
makes calculations straightforward. To generate a range of different energy stores
for a whale of length L (in m), I first need to estimate the average mass W (in kg) at
that length, using the formula provided by Lockyer (1976):

W = 4.6 ⋅ L3.05

(4.1)

According to Lockyer (1976), an average blue whale is made up primarily of muscle
(39%), blubber (27%), bone (17%) and viscera (12%), leaving 5% of unclassified
tissue. To generate a range of energy reserves for a whale of a given length, I
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assume that as a whale's blubber mass changes, the mass of its other tissues remains
constant. Therefore, a blue whale of length L will have 0.73 W kg of non-blubber
tissue. If 1 kg of blubber contains u kJ of utilizable energy, a whale with X kJ of
energy stored will have a blubber mass of Wb = X / u, and a total mass W(X,L) = Wb +
0.79 W . For each length, I explore a range of x such that the percent of body mass
comprised of blubber is between 14 and 40%. This range is greater than that
reported by Lockyer (1976; 21 to 33%), but it allows for the exploration of the
effects of extreme leanness or fatness in whales. I model lengths between, 20 and 30
m, assuming that whales mature at 23 m (Lockyer, 1981).
My approach requires an energetic model for blue whales, but due to
sampling difficulties, no direct metabolic estimates have been made for blue whales,
or any other baleen whale. Therefore, I must extrapolate the allometric relationships
for mammalian metabolic costs well beyond the body masses used to generate them.
Doing so, of course, is fraught with danger (Mangel et al., 2001) but if one wishes to
make predictions there is little alternative.
To calculate metabolic costs I rely on the allometric relationships relating
mass, W (in kg) to basal metabolic rate (BMR) and the cost of transport (COT). The
relationship between BMR (in kJ day-1) and W was developed by Kleiber (1975)
using data on terrestrial mammals, and is

BMR = 293.1⋅W 0.75

(4.2)
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There is currently debate over whether the value of this exponent is 0.75, and
whether or not it is constant for all mammalian groups. Sieg et al. (2009) estimated
the exponent for different phylogenetic groups, and found that for many groups the
exponent was significantly different from 0.75. Sieg et al. (2009) do not provide
exponent estimates for marine mammals, so I must use value estimated by Kleiber
(1975). Additionally, there is debate over whether or not marine mammals have a
higher BMR than terrestrial mammals for a given mass. Leaper and Lavigne (2007)
reviewed the available evidence and concluded that although a few studies appear to
have found BMR to be approximately twice the value predicted by Eqn 4.2, when
these studies are included in a larger data set, there is no statistical support for marine
mammal BMR being higher than terrestrial mammals. I therefore use the estimate of
BMR from Eqn 4.2, but explore the sensitivity of model results to higher values of
BMR.
COT is the mass-specific cost of moving a certain distance (in kJ kg-1km-1),
and was developed by Williams (1999) using data from a variety of marine
mammals, all much smaller than blue whales. COT includes maintenance costs, and
is estimated with

COT = 0.00779 ⋅W −0.29

(4.3)
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These relationships are used to calculate the costs of various activities of a whale.
Within day t, a whale can engage in three distinct activities: traveling, feeding, and
resting. I define traveling as any directed lateral movement within a patch or
between patches, and assume that if a whale moves to a cell that contains a swarm, it
immediately finds it (i.e. there is no additional time spent searching within a
particular cell). Feeding involves diving down to the swarm, lunging at the swarm
and engulfing krill (done multiple times during a single dive), followed by a return to
the surface where the whale remains for a short period recovering from the prolonged
period of oxygen deprivation. Resting is considered as any period where the whale is
not traveling or feeding.
To illustrate how I calculate the energetic costs, consider a whale at the start
of day t. Each day is comprised of smaller periods spent moving (τm), feeding (τf),
and resting (τr). The total daily metabolic cost for the whale is the sum of the costs
of these different activities. If a whale move some distance d (in km), the cost of
moving, Cm(d) is

Cm (d) = COT ⋅W ⋅ d

(4.4)

The estimate of COT from Eqn 4.3 is for an optimal speed. For sub-optimal speeds,
the estimate of COT increases (Costa and Williams, 2000), so I assume that whales
only travel at an optimal speed, s, assumed to be 7 km hr-1 (based on a personal
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communication with J. Calambokidis and B. Mate). Given s, τm = d / (s • 24). After
moving d km, if the whale encounters a swarm of type j and feeds, it will have a
maximum of H(t) hours to feed. The cost of feeding depends on the number of
lunges a whale makes during this period, which depends on the volume that a whale
can engulf in a single lunge, swarm density, and the amount of time available for
feeding. Lunge feeding is energetically costly, as it involves rapid acceleration
followed by the opening of the mouth, which creates a large amount of drag, and thus
deceleration (Goldbogen et al. 2007). According to Goldbogen et al. (2009), the
cost of a single lunge Cg (in kJ) is

Cg = 7.84 ⋅ L3.4

(4.5)

The cost of single lunge does not include maintenance costs, nor does it include the
acceleration phase prior to engulfment. Potvin et al. (2009) suggest that a reasonable
approximation for the acceleration and engulfment is 2Cg. Therefore, assuming a
whale makes 20 lunges per hour (based on Figure 1 of Croll et al., 2001), and spends
some fraction of the day feeding (τf), the cost of foraging Cf is

C f ( j, L,W , τ f ) = 20 ⋅ 2 ⋅ Cr + τ f ⋅ α f ⋅ BMR
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(4.6)

where αf scales BMR to account for increased activity (Table 4.1). I delay
discussion of the calculation of τf until I discuss food intake. Given τm and τf, I
estimate τr with 1- τm - τf, and estimate the cost of resting, Cr,

Cr (W , τ r ) = τ r ⋅ α r ⋅ BMR

(4.7)

where αr scales BMR to account for additional activity during resting, such as
digestion (Table 4.1). The total cost a whale experiences during this period
Ctot(j,L,W,d,τf, τr), is

Ctot ( j, L, d, τ f , τ r ) = Cm (d,W ) + C f ( j, L,W , τ f ) + Cr (W , τ r )

(4.8)

Food Intake
Estimating the daily food intake of large whales remains a challenge (see
Reilly et al., 2004 and Leaper and Lavigne, 2007 for excellent reviews on the
subject). One approach is to first estimate yearly metabolic expenditure assuming
that daily expenditure is some multiple of BMR, then calculate the average daily food
intake that meets this demand, adjusting for the shortened feeding season for most
baleen whales (e.g. Croll et al. 2006, Barlow et al., 2008). Another approach utilizes
allometric relationships relating food intake to body size in captive animals
(Seargent, 1969, cited in Innes et al.,1986). These approaches yield an average daily
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intake, which is not suitable for this approach. Presumably, whales consume as
much as they can during an encounter to account for periods where no food is found,
so I am interested in what the maximum daily intake might be for a whale of a
particular size. Baleen whales have a forestomach that is believed to be used for
mechanical grinding and storage of large quantities of food, and food is initially
stored in the forestomach and gradually passed to the digestive stomach chamber
(Vikingsson, 1997). Therefore, the storage capacity of the forestomach and the rate
at which it is emptied limit the maximum daily intake of baleen whales. Vikingsson
(1997) relates forestomach capacity, ψ (in kg) to length in fin whales with

ψ = 0.47 ⋅ Lη

(4.9)

Vikingsson (1997) estimates η to be 2.36 for fin whales. This value is similar to the
exponent in the length-mass relationship for fin whales (2.53; estimated by Lockyer,
1976). Fin whales are leaner than blue whales for a given length, so it is likely that
the estimate of η is higher for blue whales. I therefore set η = 2.8. The clearance rate
of the forestomach has been suggested to be between 3-6 hours, and Vikingsson
(1997) notes that rates closer to 3 are more likely. I select a clearance rate, τc, of 4
hours. The amount of time it takes a whale to fill up the forestomach depends on the
swarm density, δ(j) and the volume of water that can be engulfed in a single lunge, β
(Goldbogen et al., 2009),
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β = 0.0011⋅ L3.56

(4.10)

I assume that as a whale feeds the density of the swarm remains the same and the
volume decreases (i.e. krill do no scatter or concentrate). Therefore, the time
required to fill up the forestomach is

τψ =

ψ
20 ⋅ δ ( j) ⋅ β

(4.11)

For a maximum foraging period of H(t), then the total number of times the
forestomach can be filled, nψ is

⎧ H (t)
⎪ τ
⎪ ψ
nψ = ⎨
⎪ H (t)
⎪⎩ τ c

τψ ≥ τ c
(4.12)

τψ < τ c

If the whale is feeding on a low density patch such that the clearance equals or
exceeds the intake rate, then it can feed continuously, and τf = H(t)/24.
Alternatively, a whale feeding on a high density swarm will fill the forestomach
faster than it can clear it, and will spend τf = nψ τψ hours actively foraging, and the
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remaining time will be spent resting (digesting). If krill contain ρ kJ kg-1, the total
energy gained G during a feeding bout is

G( j, L, τ f ) = nψ ⋅ ψ ⋅ A ⋅ ρ

(4.13)

where A is assimilation efficiency (Table 4.1). Thus, a whale with reserves X that
expends Ctot(j,L,W,d,τf, τr) while gaining G(j,L, τf) will have a change in blubber
mass, ΔWb of

ΔWb =

X − Ctot ( j, L,W , d, τ f , τ r ) + G( j, L, τ f )
u

(4.14)

The Overwinter Period
Once the whale leaves the feeding grounds for the breeding (overwinter)
grounds, I am only interested if the whale has accrued enough energy reserves X, to
survive and successfully reproduce the overwinter period. I model the energetic
costs during the overwinter period using a daily timestep (denoted tw), accounting for
changes in mass that occur as the whale depletes its reserves during this period of
reduced feeding. The total costs expended during the overwinter period Cw depends
on numerous factors, including the whale's size, reproductive status, distance to the
breeding grounds, DB, and the amount of food consumed during the overwinter
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period. The cost of reproducing, CR, is a function of the costs of calf development,
CK and lactation, CL. Estimates of CK and CL are taken from Lockyer (1981; Table
4.1 here). For simplicity, if the whale is pregnant I assume the whale gives birth as
soon as it reaches the breeding grounds. The number of days to reach the breeding
grounds, tm is

tm =

DB
s ⋅ 24

(4.15)

where sm is the migration speed to the breeding grounds (Table 4.1). The daily cost
of migrating north to the breeding grounds is

C N (t w ) = COT ⋅W (t w ) ⋅ DB ⋅ 24 + I

CD
tm

(4.16)

where I is an indicator function that takes a value of 1 if the whale is pregnant, and 0
otherwise, accounting for the additional metabolic costs of pregnancy. If a whale
spends T days on the feeding grounds, then the number of days spent on the breeding
grounds, tB = 365 - (T+2tm), and during this period, activity is likely greatly reduced.
The daily cost on the breeding grounds, CB(tw) is
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C B (t w ) = α r ⋅ BMR + I

CL
tB

(4.17)

The daily cost of migrating south to the feeding grounds, CS(tw), is

CS (t w ) = COT ⋅W (t w ) ⋅ DB ⋅ 24 + I

CL
tm

(4.18)

While on the breeding grounds, whales may do some feeding, but the amount
consumed is likely far less than the amount consumed on the feeding grounds. I
assume that on average, whales consume some fraction, λ of W on the breeding
grounds. I use W here instead of W(tw) to prevent decreases in food intake as mass
decreases. The total cost of the overwinter period, Cw(I), is therefore

Cw (I ) =

T +t m

∑C

t w =T

N

(t w ) +

T +t m +t B

∑ (C

t w =T +t m +1

B

(t w ) − λ ⋅W ⋅ ρ ⋅ A ) +

365 −T

∑

t w =T +t m +t B +1

CS (t w )

(4.19)

For a pregnant whale, this equation accounts for the nursing costs until the mother
and calf re-enter the feeding grounds. Situations may arise where the mother does
not have enough energy to produce sufficient milk for the duration of the overwinter
period. Under such circumstances, I assume following the birth of the calf, the
mother abandons the calf, and denote this situation with I’. The total cost in this
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situation, Cw(I’) is calculated using Eqn 4.19, with CN(tw) calculated with I = 1 (Eqn
4.16) and CB(tw) and CS(tw) are calculated with I = 0 (Eqns 4.17 and 4.18).

The Behavioral Model
On the feeding grounds, I model the daily foraging behavior of a whale and
the effects they have on their energy reserves. At the start of day t = 150, the whale
leaves the feeding ground, and its future survival and reproductive success depends
on accumulated reserves. Although predation may be an important source of
mortality, especially for calves (Corkeron and Connor, 1999), I found no estimates of
the predation rate (or mortality rates from other sources), so I ignore it in the model,
and only consider mortality resulting from starvation. On that day, the future
expected survival and reproductive success for a whale with reserves X(T) = x, φ(x),
is

⎧0
⎪
φ (x) = ⎨1
⎪1 + I
⎩

x < Cw (I )
x ≥ Cw (I ')
x ≥ Cw (I )

(4.20)

Here, x ≥ Cw(I’) accounts for the mother surviving after abandoning the calf.
Before explaining the dynamics for days previous to T, I describe the
sequence of behaviors. A whale that is located in cell i within patch c at the start of
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day t moves some distance d. Because days begin at dusk in the model, movement
occurs at night (although depending on the distance, traveling may continue
throughout daylight hours as well). Doing so gives the whales more time to feed (up
to a maximum of H(t) hours) than if movement was constrained to the daytime. The
distance traveled can either be within the current patch, dc, or some distance dc’ to
another patch. I assume that whales know the locations of the other patches, but not
the locations of individual swarms within a patch. If the whale remains in the current
patch, it travels dc in search of a swarm. If the whale moves dc and encounters a
swarm of type j, with probability p(j|i,c,dc,t), it can reject the swarm and wait until
day t+1 to search for a different swarm. If the whale feeds on the swarm, it will
continue to feed until the end of the day, or until the swarm is totally depleted.
Finally, surplus energy from a feeding bout is either instantaneously added to
existing energy reserves, or it used to grow in length.
For days previous to T I define F(x,l,i,c,t) as the maximum expected value of

φ(X(T)) for a whale in location i within patch c on day t with reserves X(t) = x and
length L(t) = l. I refer to F(x,l,i,c,t) as the fitness of a whale, and it is maximized
over the behavioral and physiological decisions detailed above. I let Vc(x,l,i,c,dc,t)
denote the fitness value of staying in patch c and traveling dc in search of food, and
Vc'(x,l,i,c,dc',t) the fitness value of leaving the patch and traveling some distance dc' to
another patch.
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F(x,l,i, c,t) = max [Vc (x,l,i, c, dc ,t),Vc ' (x,l,i, c, dc ' ,t)]

(4.21)

Regardless of the decision to remain in or leave a patch, a whale may encounter a
swarm at the end of its journey, and it either feeds, or ignores it and searches for
another one. I first consider the fitness value of accepting (VA) and rejecting patches
(VR) for a whale that remains in the current patch, then describe the modifications for
a whale that leaves the patch. At the start of time t, a whale in patch c moves dc km,
and finds a swarm of type j with probability p(j|i,c,dc,t). If it rejects the patch, then it
will be in cell of type j with a new level of reserves x', and a new time t' (>t). Thus
the value of rejecting the patch is

VR (x,l,i, c, dc ,t) = F(x ',l, j, c,t ')

(4.22)

with t' estimated by t + ⎡⎢τ m ⎤⎥ , and ⎡⎢τ m ⎤⎥ representing τm rounded up to the nearest
integer. Thus, if the whale travels for τm = 1.4 days, it will have τf + τr = 0.6
remaining time, and the new day, t’ is t + 2. The change in energy reserves, x', is
estimated by

x ' = x − Ctot ( j, L,W , d, τ r )

(4.23)
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If the whale feeds on the patch, surplus energy will either be allocated to energy
reserves (and the whale will have new reserves of x''), or it will be allocated to
growth in length (and the whale will have a new length of l''). Here, x'' is

x '' = x − Ctot ( j, L,W , d, τ f , τ r ) + G( j, L, τ f )

(4.24)

The change in mass is calculated using Eqn 4.15, replacing the cost of blubber
production (u) with the cost of producing non-blubber tissue (w; Table 4.1), and the
new length is calculated by rearranging Eqn 4.1

1

⎛ W + ΔW ⎞ 3.05
l '' = ⎜
⎝ 4.6 ⎟⎠

(4.25)

The value of accepting a patch is therefore

VA (x,l,i, c, dc ,t) = max [ F(x,l '', j, c,t '), F(x '',l, j, c,t ')]

(4.26)

Given the values for accepting and rejecting patches, the value of staying in a patch
is
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jmax

VC (x,l,i, c, dc ,t) = max ∑ p( j | i, c, dc ,t)max [VA (x,l,i, c, dc ,t),VR (x,l,i, c, dc ,t)] (4.27)
dc

j=0

Calculating the value of leaving is very similar to that of staying, except with that it
is not maximized over the travel distance (since the distance to the new patch, dc' is
fixed), and the probability of finding food is independent of the starting location and
the distance traveled (p(c',j|t). In addition, calculating VA and VR is nearly identical to
Eqns 4.22 and 4.26, but now the whale is located in patch c' instead of c. Thus, the
value of leaving the current patch is

jmax

Vc ' = max ∑ p(c', j | t)max [VA (x,l,i, c', dc ' ,t),VR (x,l,i, c', dc ' ,t)]
c'

(4.28)

j=0

Eqn 4.28 is the generic formula for multiple patches. Here, I consider only two
patches, so there is no maximum taken over multiple patches (c’).

The Forward Iteration
The optimal behaviors (how far to travel, which patch to occupy, whether or
not to accept an encountered swarm, and whether to allocate surplus energy to
growth in length or reserves) are determined by iterating backwards through time
(from t = T to t = 0) and solving for the suite of behaviors that maximize the fitness
given for the different states of the whale (Mangel and Clark, 1988; Mangel and
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Ludwig, 1992; Houston and McNamara, 1999; Clark and Mangel, 2000). To explore
the impacts of fishing and climate change on whales, I use the forward iteration. The
forward iteration is a Monte Carlo simulation, where individual whales are projected
throughout the entire feeding season, with daily behaviors determined by the optimal
behavior determined in the backwards iteration for the whale's current state.
In the forward iteration, I model 100 pregnant whales (indexed by k) with
random starting length (L(k,t=0) ~Unif[23,30]) and energy reserves, X(k,0) ~
N(µx,σx). Here, the distribution for X(k,0) is truncated between the bounds Xmin and
Xmax, with µx = 0.15 Xmax and σx = 0.25µx. Both fishing and climate change are
included in to the simulation by reducing the probability of finding a swarm in each
patch (p(j|i,c,dc,t), and also by modifying the parameter z that controls how clumped
krill are distributed. Fishing is incorporated by generating krill distributions for a
given z, randomly removing swarms from the patches until the catch limit is met,
then re-estimating the encounter probabilities. Because the catch limit set by
CCAMLR is approximately 10% of the estimated biomass, I set the total catch limit
in the model to 10% of biomass, and explore 4 fishing scenarios with and without
climate change:
1) The catch limit is distributed between patches in proportion to biomass,
with z = 0.9.
2) Same as 1), but with z = 0.95
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3) The entire catch limit is removed from the patches with the highest
biomass, with z = 0.9.
4) Same as 3), but with z = 0.95.
Given the findings of Chapters 2 the net effect of climate change (at least in the
regions studied) will likely be negative. I therefore incorporate climate change by
reducing the initial probability of encounter a swarm within a patch (p(c,j|t=0)), and
also increase the rate of decline in p(c,j|t) with t. The fishing scenarios are applied to
the environment with climate change, although the catch limit is the same as the
scenarios without climate change. This situation therefore represents a worst-case in
which management fails to reduce catch limits in response to declines in krill
biomass (Figure 4.2). For each scenario, I run the forward simulation 1000 times,
and tabulate the number of successful births and adult deaths that result in each
iteration.
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Results
Backwards Iteration
The following results are for a clumped distribution of krill (z=0.9), two
patches, and for the parameter values in Table 4.1. A calculation of COT for an
entire day of traveling at an assumed speed of 7 km hr-1 using Eqn 4.3 reveals that
the cost of traveling (which includes maintenance costs) is less than 3 x BMR. I
therefore constrain αr (the ratio of resting to basal metabolic costs) below the
minimum values shown in Figure 4.5.
The behavioral decisions affect the amount of energy reserves a whale has,
which determine the survival and reproductive success of the whale during the
overwinter period. The level of reserves needed to survive and reproduce depend on
how far the whale must migrate to the breeding grounds, and also how much food is
ingested there. Both factors have a large effect on the critical level of reserves
needed, as increasing the migration distance and decreasing the overwinter food
intake result in more reserves needed when exiting the feeding grounds to survive
and reproduce (Figure 4.6). For the calculation of critical energy reserves, I relaxed
the assumption that whales mature at a length of 23 m, and explored a wider range of
reserve levels to determine if it is even possible for whales smaller than this
threshold to have enough energy to survive the overwinter period. Because mass
increases with length to the power 3.05, smaller whales have much less mass than
larger whales. Therefore, the energy necessary to survive or reproduce takes up a
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much greater proportion of overall mass in smaller whales. The reserve threshold
varies with the migration distance and overwinter food intake, but whales below the
maturity size require between 35 and 45% of their total body mass to consist of
blubber. Such amounts are beyond those reported by Lockyer (1976) and may be too
taxing physiologically for whales. For a 23 m whale, the range is between
approximately 28 and 40%. Values at the lower end of this range are consistent with
observed levels of blubber, so the results suggest that the maturity threshold makes
sense for females in terms of plausible values of energy storage.
Under the initial range of swarm densities explored (from 0.05 to 1.0 kg m-3),
whales accepted all swarms encountered. I therefore reduced the range of densities
to determine the rejection threshold. The rejection threshold depends on various
factors, but the highest density rejected is 0.02 kg m-3. In Figure 4.7 are the mean
rejection thresholds in relation to day (t), distance traveled searching (d), and the
proportion of body mass comprised of blubber. On average, whales are predicted to
accept swarms of lower density as the season progresses. In contrast, the threshold
increases with the distance traveled. Finally, the threshold density is dome-shaped
with respect to energy reserves, as lean whales must accept anything encountered,
while fatter whales are able to be more selective. The rejection threshold is highest
at moderate reserve levels, as accepting higher densities increases the likelihood of
successful reproduction (whales with the highest level of reserves have enough
reserves to reproduce).
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The surplus energy from feeding on a swarm may be either allocated to
growth in length or to increase existing reserves. Under the current model, there is
no value in growing in length under any condition. Fitness is determined by the level
of reserves, so whales must accrue sufficient energy to survive and reproduce.
Because the time period of the model is only 1 year, there is no incentive (future
fitness) for even immature whales to reach the maturity size of 23 m. To explore
when a whale is predicted to grow in length, I modified the model to allow whales
smaller than 23 m to become pregnant, but that successful reproduction could only
occur at lengths ≥ 23 m. Under this modification, whales smaller than the maturity
threshold are predicted to grow earlier in the feeding season, and only if it has
sufficient reserves. The transition to switch from growing in length to building
energy reserves is knife-edged, with the transition occurring later in the feeding
season for larger whales (in length) and for higher levels of energy reserves (Figure
4.8). For a given length and energy reserves, there reaches a point in the season
where the whale must begin to fatten. Given that reserve allocation towards growth
in length in the model is all or nothing (Eqn 4.26), it makes sense that the transition
to grow in length is knife-edged.
Because swarms are clumped, if a whale finds a swarm, it has a high
probability of finding another swarm in an adjacent cell. Therefore, regardless of the
patch, if a whale has found a swarm and is in search of another (due to depleting the
swarm or rejecting it), the optimal behavior is to remain in the patch and move to an
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adjacent cell (dc=1). When whales are not in a cell that contains a swarm, they will
either move some distance within the patch, or move to the new patch. When it is
optimal to remain in the current patch, the optimal distance to travel in search of food
(d*) varies with day, energy reserves, and length (Figure 4.9). In general, the greater
the distance traveled, the higher the probability of encountering a swarm, so a larger
d* indicates a more urgent need to acquire food. However, there is a tradeoff, as
traveling farther requires more energy. Early in the feeding season, d* decreases, but
it begins to increase as the end of the season approaches. At days close to T,
however, the distance decreases rapidly. Whale with less energy reserves have a
greater need to acquire energy, so they travel farther on average. The leanest whales
do no travel as far because of the tradeoff in the costs of moving. Finally, the
relationship between d* and length is largely the result of the maturity threshold.
Whales smaller than 23 m only need to acquire enough energy to survive the
overwinter period. Whales above the maturity threshold need far greater energy to
reproduce, so they must maximize the encounter probability. The decline in d* above
the maturity threshold is the result of the averaging: for each length the optimal
distance is averaged over all levels of reserves. Because I explore the same blubber
proportions for a given length, the larger the whale, the greater the energy reserves
for a given proportion of body mass made of blubber, so these whales do not need to
move as far because they already have sufficient reserves.
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The distribution of swarm densities (p(j)) is the same for each patch, but the
overall probability in each patch (p(c)) varies (Figure 4.2). Therefore, the decision to
leave depends on the difference between patch probabilities Δp(c|t) = p(c'|t) - p(c|t)
and the distance between the patches, dc. Whales are more likely to migrate as
Δp(c|t) increases, and for a given Δp(c|t) whales are more likely to migrate for shorter
distances between patches, although the differences are reduced as Δp(c|t) increases
(Figure 4.10).

Forward Iteration
In the forward iteration I calculate the average food intake and energy
expenditure, as these quantities are widely used in models attempting to estimate
annual food intake. The metrics commonly used are the average daily food intake as
a percentage of mass, and the average daily metabolic rate as a multiple of BMR (e.g.
Reilly et al., 2004, Leaper and Lavigne, 2007). In the model, whales expend
between 2.23 and 2.49 times the daily estimate of BMR (with a median value of
2.29). Average daily consumption is 2.4% of total body mass, but this value includes
the days when food is not consumed. Excluding days when swarms are not
encountered, whales consume 4% of their mass daily (95% CI between 0.05 and
15%). The relationship between food intake and swarm density is a saturating
function, reaching a maximum at a mean density of approximately 0.5 kg m-3 (Figure
4.11). This relationship is a Type II functional response (Holling, 1959), and
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knowledge of the relationship between krill density and predator consumption is an
important input in the management models used to determine the impacts fishing on
krill predators (Hill et al., 2007). For the swarm densities used in the base model run
( δ = 0.24), the daily food intake is such that whales increase in mass by 16 mt, on
average during the feeding season (Figure 4.12), and this increase represents a 19%
increase in initial mass (95% CI 4.3-48%; Figure 4.13).
To explore the impacts of fishing and climate change on whales, I compare
the number of successful births that occur per 100 pregnant whales, and also the
number of adult deaths. As before, if the whale does not have enough reserves to
nurse a calf, I assume the calf is abandoned, so the mother may survive (if it has
enough reserves) but the calf will not. Under the scenario with no fishing (and for
the parameter values in Table 4.1), there is a median success rate of 0.78 births per
pregnant whale (95% CI 0.7 - 0.86). For the fishing scenarios without climate
change, the greatest reduction in birth rate occurs when the entire catch limit is
harvested from a single patch (median birth rate of 0.57 for scenarios 3 and 4; Table
4.2). When the catch limit is allocated in proportion to patch biomass, there is a
small decline in births (median of 0.72 for scenarios 1 and 2), but this change is not
significant (confidence intervals overlap). For all of the fishing scenarios without
climate change, there are no adult deaths. In contrast, when there is a reduction in
krill biomass due to climate change, under all scenarios there are no successful
births. Without fishing, there is a median adult death rate of 0.36, and this value is
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roughly doubled when fishing occurs (Table 4.3). Under all scenarios explored, the
significant changes in birth and death rates result from the decline in the probability
of finding a swarms, as changing the patchiness of the krill distribution has no effect
on these vital rates (Table 4.2).
The model contains a large number of parameters, and many of the values
used are rough approximations. I therefore explore the sensitivity of model results to
changes in parameter values. In Table 4.3, I show the % decrease in birth rate
(without fishing or climate change) that results from changing the parameters. The
parameters that have the largest influence on birth rate are the mean swarm density
( δ ), the initial encounter probability (p(c | t = 0)), resting metabolic costs (αr),
forestomach clearance rate (τc), and the assimilation efficiency (A). In addition, the
amount of food consumed during the overwinter period (λ), the distance to the
breeding grounds (DB), and the energy reserves upon entering the feeding grounds
(X(k,0)) also had significant effects on the birth rate, although the relative magnitude
of the change was not as great.
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Discussion
I have combined a novel energetics approach for baleen whales with state
dependent behavioral theory to explore the impacts of climate change and an
expanding krill fishery on baleen whales. The model predicts that an expanding
fishery alone will impact the population through decreased birth rates, but that these
effects can be reduced by spreading the catch limit throughout the range of krill. The
impacts of fishing are small compared to the potential impacts of climate change, as
the model predicts plummeting birth rates and increased instances of adult starvation.
The purpose of this model is to identify the qualitative trends in population
vital rates resulting from a reduction krill biomass due to climate change and an
expanding fishery. Quantitative predictions are pessimistic, as it is unlikely that
climate change will result in a complete cessation of births combined with a 35%
increase in adult mortality through starvation. Mass mortality events resulting from
starvation are possible; the increased beach strandings in grey whales along the
western U.S. in 1999 and 2000 may have resulted from declines in prey abundance
(Simmonds and Isaac, 2007). However, the model-predicted changes in vital rates for
blue whales would quickly result in population extinction.
The model predictions of birth and death rates are likely inflated for a number
of reasons. First, climate change in model impacts the different patches equally. The
relationship between krill recruitment and sea ice has only been identified for one
region in the Southern Ocean (Chapter 3 in this thesis; Siegel and Loeb 1995; Quetin
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and Ross 2003), and trends in ice extent are not consistent throughout the Southern
Ocean (Zwally et al.1997; Stammerjohn et al.2008). Thus decreased recruitment in
one area could be mitigated by increases in other areas, so whales could respond to
poor local conditions by making long migrations to a new area. Tagged blue whales
have been shown to move great distances within a feeding season (Branch et al.2007;
Bailey et al. 2010), so this species (and whales in general), may be less affected by
climate change than species whose foraging areas are more constrained, such as landbased predators during the breeding season. Second, in the model krill catch limits
are based on pre-climate change biomass levels. Taking this level of krill when the
population biomass has been reduced by a loss of ice results in a much greater
proportion of the population being removed (>> 10%). The current krill catch limit
is based on a survey conducted in 2000, and another survey was conducted in 2008
(although the results have yet to be published). If CCAMLR continues to monitor
krill biomass, the catch limit may be adaptively changed in response to climate
change to reduce the effects of krill predators.
The large number of parameters and assumptions in the model makes it
essential to compare model output with observations to determine the fidelity of the
parameters and assumptions. On the feeding grounds, blue whales in the model are
predicted to consume 2.4% of their total mass on average, although this value
includes days spent not eating. In reviews of studies estimating cetacean
consumption rates, both Reilly et al. (2004) and Leaper and Lavigne (2007) indicate
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that daily average consumption rates above 3.5% of body mass are likely too high,
and Reilly et al. (2004) suggest that between 2 and 3% of total mass is a reasonable
estimate. When food is encountered, whales in the model consume between 0.5 and
15% of their mass daily. This range is greater than the range reported by Tamura and
Konishi (2006; between 1.5 and 7%), who examined the stomach contents of
thousands of minke whales collected in Japan's scientific whaling program.
Determining plausible food intake rates can be accomplished through refining
estimates of metabolic expenditures. Many studies have assumed that the daily
metabolic expenditure in cetaceans is some multiple of BMR (Eqn 4.2). According
to Leaper and Lavigne (2007) values between 2 and 5 are widely used in modeling
approaches, but that values <1 are possible and those > 4 are unlikely. The median
model estimate of 2.49 is within the range reported by Leaper and Lavigne (2007),
but largely depends on the estimate of resting metabolic rate (determined by the
parameter αr, set to 2 in the model). Increasing the cost of resting above 2 x BMR
results in a dramatic drop in birth rates (αr increased by 50%; Table 4.3), and would
require similar increases in food intake (discussed below). The fact that a day spent
traveling is ~ 3 x BMR based on the calculation using COT suggests that daily
expenditures greater than 3 x BMR are unlikely. Unfortunately, the results do not
provide any insight on the lower bound of the range of daily energy expenditure.
The level of feeding combined with the energetic costs in the model result in
a mass increase of approximately 19% during the feeding season (CI 4.3 - 48%).
151

The upper values in this range are consistent with an increase of 49% reported by
Lockyer (1981). While the average daily intake is within the plausible range (Leaper
and Lavigne, 2007; Reilly et al., 2004), the maximum daily intake of 15% of body
mass is more than double the upper limit of reported by Tamura and Konishi (2006).
Reducing the maximum daily intake without decreasing the average intake rate could
be accomplished by reducing the exponent in the relationship between forestomach
capacity and length (Eqn 4.9) while increasing the likelihood of finding a swarm.
Alternatively, the amount of time spent feeding in a particular day could be reduced,
as whales currently feed continuously on a swarm once it is found, pausing only to
rest once the forestomach has been filled. Analysis of stomach fullness in minke
whales shows a peak early in the morning, followed by a steady decline throughout
the day (Horwood, 1990). This pattern has led some to conclude that minke whales
have one primary feeding bout throughout the day, with additional feedings possible,
although whether or not blue whales exhibit similar feeding patterns is unknown..
Blue whales are predicted to reject swarms of relatively low density (≤ 0.02
kg m-3, but it difficult to determine empirically the density threshold. Friedlander et
al. (2009) found a difference in the mean krill densities in areas with and without
minke and humpbacks in the Southern Ocean. The mean density in areas without
whales was 0.0047 kg m-3, and between 0.011 and 0.016 kg m-3 in areas with whale
present. The model-predicted thresholds are higher than the value reported by
Friedlaender et al. (2009), but their densities are spatial averages (including areas
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without krill), and are not necessarily representative of the densities of individuals
swarms being consumed.
The model predicts that whale will grow in length early in the season, but
only if it has sufficient energy reserves (Figure 4.8). Therefore, lean whales that
enter the feeding ground are predicted to first allocate surplus energy towards
blubber reserves, then towards growth. Lockyer (1981) notes that the ratio of
blubber thickness to length in many species often decreases between December and
February, suggesting that this decline may be result of late-arriving whales to the
feeding grounds. It is possible though that the decline in this ratio is due to an
increase in length, and not from a surge in the number of lean whales on the feeding
ground.
Leaper and Lavigne (2007) point out that many of the parameter values used
in cetacean energetics models are often "based on little more than guess work." The
model sensitivity analysis can be used as a guide to focus future research on
parameters that have the largest effect on model results. For example, the amount of
food that is consumed during the overwinter period is incredibly difficult to estimate,
but it does not have the largest impact on model results, suggesting that determining
this quantity is not as important as other model inputs (Table 4.3). As already noted,
resolving the debate over basal metabolic costs is very important. Additionally, the
assimilation efficiency and forestomach clearance rate had proportionally large
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effects on model results, and such quantities could potentially be refined through
studies on captive animals.
In summary, I predict that the recovery of blue whales will be negatively
impacted by future reductions in krill biomass resulting from an expanding fishery
and climate change. The largest impacts result when high catch limits are not
adjusted to account for climate-induced changes in krill biomass, and when catches
are concentrated in a single area. In contrast, changing the patchiness of the krill
distribution had little effect on population vital rates. Therefore, I suggest that to
reduce fishery-induced impacts on blue whales (and other krill-dependent whales),
consistent monitoring is needed to identify long-term changes in krill biomass
resulting from climate change, so that catches must be adjusted accordingly. In
addition, catch limit allocation strategies that allocate catches among areas in
proportion to biomass as preferable to concentrating catches in a single area. Thus,
of the catch limit scenarios being explored by CCAMLR (outlined in Chapter 1),
scenarios 3-5 are preferable to 1 and 2.
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Table 4.1. Model parameters, values used in the model, descriptions, and sources
where they exist. The distance to the breeding grounds (DB)is a rough approximation
of the distance from the Scotia Sea to the hypothesized breeding area off southwest
Africa (Branch et al., 2007).
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Parameter Value

Description

Source

Days on the feeding grounds

Lockyer (1981)

T

150

DB

5,000

Distance (km) to breeding grounds

v

19,630

Swarm volume (m 3)

!

0.05

Swarm density multiplier (kg m-3)

z

0.9

Parameter controlling krill patchiness

s

7

d c'

500

Distance (km) to a new patch

"f

2.5

Feeding cost as a multiple of BMR

"r

2

Resting cost as a multiple of BMR

#c

4

CD
CL

Movement speed (km hr-1 )

Clearance rate (hrs) of the forestomach

Pers. Comm. 1

Vikingsson (1997)

6

Lockyer (1981)

8

Lockyer (1981)

9.29 x 10 Cost of calf development (kJ)
3.27 x 10 Lactation costs from birth to re-entering
the feeding grounds

$

2.8

Exponent relating forestomach capacity to
length (Eqn 4.9)

A
u

0.8

Assimilation efficieny

Costa and Williams (1999)
-1

31,798 Utlilizable energy (kJ kg ) in blubber

w

6,276

Energy content of non-blubber tissue (kJ kg -1 ) Lockyer (1981)

%

4,184

Energy content of krill (kJ kg-1 )

&

0.002

Proportion of body mass consumed daily
during the overwinter period

1

Lockyer (1981)

with John Calambokidis and Bruce Mate
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Lockyer (1981)

Table 4.2. Impacts of fishing on whale birth and death rates under different scenarios
incorporating fishing and climate change. The upper and lower values correspond to
the bounds of the 95% confidence intervals.
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Birth Rate

Death Rate

Fishing Scenario

Lower

Median

Upper

Lower

Median

Upper

No fishing

0.7

0.78

0.86

0

0

0

Scenario 1

0.61

0.72

0.79

0

0

0

No Climate

Scenario 2

0.62

0.72

0.8

0

0

0

Change

Scenario 3

0.47

0.57

0.67

0

0

0

Scenario 4

0.47

0.57

0.66

0

0

0

No fishing

0

0

0

0.27

0.36

0.45

Scenario 1

0

0

0

0.56

0.66

0.75

Climate

Scenario 2

0

0

0

0.55

0.63

0.74

Change

Scenario 3

0

0

0

0.75

0.8

0.88

Scenario 4

0

0

0

0.76

0.8

0.88
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Table 4.3. Sensitivity in the model estimate of birth rate (under the base case without
fishing or climate) to change in parameter values. All parameters were changed in
the direction that results in a decline in birth rates. Changes marked by a * are
significant (95% confidence intervals for birth rates do not overlap)
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Change in

Change in

Parameter (%)

Birth Rate (%)

Mean swarm density (! ( j) )

-50

-98.7*

Initial probability of finding a swarm (p(c|0))

-50

-100*

Overwinter food intake ( ! )

-50

-31.6*

Distance to breeding grounds (D B )

+50

-36.7*

Distance to new patch (d c' )

+50

-7.5

Initial energy reserves (X(k,0))

-50

-36.7*

Feeding cost multiplier (" f )

+50

-7.6

Resting cost multiplier ( " r)

+50

-98.3*

Stomach clearance rate (# c )

+50

-81*

Assimilation efficiency (A)

-12

-48.1*

Parameter
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Figure 4.1. Hours of daylight (H(t)) as a function of t in the model. The date
corresponding to t=0 is November 2nd and t=150 is March 30th
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Figure 4.2. The probability that a cell in a patch will contain a swarm (p(c,j|t) under
the base case (no fishing or climate change), and with the probabilities further
reduced by climate change and fishing (only the fishing scenario where the catch
limit is removed from a single patch is shown).
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Figure 4.3. Probability distribution for the swarm densities (kg m-3) found in each
patch (i.e. if a swarm is found, this is the probability that it will have a particular
density, or p(j)). These probabilities are generated from a discrete log-normal
distribution with mean 0.245 kg m-3 and a C.V. of 0.5.
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Figure 4.4. Example distributions of krill swarms of varying densities (kg m-3) under
clumped (z = 0.7) and very clumped (z = 0.95) conditions.
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Figure 4.5. The ratio of daily COT to BMR in relations to length for whales with
different levels of energy reserves (and therefore mass). Daily COT is calculated
assuming whales travel at a speed of 7 km hr-1.
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Figure 4.6. Surface plots showing if whales of a certain length (m) and energy
reserves (the proportion of body mass comprised of blubber) have enough energy to
successfully reproduce (white region), survive (gray), or if they die during the
overwinter period (black). The plots are created for three different distances to the
breeding grounds (DB = 2,000, 5,000 and 10,000 km) and daily food intake on the
breeding grounds (λ = 0, 0.001, 0.003).
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Figure 4.7. Mean swarm rejection threshold density (kg m-3) as a function of day (t),
distance traveled (d), and the proportion of body mass made of blubber. For a given
state variable, the mean threshold density is calculated as the average over all other
state variables.
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Figure 4.8. The decision to grow in length in relation to length and the proportion of
body mass made of blubber (PB). The probability of growing in length is calculated
as the proportion of instances where the optimal allocation strategy is to grow in
length.
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Figure 4.9. The mean optimal distance moved (d*) as a function of day (t), the
proportion of body mass made of blubber, and length.
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Figure 4.10. As the difference in swarm encounter probabilities between patches
increases (Δp(c)), whales are more likely to move the patch with the higher
probability, but this increase depends on the distance to the new patch (dc’). The
ratio of d* to dc’ represents the likelihood that the optimal distance to move is to go to
another patch (a value of 1 would indicate that the optimal decision is to always
leave the current patch).
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Figure 4.11. The average daily consumption of krill (as a % of body mass) with
respect to the mean density of swarms available ( δ ).
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Figure 4.12. The initial and final mass (mt) in the forward simulations.
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Figure 4.13. Percent increase in mass during the feeding season for all whales in the
forward simulation.
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CHAPTER 5
Synthesis of Findings and Future Research Directions
There exists the potential for conflict between the demands of the krill
fishery, and the demands of the numerous krill-dependent predators, so the ability to
predict how krill biomass will respond to climate change is essential for effective
management of the krill fishery. One of the major findings of this work is that there
is not a single answer to the question “how will climate change affect the biomass of
krill in the Southern Ocean?” This is in part because the impact of warming ocean
may be initially positive through increased growth rates in the colder regions krill
occupy (Chapter 2). In contrast, the model predicts decreased growth rates in the
warmer regions in the range of krill. With respect to sea ice, a decline in ice area
during the winter and spring in the Bellingshausen and Amundsen Seas is predicted
to dramatically reduce recruitment, and therefore biomass, off the west Antarctic
Peninsula and in the Scotia Sea (Chapter 3). Despite this finding, predicting the
magnitude of the reduction in biomass is hampered by the fact that there may be
multiple sources of krill in a particular region, with each source area having
potentially different ice dynamics. While there is no simple answer, the findings in
Chapters 2 and 3, suggest that the net effect of climate change on krill biomass will
be negative (at least in the regions modeled) as increased biomass from increasing
growth rates (Figure 2.8) will not likely be able to mitigate more than an order of
magnitude reduction in recruitment (Figure 3.5). Declines in krill biomass,
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combined with an expanding fishery are predicted to inhibit the recovery of baleen
whales through reduced reproductive success and increased adult mortality rates
through starvation (Chapter 4). These changes are predicted to result primarily from
declines in krill biomass through climate change, with the magnitude of the vital rate
changes depending on the reduction in krill biomass.
The work in Chapters 2, 3 and 4 is important first step in trying to understand
the relationship between the physical environment, krill, and whales to better aid in
management the krill fishery. However, there remains considerable uncertainty in
biology of krill and whales, and more research is needed to reduce important
uncertainties.

Temperature-Dependent Growth.
Model predictions in Chapter 2 are based solely on annual fluctuations in
temperature, and it is important to test these predictions, as other factors, such as
food supply, may have equal or greater controls on individual growth. Annual data
on krill lengths are available from a variety of sources, including net-surveys and
predator fecal samples. These data can be used to estimate the annual mean lengthat-age of krill in an area, which can then be correlated with local temperatures and
food availability to parse out the relative importance of each factor in controlling
growth. Attempting such correlations must be done with care for a couple of
reasons. First, lengths based on predator diets may not be representative of local krill
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sizes, as most krill predators select for a particular size class of krill (Trathan et al.,
2006). Second, because krill may be passively transported via currents across huge
areas in Southern Ocean, the local temperatures and food availability where krill are
collected may not be accurate predictors of their size. Therefore, to test the
predictions of Chapter 2, data from net surveys are preferred, and most importantly,
the data must come from a closed population. Data from the Palmer LTER study
meet both of these criteria (although the population may not be completely closed as
discussed in Chapter 3) so testing the model predictions using data from this area is
one possibly important area of future research.

Recruitment and Sea Ice
Model estimates of recruitment are most closely correlated with sea ice area
from the Bellingshausen and Amundsen Sea. It is currently unclear why sea ice from
the Amundsen Sea is affecting krill in downstream areas, and future work is needed
to identify possible mechanisms. Historical data suggest that this region may be an
area of high krill concentrations (Everson and Miller, 1996), but there is no recent
information on the total abundance in the area or its connectivity to downstream
areas. Therefore, attempts to understand the population dynamics of krill found off
the west Antarctic Peninsula and in the Scotia Sea might benefit from an expansion
of into the Amundsen Sea.
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To better predict how global warming may influence krill biomass requires a
broader understanding of the circumpolar relationship between sea ice and
recruitment. The results of Chapter 3 are only for a portion of the Southern Ocean,
and may not be applicable to the entire ecosystem. Additional studies on krill
recruitment and sea ice are needed if we are to adaptively manage the krill fishery.
Unfortunately, long-term studies on krill availability are limited to those described in
Chapter 3 (located around the Antarctic Peninsula and South Georgia), so identifying
linkages from survey data for additional areas is not currently possible. However, it
may be possible to reconstruct krill recruitments from studies on predator diet and
reproductive success. For example, changes in the mean size of krill consumed by
predators in an area may be indicative of poor year-class in a region (Murphy et al.,
2007). Using an indicator such as this first requires validation in areas where both
predator and survey data exist, representing another possible area of future research
to better understand the ecosystem-wide relationship between krill and sea ice.

Baleen Whale Foraging Success
Additional insight into the impacts of climate change on the foraging success
of baleen whales can be gained through modifications to the model developed in
Chapter 4. In the current model, the whales have evolved behaviors based on
predictable changes in krill availability in each patch, but what happens if availability
is not so predictable? Krill availability fluctuates both spatially and temporally in the
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Southern Ocean, and this variability can be dealt with in the model by making
information a state variable, whereby the whale monitors foraging attempts and
successes in an area to assess local availability (Clark and Mangel, 2000). The value
of environmental information to a forager is highest in situations with considerable
variation (both spatially and temporally) in food availability (Eliason et al., 2009),
and it is reasonable to assume that whale behaviors in a given season are influenced
by information gathered. A below average patch in one year may be above average
in another year, so being able to evaluate the status of the current patch is an
important behavior to incorporate in the model, and may produce interesting
behaviors in response to fishing.
The future krill research projects involve applying new analyses to existing
data sets. For whales, however, it is not so straightforward. Much of what we know
about baleen whales in the Southern Ocean comes from limited data collected during
the whaling era. There remain considerable uncertainties regarding their basic
biology and life history, and reducing this uncertainty is essential if we are to
effectively manage the krill fishery to account for its impacts on whales. There is a
need for more focused research on whales, as current data mostly arise from research
programs designed to collect a suite of oceanographic data, and not focus specifically
on whales. The Japanese scientific whaling program focuses on whales, but the data
are not available to outside scientists, and the usefulness of the data collected has
been questioned (Gales et al., 2005). Research does not necessarily need to be
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conducted in the Southern Ocean, as Leaper et al. (2006) have shown that a better
understanding of the population dynamics of a species can be gained through studies
on their breeding grounds. To do so for other species first requires identifying the
locations of their breeding grounds. While there are numerous potential field studies
on whales that would provide valuable insight into their biology, such endeavors
often require many years of data before conclusions can be drawn. In the meantime,
the model framework in Chapter 4 can be modified to explore a variety of questions
regarding whale life history and population dynamics.
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