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Abstract
South American fur seals (Arctocephalus australis) continue to survive in Peru in spite of
commercial harvesting, periodic disappearance of prey (i.e., El Niño), and competition with
the Peruvian anchoveta fishery. I investigated the ability of the Peruvian population of fur
seals to recover from catastrophic declines at two temporal and spatial scales. The first
analysis determined intrinsic rate of growth (r) and the potential carrying capacity (K*—the
number of fur seals that could be supported in Peru in the absence of sealing and El Niño)
from 1880–2010, and the second used pup counts from 1984–2010 to determine the
relationship between prey abundance and the timing of pupping at an important fur seal
breeding site in southern Peru. Model results indicated that South American fur seals in Peru
have an intrinsic growth rate r of 0.20 and a potential carrying capacity K* of 115,000 seals.
Recent counts (2007) show that current population is at 33% of the estimated mean numbers
of fur seals alive from 1880-1925. Analysis of 25 years of counts of pups and adult females
at the breeding site showed a correlation between anchoveta biomass and mean birth dates (r2
= 0.59, P<0.01) and with the ratio of pups to females (r2 = 0.66, P<0.01) in the upcoming
breeding seasons. It also revealed a 2-week shift in the mean birth date that may reflect a
change in the age structure of the population. Numbers of pups born tended to be lower in
years with low anchoveta biomass, as did recruitment of young females. Monitoring daily
numbers of pups born and adult females appears to be a useful means to assess the feeding
conditions encountered by South American fur seals in Peru. My study also suggests that
South American fur seals are adapted to survive in extremely disturbed environments and
have the potential to rapidly recover following population declines. Whether or not they ever
again achieve their potential carrying capacity will depend upon protection of breeding
rookeries, a continued harvest ban, reduced bycatch, incidental captures and illegal poaching,
regulation of anchoveta fishing quotas and good environmental conditions.
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Chapter 1: Introduction
Major population declines associated with natural and human caused events are
widely understood to be a key factor in the risk of extinction (Gerber & Hilborn 2001). This
is particularly true for pinnipeds (seals and sea lions) which were all hunted to critically low
numbers and even extinction in a few cases (Riedman 1990, Bonner 1981, Bonner & Laws
1964). Pinnipeds require ice or land for resting and breeding that is in proximity of feeding
grounds, and are particularly vulnerable to catastrophic events such as sudden reductions in
prey availability (Stirling 1983, Stevens & Boness 2003). Understanding the factors that
underlie the population dynamics of pinnipeds is needed to conserve populations of
pinnipeds that are in decline or at critically low numbers.
Otariids (fur seals and sea lions) have been part of Peru’s marine coastal environment
since pre-Inca times. Evidence that humans have exploited South American fur seals
(Arctocephalus australis) and South American sea lions (Otaria flavescens) in Peru exists
from ca. 4,000 BC. They were nearly extirpated by indiscriminate commercial hunting from
the early 1900s until 1946 (Bonavia 1982, Donnan et al. 2009, Reeves et al. 1992). By the
late 18th century, commercial sealing for blubber and fur was firmly established in the
southern hemisphere (Weber et al. 2004, Riedman 1990).
In Peru, commercial harvest activities are believed to have reduced fur seal numbers
to the point that few, if any, South American fur seals were presumed to be alive by the late
20th Century (Majluf & Trillmich 1981, Muck & Fuentes 1987). It is not well known which
of the two sympatric species of pinnipeds in Peru was the main target for the commercial
harvest. What is not in doubt, however, is that fur seals were limited to small isolated groups
and sea lions were greatly diminished by mid 1940s (Kostrisky 1963, Piazza 1969). This led
to the banning of all sealing in 1959, although illegal poaching continues to occur (Majluf
1984). Population numbers increased following protection, but declined by 72% when the
abundance of anchoveta was severely reduced by the 1997/98 El Niño event (Arias-Schreiber
& Rivas 1998).
The El Niño Southern Oscillation (ENSO) cycle of alternating warm El Niño and
cold La Niña events is the most prominent climate signal on earth (McPhaden et al. 2006).
1

ENSO originates in the Tropical Pacific through interactions between the ocean and the
atmosphere, but its effects are felt worldwide (McPhaden et al. 2006). The Humboldt Current
upwelling system, is affected by ENSO, with increased sea surface temperatures and reduced
primary productivity directly influencing the depth distribution and abundance of anchoveta,
the preferred prey item of South American fur seals in Peru. The 1982/83 and 1997/98 El
Niño events were the strongest on record for the past century (Chavez et al. 1999) and caused
numerous populations of marine mammals and birds to decline due to the drastic shortage in
prey (Fiedler 2002).
Punta San Juan (15°22′ Lat. S) is a government-managed guano reserve on the
southern coast of Peru (Fig. 1.1) that was home to almost 50% of the fur seal population in
Peru before the 1997/98 El Niño (Majluf & Trillmich 1981).

Figure 1.1

Range of South American fur seals in South America (shaded in gray).
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Punta San Juan has been recognized as the location of the strongest upwelling core in Peru
(Zuta et al. 1978, Bakun & Weeks 2008, Cushing 1982). Cold waters close to the coast,
combined with the southerly location (15°S), strong local winds and extremely low
continental shelf, results in a tendency for upwelling to persist longer at Punta San Juan than
elsewhere in Peru even when surrounding areas are affected by El Niño conditions (Majluf
1991a). However, this was not enough to protect the Punta San Juan fur seal populations
from the extremely high intensity and duration of the 1997/98 El Niño that dramatically
reduced ocean productivity and diminished all populations of marine predators endemic to
the Humboldt Current system (Chavez et al. 1999, Majluf 1998).
The 1997/98 El Niño started in February instead of the usual December. This change
in timing is believed to have impacted South American fur seals while they would have
normally replenished their reserves for the upcoming breeding season (October to
December), causing the few fur seal pups that were born to die within a few weeks of birth.
Adult females had to spend longer periods at sea foraging (10-20 days) causing their pups to
die of starvation. The death of the pups was followed by significant mortalities of juvenile
and adult fur seals in January and February, when sea temperature anomalies peaked at 7-8°C
above normal (Majluf 1998).
Fewer than 5,000 fur seals survived the 1997/98 El Niño throughout Peru. This
drastic population decline resulted in the conservation status of South American fur seals
being reclassified as in danger of extinction on the Peruvian coast (Decreto Supremo No.
013-99-AG).

The South American fur seals were also added to Appendix II of the

Convention on International Trade in Endangered Species of Wild Fauna and Flora (CITES).
There is little information on the potential consequences of the historical commercial hunt or
of the effects of ENSO on the conservation status of the species (Oliveira et al. 2009).

1.1

South American fur seals
The South American fur seal is distributed from Uruguay in the east, to Peru in the

west, and all around the southern tip of South America including the Falkland Islands (Fig.
1.1). They have a discontinuous distribution along the coast of Chile and have no colonies or
3

haulouts between 23°- 43° (Lat. S.). The presence of the South American fur seal in Peru is
linked to the flow of the cold and productive waters that run along the west coast of South
America (Majluf 1987a). The Humboldt Current system and specifically the Peruvian
upwelling system, is the most productive ecosystem in the world in terms of fish biomass
production (Zuta et al. 1978, Bakun & Weeks 2008). In turn, this large biomass of pelagic
fish generates a high abundance of prey that is readily available in most years to apex
predators such as the South American fur seal. As with most other large pelagic vertebrates
in Peru, South American fur seals rely largely on the Peruvian anchovy or anchoveta
(Engraulis ringens), a small clupeid fish which is ecologically and economically the most
important pelagic fish species in the Humboldt Current ecosystem (Espinoza & Bertrand
2008, Cushing 1982, Bakun & Weeks 2008).
South American fur seals can be found year round at breeding rookeries on the coast
of Peru since adult females return throughout the year to these sites to nurse their offspring
(Majluf 1987a). Like all fur seal species, they have polygynous mating systems, where some
reproductive males have access to several reproductive females. In Peru, between the months
of September and December adult males or bulls compete at the breeding rookeries for
territories to hold tenure that adult females will use to give birth (October-December) and
nurse their offspring (Majluf 1987a). Females come ashore 1-4 days before the birth of the
pup and stay with the newborn for about one week during the perinatal period. During this
time, the mother guards and suckles her young and individual recognition between mother
and pup becomes established.
One week post-partum, fur seal mothers will enter a brief estrus, copulate and leave
for the first time to forage at sea. The mothers then alternate between foraging trips at sea of
1-8 days duration and 1-3 day stays ashore with pups (Majluf 1987a). Copulation leads to a
fertilized zygote, which is arrested in its development for about 3-4 months after which
implantation takes place and embryonic development sets in. One year after giving birth,
females will return to the breeding beaches to pup again. If rearing takes longer than a year, a
second pup may be born while the first one is still dependent and competition for the
mother’s milk between the older and young sibling occurs (Trillmich 1990).

4

1.2

Thesis goals and structure
The overall goal of my thesis was to better understand the roles that hunting, fishing

and El Niño have played in the population dynamics of South American fur seals in Peru. I
was particularly interested in understanding the apparent ability of the Peruvian fur seal
population to recover from catastrophic declines.

I was also interested in establishing

whether a relationship exists between fluctuations in prey abundance and reproduction of
South American fur seals that could be used to ensure their long term conservation.
My thesis has four sections. Chapter 1 provides a General Introduction to my two
data chapters. The first data chapter (Chapter 2) uses a simple logistic growth model to
reconstruct historical abundance and estimate the intrinsic rate of growth and potential
carrying capacity of South American fur seals in Peru from 1880–2010. It considers the longterm effects that have contributed to mortality and population growth of South American fur
seals. The second data chapter (Chapter 3) examines how prey abundance (anchoveta) in the
waters off Peru affected the number of pups born and the timing of breeding of South
American fur seals at Punta San Juan during a 25 year window (1984 - 2010). By examining
changes in population growth and the effects on reproduction at these two scales, I sought to
gain insight into the recovery response of fur seals to discrete events (i.e., El Niño) and some
of the cumulative threats that have taken place in Peru (i.e., harvest regimes and incidental
captures) that have and continue to contribute to fur seal mortality (discussed in Chapter 4—
General Conclusions). Chapters 2 and 3 are written as manuscripts and contain some
necessary repetition of information.

5

Chapter 2: Historical abundance and population growth rate of South
American fur seals in Peru, 1880-2010

2.1

Summary

South American fur seals (Arctocephalus australis) continue to survive in Peru in spite of
commercial harvesting (1925–1946), periodic disappearance of prey (due to reoccurring El
Niño events), and competition with the Peruvian anchoveta fishery. I investigated the
apparent ability of the Peruvian fur seal population to recover from catastrophic declines
using a simple logistic growth model that reconstructed historical abundance and estimated
the intrinsic rate of growth (r) and the potential carrying capacity (K*) for 1880–2010. I ran
my population model with different combinations of parameters, and used minimum sum of
squared deviations between observed and predicted counts to determine the best combination
of parameters that explained observed numbers of seals. In all, I ran 42,924 models using 21
values of r (0.08-0.28) and 73 values of K* (40,000-400,000 individuals) for 28 scenarios
involving different assumptions about historical and non-reported harvest rates for fur seals. I
also included two additional variables in the population model to account for seals that died
from environmental conditions associated with warm sea surface temperature anomalies and
fluctuations in prey biomass. The model indicates that South American fur seal have a high r
of 0.20 and a potential carrying capacity K* of 115,000 (the number that could be supported
in the absence of sealing and El Niño). Recent counts (2007) indicate that South American
fur seals in Peru are at 33% of the average 68,000 seals (range 39,000-98,000) estimated to
have occurred before sealing reduced the population. My study suggests that South American
fur seals are adapted to survive in extremely disturbed environments and have the potential to
rapidly recover following population declines (i.e., due to El Niños). Whether or not they
ever again achieve pre-sealing abundance will depend upon (i) protection of breeding
rookeries, (ii) a continued harvest ban, (iii) reduced bycatch, incidental captures and illegal
poaching, and (iv) regulation of anchoveta fishing quotas, and (v) good environmental
conditions.
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2.2

Introduction
The presence of South American fur seals (Arctocephalus australis) and sea lions

(Otaria flavescens) and their relationship with humans has been documented in Peru since
pre-Inca times (Donnan et al. 2009, Bonavia 1982). Drawings on ceramic pots of native
people hunting pinnipeds date as far back as 4,000 BC (Donnan et al. 2009, Bradshaw et al.
2000, Reeves et al. 1992), and trading records and ship logs show that commercial sealing
for blubber and fur was firmly established in the southern hemisphere by the late 18th century
(Riedman 1990, Weber et al. 2004). In Peru, commercial harvest activities seem to have
reduced fur seal numbers to the point that few, if any, South American fur seals were
presumed to be alive by the late 20th Century (Majluf & Trillmich 1981, Muck & Fuentes
1987).
Harvest records leave no doubt that large populations of pinnipeds once existed in
Peru (Gamarra 1943, Majluf & Trillmich 1981, Piazza 1969, Kostrisky 1963). Between 1925
and 1946, 806,525 seal skins were exported from Peru (Majluf & Trillmich 1981) with a
single company alone reporting a kill of 36,500 individuals (88% of them pups) between
December 1941 and March 1942 (Piazza 1969, Muck & Fuentes 1987). Failure of the harvest
records to distinguish between fur seals and sea lions makes it unclear which species were
actually killed (Majluf 1984, Majluf & Trillmich 1981). What is not in doubt however is that
by 1943, fur seals in southern Peru were limited to small isolated groups and sea lion
colonies were greatly diminished (Gamarra 1943, Piazza 1969). In 1946, hunting of both
species was prohibited from occurring between January and April (Piazza 1969), and sealing
was banned year-round beginning in 1959. However, this has not stopped illegal poaching
and indiscriminant killing (Majluf 1984, P.Majluf, pers. comm.).
The earliest counts suggest that fur seals in Peru numbered as few as 40 seals in the
1950s (Piazza 1969) to over 20,000 seals in 1979 (Majluf 1984, Majluf & Trillmich 1981).
The first “official” fur seal census by the Peruvian government reported fewer than 4,000
individuals in 1961. Counts were also made in 1963, 1968, 1971, 1974, 1976-1979 and 1984,
but visits to locations were not systematic among years. The timing of the annual census also
varied by time of year and time of day, and the sex and age categories were often
misidentified (Majluf & Trillmich 1981). This lack of standardized census methodology
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reduces confidence in the accuracy of the estimates (E. Goya, pers. comm.). After 1992,
IMARPE (Instituto del Mar del Peru, Peruvian Marine Research Institute) took charge of
assessing marine resources, and improved the reliability of the estimates by standardizing the
census methodology. The maximum number of fur seals counted since the mid-1980s was
close to 25,000 animals in 1992, and was under 14,000 individuals in 2007 (IMARPE,
unpubl. data).
In addition to hunting, South American fur seals have also been significantly affected
by the El Niño Southern Oscillation (ENSO). ENSO events occur every 2-7 years and are
characterized by a significant warming of the ocean that lasts from 9 months to 2 years.
These events vary in strength and affect the abundance and distribution of Peruvian anchovy
or anchoveta (Engraulis ringens), which are the principal prey of fur seals in Peru (Paredes &
Arias-Schreiber 1999, Zavalaga et al. 1998, Vásquez 1995). The two most intense ENSO
episodes in more than a century occurred in 1982 and 1997, and affected all trophic levels
from marine mammals, birds, and fish, through to zooplankton and phytoplankton (Chavez et
al. 1999). Fur seal studies during these ENSOs’ recorded high reproduction failure among
adult females, zero pup survival and high mortality of all other age classes (Majluf 1991a,
Apaza et al. 1998, Arias-Schreiber & Rivas 1998). The first of these two ENSO events
(1982-1983) resulted in the loss of the entire pup cohort (Trillmich et al. 1991), while the
second major ENSO (1997-1998) caused the Peruvian fur seal population to decline by
~72% (from 24,481 in December 1996 to 8,223 individuals in December 1998, AriasSchreiber & Rivas 1998, Oliveira et al. 2006). The catastrophic decline that followed the
1997-1998 ENSO led to the South American fur seals being categorized as in danger of
extinction in Peru (Decreto Supremo No. 013-99-AG).
Assessing the current state of the South American fur seal population in Peru and its
prospects for recovery requires identifying the threats. It also requires quantifying the
inherent ability of the population to grow, as well as the historic ability of the environment to
support fur seals in Peru. To that end, I fit models to existing time series of harvest records
and population estimates (1880 to 2010), and linked them to indices for environmental
conditions to (i) estimate the historical pre-sealing abundance of South American fur seals in
Peru, and (ii) estimate the population parameters r (intrinsic growth rate) and K* (potential
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carrying capacity). I also assessed (iii) the relative importance of factors that have driven the
decline of South American fur seals in Peru since the mid-20th century.

2.3
2.3.1

Materials and methods
Population estimates
South American fur seal breed at rookeries along the coast of Peru from (5° 20’S) to

Ilo (17°42’S), but mostly occur from 13° to 17° (Lat. S.) (Fig. 2.1). Population fluctuations
have resulted in rookeries being abandoned and reoccupied over time. Some sites were not
surveyed after they were believed to be abandoned, while others that were recently
recolonized might have been missed. The first population assessments of pinnipeds in Peru
reported a total of 40 fur seals in 1951 (Piazza 1969), which likely reflects the minimal
number of locations visited. A specialized commission initiated by the Ministry of
Agriculture in the 1960s and 1970s resulted in a nationwide population census of fur seals
and sea lions in Peru and attempted to improve census methodology. However, it was not
until 1992 that the hit-and-miss census methodologies were replaced with a comprehensive
sampling design (E.Goya, pers. comm.).
Since 1992, fur seal censuses have been conducted by the Instituto del Mar del Peru
(IMARPE) during the breeding peak (mid-November to early December) on an annual basis
(when budgets permitted). IMARPE corroborates the presence of fur seals at rookeries by
visiting all known and pre-existing rookeries, and asking local fishermen if they know of
other fur seal colonies. During a census, direct counts of fur seals begin at 0600 AM at each
beach or rookery from high vantage observation points using binoculars and counters. Fur
seals are counted by categories i.e., according to sex and age classes: pup, juvenile, sub-adult
male, territorial male, adult female and undetermined. For the purpose of my model, I only
used the total reported Peruvian fur seal counts from 1961 to 2007 (n = 22 years) as a
measure of observed total abundance.
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Figure 2.1
Distribution of historical South American fur seal rookeries and haulout sites in
southern Peru. Occupied (empty circles with labels) and abandoned (black dots without labels)
breeding rookeries are shown. Occupied breeding sites are based on IMARPE (2006), but the recently
discovered breeding rookery at Isla Foca (5°20'S) in northern Peru is not shown. Map adapted from
Oliveira et al. (2006), reprinted with permission of L. Oliveira.

2.3.2

Catch and the abundance model
I estimated annual abundance ( N t +1) of South American fur seals from 1880 to 2010

as a function of logistic growth minus the number of animals harvested or caught each year:

€t+1 = N t + rmax ! N t ! (1"
N

Nt
) " Ct
K

Eq.1

where N is numbers of fur seals, rmax is the maximum intrinsic rate of population growth, K is
the carrying capacity, C is catch or harvest and t is time in years. This production or logistic
growth model is a density dependent model that limits the maximum size of the population to
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its carrying capacity, K. Carrying capacity should be pre-exploitation numbers as far back as
the data series permits hind casting (i.e., assuming that N1 = K). However, there is unlikely to
have ever been a carrying capacity in the true meaning of the word because fur seals have
continuously been removed from the Humboldt Current ecosystem by naturally occurring El
Niño events. Thus, carrying capacity for seals in this relatively unstable ecosystem is better
thought of as potential carrying capacity, K* — the number of fur seals that could be
supported in absence of sealing and El Niño events.
I estimated K* (by substituting K* for K in Eq. 1) and the maximum intrinsic growth
rate (rmax) or net production (i.e., growth + new production – mortality for the population) for
the period 1880–2010. I also spun the model up to 1880 by transposing a 30 year mirror
image of prey abundance estimates and sea surface temperature anomalies (from 1880-1909)
to initialize the model with 30 years of pseudo data (for the period 1850-1879).
In terms of catch (C), details on harvest activities for South American sea lions and
South American fur seals are scarce or unclear (Kostrisky 1963). Harvest records containing
the number of lobo marino skins exported from Peru during 1925-1946 were compiled and
published in 1981 (Majluf & Trillmich 1981). Lobo marino or sea wolf (literal Spanish to
English translation) is the generic term for both species of pinnipeds that inhabit the coast of
Peru. Unfortunately, the species of lobo marino is not specified in the export records. I
therefore assumed that 1% or more of the reported pelts could have been fur seals, and that
the rest were sea lions.
Catch in my model was the annual sum of four categories: commercial harvest,
unreported harvest, poaching and bycatch (or incidental capture). I estimated the number of
fur seals that were estimated to have died each year due to each of these human related
causes as follows:
i.

Commercial harvest. Official harvest records reported total number of lobo
marino skins exported from 1925-1946. To estimate the number of skins
pertaining to fur seals, I used a sliding scale set at 1% intervals to allow the model
to consider the possibilities that the total reported harvest of lobo marinos
consisted of as few as 1% fur seals to as many as 100% fur seals from 1925-1946.
Commercial harvest of pinnipeds was legal in Peru until 1959. However, it
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reopened from 1971-1974 for pups alone, during which annual numbers pups
killed were 557, 246, 1680 and 1705 per respective year (Piazza 1969). I kept
these numbers constant for all simulations. However, to estimate numbers of pups
harvested in other years, I assumed that 30% of mean commercially harvested
seals during 1925-1946 represented the pup portion of the population affected. I
based this percentage on a life table for northern fur seals (Lander 1982).
ii.

Unreported harvest. Based on sources that mention the existence of a small local
pelt trade in Peru (Kostrisky 1963), I assumed that 5% of the fur seals harvested
were not officially reported for export. I thus increased the total catch by 5% (an
arbitrary but reasonable percentage) to account for unreported harvest that was
never officially quantified.

iii.

Poaching. Illegal harvest occurred during the years when commercial harvesting
was prohibited by law. Kostrisky (1963) indicates that approximately 6,000 lobos
marinos were poached per annum in Peru in the early 1960s, when harvesting was
already banned. I therefore assumed that poaching could account for 1-100% of
the total catch (as I did for estimating the commercial harvest) to estimate
numbers of fur seals poached illegally from 1959-1970 and from 1977-2007.

iv.

Bycatch. Reported numbers of fur seals accidentally caught and drowned in
fishing gear in Peru is scarce or non-existent. However, a single local study
conducted in the Bay of Punta San Juan reported that fur seals died at the hands of
artisanal fisheries at a rate of 0.04 per trip, or 1 fur seal for every 25 trips that used
drift gill nets and hook and line as fishing gear (Arias-Schreiber 1993a, Majluf et
al. 2002). Using this information, I calculated the number of fur seals that could
have died each year from incidental captures or as bycatch along the distribution
range of fur seals in Peru for these fishing gears. I used the estimated amounts of
landings by gear type in the waters of Peru since the 1950s from the Sea Around
Us Project database (www.searoundus.org) to estimate the proportion of the fur
seal population that died in drift gill nets and hook and line gear (1950-2006).
These two types of fishing gear contribute most to fur seal mortality as reported
by Arias-Schreiber (1993a). I then scaled the reported estimate for fur seal
mortality per gear-type for Peru from Punta San Juan (Arias-Schreiber 1993a) to
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the number of fishing trips at ports proximate to fur seal breeding rookeries as
reported by the artisanal fisheries research unit at IMARPE (Estrella 2007). Due
to lack of recent information, I used the same values estimated for 2006 for 20072010. Thus, I assumed that the number of fur seals killed varied consistently with
the trend of gear-types used, rather than a fixed percentage. Unfortunately, there
are no other studies available to compare fur seal mortality rate due to bycatch for
other years or sites in Peru.
2.3.3

Prey biomass and environmental conditions
In addition to accounting for the direct effect of catch on numbers of fur seals (Eq. 1),

I also wanted to estimate the numbers of fur seals alive as a function of the indirect effect that
changes in environmental conditions and prey biomass have on fur seal numbers.
I linked the effect of sea temperature anomalies to South American fur seal survival
according to:
N t+1 = N t + rmax ! N t ! (1"

Nt
) "[Ct + (N t ! T*)]
K*

Eq. 2

where T* is the temperature effect index (T*). This index was based on monthly sea surface
temperature anomalies (SSTA) from the 3.4 El Niño region (120°W - 170°W and 5°S - 5°N)
from 1880-2007 (NCAR-CDG 2010) (Fig. 2.2). I preferentially used the sea surface
temperature anomalies from the 3.4 El Niño Region because local temperatures off the coast
of Peru were not available for the entire study period. I then estimated the temperature effect
index by summing monthly mean sea surface temperature anomaly values for the three
trimesters considered crucial to fur seal survival: i) 3 months of the breeding season
(October, November and December); ii) 3 months prior to the breeding season (July, August
and September); and iii) 3 months after the breeding season (January, February and March)
as shown by:

T* = ! (SSTA priorbreeding + SSTA breeding + SSTA postbreeding )

Eq. 3
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Figure 2.2
Monthly sea surface temperature anomaly time series from the 3.4 El Niño region
(120°W - 170°W and 5°S - 5°N) for 1880-2007. Positive (red) anomalies were used to construct the
temperature effect index (T*) to estimate the proportion of South American fur seals that were killed
due to El Niño events. Negative (blue) anomalies were not used for the analysis. Data were open
access and obtained from http://www.cgd.ucar.edu/cas/catalog/climind/TNI_N34/index.html.

The estimated proportion of fur seals that died when sea surface temperature
anomalies were positive was scaled according to the temperature effect index that
corresponded with the known number of fur seals that died in 1997 because of the warm
anomalies of the 1997-1998 El Niño (which killed at least 50% of the population, Apaza et
al. 1998, Arias-Schreiber & Rivas 1998). Since no El Niño events occurred after 2008, I
assumed that no El Niño associated mortalities occurred from 2008 to 2010. I then applied
the temperature effect index to estimate the proportion of animals affected by changes in sea
surface temperature from 1880-2010 (Fig. 2.2). Only temperature anomalies >0 were
considered to reduce population abundance. Values <0 had no effect on numbers.
To incorporate the possible effect of prey abundance on fur seal numbers, I adjusted
the effect of ENSO by the biomass of prey present to:
N t+1 = N t + rmax ! N t ! (1"

Nt
) "[Ct + (N t ! T *!exp("A))]
K*

Eq.4

where A is an index of prey abundance (range 0-1). In this way, a major ENSO would have
less impact on the seals if prey biomass was high, and would have a greater effect if biomass
was low. I derived the index of prey abundance from the annual biomass estimates of
anchoveta from 1925-2010—the principal prey of South American fur seals in Peru (Vásquez
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1995, Arias-Schreiber 2000, Paredes & Arias-Schreiber 1999). I then lagged the index to the
previous year under the assumption that fur seals rely on the biomass from the previous year
(t-1) for survival and reproduction during year (t). Time series of anchoveta biomass were
constructed from three data sources: 1925-1958 (Jahncke et al. 2004), 1953-1985 (Pauly &
Palomares 1989), and 1989-2010 (hydro-acoustic surveys conducted by IMARPE).
The biomass of anchoveta in Peru prior to 1925 is believed to have been between 3
and 9 MT (million tons), and may have exceeded 9 MT at the onset of industrial fishing in
the 1950s (Pauly & Palomares 1989). However, the fishery collapsed in 1972, and the
biomass remained low (<3 MT) until 1985. Since 1985, anchovy biomass has risen from 3 to
9 MT (2010), but interannual fluctuations due to constantly occurring El Niño events are
evident throughout the complete time series (e.g. 1982-1983, 1997-1998). For modeling
purposes, I assumed that anchoveta biomass from 1880-1924 averaged 5 MT based on the
frequency of El Niño events that occurred during this period.
I calculated the time series of prey abundance (A) for anchoveta by setting the highest
prey biomass in the time series (20 MT in 1970) to a relative value of 1 and used this scaling
factor for the entire time series. I then linked the abundance function to the index for
environmental conditions that influences a loss term for the population (Eq. 4). This removed
fur seals during years of diminished prey biomass.
2.3.4

Model runs and optimization
The best values of r and K* that predicted viable numbers of South American fur

seals (i.e., values >0) from 1880-2010 were chosen by running the abundance model (Eqs. 2
and 4) with a variety of different parameter values and calculating the sum of squared
devations (SS) between observed and predicted values. I tested 21 values of r ranging from
0.08 to 0.28 in steps of 0.01, and 73 different values of K* ranging from 40,000 to 400,000 in
steps of 5,000 for as many catch scenarios as each model permitted.
Individual matrices containing the sum of squared deviations for each combination of
r and K* were generated for each estimate of the catch time series (called catch matrices).
Modeled catch (i.e., the percent of lobo marinos skins from 1925-1945 that were assumed to
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be fur seals) started at 1% of the total skins exported and was increased by increments of 1%
until reaching 28% for the ENSO only model (Eq. 2) and 33% for the ENSO and prey
abundance model (Eq. 4), beyond which the model failed to produce viable population
trajectories. Thus for the two models tested, I produced 28 and 33 alternative catch matrices
respectively. From each catch matrix, I used the lowest value for the sum of squared
deviations as an indicator of optimal fit to determine the best score for each scenario.
Each of the matrices or scenarios generated had 1,533 population trajectories (21
values of r ×73 values of K*). Finally, all the values for the sum of squared deviations were
compared to select the lowest value and the combination of parameters (percentage of catch,
r and K*) that best predicted fur seal abundance over time for 42,924 simulations for models
run under Eq. 2 and 50,589 simulations using Eq. 4. All models and optimization procedures
were run in statistical program R v.2.10.1 and Microsoft Excel 2011.
2.4

Results
The minimum sum of squared deviations from all catch matrices indicated that the

best population parameters were r = 0.20 and K*= 115,000 seals (SS = 0.54 x 109). These
values were derived from the ENSO modified model (Eq. 2) and corresponded with 8% of
the known catch pertaining to fur seals (Fig. 2.3). As expected, combinations of r and K*
values were inversely related such that a decrease in r leads to an increase in K* (Fig. 2.5).
The model that linked temperature anomalies to prey biomass from the previous year (Eq. 4)
did not improve the fit of the model to the data (r=0.16, K*=115,000, SS= 0.55 x 109 under a
9% catch scenario). Thus, I adopted the simplest model (Eq. 2).
The population trajectory I derived yielded a ‘one-way’ declining path that is
characteristic of many exploited marine mammal populations (Christensen 2006). It shows
that high catches during the first two decades (1925-1945) reduced the Peruvian fur seal
population by more than 80%. Recent counts (2007) are about 20% of the average 68,000
(range 39,000-98,000) individuals estimated to have occurred before the onset of sealing
(Fig. 2.6).
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Figure 2.3
Combinations of (a) minimum sum of squared deviations, SS; (b) growth rate, r and
(c) carrying capacity, K values for 28 catch matrices for models that reconstructed numbers of South
American fur seals in Peru from 1880-2010. Catch is the proportion of reported lobos marinos skins
exported from 1925-1945 that were assumed to be South American fur seals. Minimum sums of
squares correspond with best population model that corresponds to 8% of fur seal skins (SS = 0.54 x
109, r = 0.20, K* = 115,000) as shown by the shaded region.
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Figure 2.4
Three dimensional surface plot showing low (light gray) to high (dark gray) scores
for the negative natural logarithm of sums of square scores (-ln[SS]) that resulted from the final
optimization procedure to estimate best population parameters r and K* of all population models.
Negative natural logarithm transformation inverts the SS scale. Thus, the best score (SS = 0.54 x 109)
is shown as the dark peak that corresponds with parameter values r = 0.20 and K* = 115,000.
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Figure 2.5
Combinations of (a) growth rate, r and (b) carrying capacity, K* according to SS
scores (on x-axis) that yield viable population trajectories for South American fur seals in Peru. They
show the expected inverse relationship between population parameters r and K*.
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Figure 2.6
South American fur seal population model predictions and components. (a)
Population trajectory for South American fur seals in Peru from 1880-2010 as obtained by the
abundance model (solid line, Eq. 2; dashed line, Eq. 4) and the observed census counts (circles). Both
models included (b) the number of fur seals that were killed due to human activities (solid line, Eq. 2;
dashed line, Eq. 4) and (d) the proportion of fur seals estimated that died due to El Niño events. The
dashed line (a) incorporated prey biomass (c).
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2.5

Discussion
An intrinsic growth rate (rmax) of 0.20 and a potential carrying capacity (K*) of

115,000 individuals were the population parameters that best explain the relative harvests
and abundance of South American fur seals in Peru from 1880 to 2010. Based on
environmental data available since 1880 and catch information available from 1925, my
model suggests that there may have been ~68,000 (range 39,000-98,000) individuals before
the onset of reported harvest activities in 1925 and that commercial harvest was responsible
for the >80% decrease in fur seal numbers by the mid-20th century (Fig. 2.6). The numbers of
fur seals present before harvesting (1880-1925) were ~60% of the potential carrying capacity
of 115,000 individuals for South American fur seals in Peru (i.e., the number that could have
been supported in the absence of removals due to El Niño and sealing). However, numbers
predicted by the model to have been present prior to 1925 could have been higher if sealing
had been occurring in Peru during this time period.
Sealing had been a thriving industry in the southern hemisphere since the late 18th
century (Lento et al. 1997, Riedman 1990), but information about numbers of pelts taken are
unavailable in Peru prior to 1925. It would appear however from my model that fur seals
constituted a mere 8% of the total lobo marino pelts exported (compared to the potential 92%
that were sea lions). This small percentage contrasts sharply with the high commercial value
of fur seal pelts in the international market (Reeves et al. 1992, Weber et al. 2004), and
suggests that the international sealing industry may have not have been significant in Peru.
The logistic growth model I used was simple but reasonable for estimating potential
carrying capacity and the high intrinsic growth rate of South American fur seals. Obtaining a
better understanding of the driving forces that affect vital rates and population dynamics of
this species will require developing a sex-age structured model. However, the type of
information needed for such models (i.e., birth and survival rates by sex and age class) is not
currently available for fur seals in Peru. Thus, a more complicated model is not justified, and
the logistic model is preferred in the absence of other information because of its simplicity
(principle of parsimony).
I structured my population growth model to include the main factors that negatively
affected fur seal abundance in Peru from 1880-2010 (catch, prey biomass and environmental
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conditions) and linked these factors to a wide range of possible growth rates (r) and levels of
carrying capacity (K*). However, quantifying each factor without data required making
assumptions about how they contributed to fur seal mortality.

2.5.1

Catch
Catch comprised four categories (commercial harvest, unreported harvest, poaching

and bycatch) for which I made a number of reasonable assumptions in the absence of
information on exact numbers of dead fur seals over an extended time. Model results of
mortality by catch categories showed that the commercial harvest accounted for the largest
number of fur seals killed. However, only 8% of the seal skins exported from Peru from
1925-1946 appear to have been from fur seals. The remaining 92% of the exported skins that
had to have come from South American sea lions may reflect their wider distribution and
more predictable presence along the entire coast of Peru. Sea lions seem to have many more
colonies than fur seals, and there are more reports of sea lions being culled to use their hides
for industrial purposes (Kostrisky 1963).

2.5.2

Prey abundance and environmental conditions
Since anchoveta is economically and ecologically the most important component of

the Humboldt Current ecosystem, I linked the potential carrying capacity of Peruvian fur
seals in the model (K*) to anchoveta biomass and the strength of the ENSO events. I derived
the time series of anchoveta biomass estimates from multiple sources that used different
methods and data of variable quality. Hence, the time series must be considered a rough
proxy for anchoveta biomass during my study period.
Another implicit assumption of my model was that South American fur seals did not
switch their diets and consume other prey species during years of diminished anchoveta
abundance. Anchoveta has been reported to make up to 85% of the South American fur seal
diet during non El Niño years (Majluf 1987a, Vásquez 1995, Paredes & Arias-Schreiber
1999, Arias-Schreiber 2000, Arias-Schreiber 2003, Zavalaga et al. 1998). I therefore
assumed that fur seals ate only anchoveta and modeled fur seal population growth based only
on anchoveta consumption as did Muck and Fuentes (1987). Other prey items in fur seal diets
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have been reported (e.g. sardines and mackerel) during El Niño years (Majluf 1985), but the
extent of prey switching or diversification of the diet is unknown. There are unfortunately no
long-term studies on temporal variation in diet and consumption for South American fur
seals to improve this aspect of the model.
El Niño events are widely recognized to reduce the abundance and availability of
prey and cause the starvation of South American fur seals (Apaza et al. 1998, Barber &
Chavez 1983, Chavez et al. 1999, Majluf 1991a, Glynn 1988). I quantified this
environmental effect on fur seal mortality using the relationship between the sea surface
temperature anomalies from the 3.4 El Niño Region and the number of dead animals counted
during the 1997/98 El Niño as a measure of the reduction in anchoveta (prey) biomass.
Although the distance between the 3.4 El Niño Region and the coast of Peru is considerable,
significant relationships with the sea surface temperatures at this location have been reported
(Purca 2005). Thus, I used the anomalies from the 3.4 El Niño Region as a proxy for the
effect of the environment on fur seal mortality in Peru. The number of animals that die due
during an El Niño event has only been quantified once, during the 1997/98 event, which
meant I could only scale the number of animals affected by sea surface temperature
anomalies to the proportion of animals that died in 1998 (Apaza et al. 1998, Arias-Schreiber
& Rivas 1998).
I assumed that South American fur seals were sensitive to environmental changes that
might be associated with sea surface temperature between July (3 months prior to the
breeding season) and March (3 months after breeding), with the breeding season included.
This 9-month window is likely a time of high-energy expenditure for female fur seals. It
includes the last trimester of gestation (July-September) when reproduction may be
terminated (Trillmich & Limberger 1985, Trites & Donnelly 2003). It also includes the
pupping period (October-December) and a time of intensive energetic demands on lactating
females that are nursing pups and any other offspring they may not have weaned (JanuaryMarch) (Guinet et al. 1998, McKenzie et al. 2005, Pitcher et al. 1998). Bioenergetic models
and energy budgets are unavailable for South American fur seals, but the maternal attendance
studies conducted at Punta San Juan, Peru are consistent with this 9-month window being a
time of high energy requirements (Majluf 1987a) .
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2.5.3

Population growth rate, carrying capacity and dispersal
The 11 recognized species of fur seal share many common life history traits. They

have polygynous mating systems, with males beginning to defend territories at breeding
rookeries between 6 to 10 years of age. Females become sexually mature at 3 or 4 years of
age, give birth to one pup per year, and go on foraging trips that last 1.5 – 2.5 days on
average (Majluf 1987a) to maintain the supply of milk necessary to nurse their pups until
weaning. Whether or not the 11 fur seal species also share common intrinsic growth rates is
unknown.
Maximum reported growth rates (rmax) of fur seals range from 0.02 to 0.22 (Boveng et
al. 1998, Eberhardt & Siniff 1977, Wickens & York 1997, Hucke-Gaete et al. 2004, Fedorov
& Philander 2000, Boyd et al. 1995). Fur seal intrinsic growth rates are not as commonly
calculated compared with population rates of increase, which are based on numbers of pups
born over shorter periods of time. However, some rmax values are available for some species
of fur seals. At the low end of this rmax scale are Cape fur seals (A. p. pusillus, 0.03, Wickens
& York 1997) . Species with the potential for moderate rates of growth include Subantarctic
fur seals (A. tropicalis, 0.14, Wickens & York 1997). Those with the highest intrinsic
population growth rates are the Antarctic fur seal (A. gazella, 0.20, Hucke-Gaete et al. 2004)
and South American fur seals in Peru (0.20, my study). Consequently, the rate of increase
calculated for the recovering population of South American fur seals at Punta San Juan in
southern Peru after a dramatic decline due to the 1997/98 El Niño is 0.26 (Chapter 3).
However, the rate calculated for the population of South American fur seals off Uruguay is
0.02 (Lima & Páez 1997), which is low compared to my estimate. This difference may
further underline other differences recently shown between the genetic and morphological
characteristics of populations of South American fur seals on the Atlantic and Pacific coasts
of South America (Oliveira 1999, Oliveira et al. 2008, Oliveira et al. 1999).
Like all fur seal species, Antarctic fur seals were nearly driven to extinction during
the 18th and 19th centuries when they were hunted for their fur (Payne 1977). Protection
(Hodgson et al. 1998) has enabled Antarctic fur seals to grow steadily since the 1950s at a
rate of 10% or more per year, allowing them to recover significantly at certain sites (HuckeGaete et al. 2004). However, protection under CITES and high intrinsic growth rates have
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not resulted in a return to pre-exploitation numbers of South American fur seals in Peru (Fig.
2.6). Antarctic fur seals have also not yet reached pre-exploitation levels due perhaps to
environmental change and fluctuations that occur when populations approach carrying
capacity (Hucke-Gaete et al. 2004). This could be another similarity with South American
fur seals—whose population recovery appears to be hampered by the combined synergistic
effects of poaching, competition with the anchoveta fishery, and catastrophic reductions in
prey abundance caused by natural occurring El Niño events in the waters off Peru. Another
possible hypothesis to the lack of recovery in South American fur seals may be that carrying
capacity has changed to a lower level between the first half of the 20th century and present
day. This would imply that fur seals on the coast of Peru would not be able to recover to
historic levels of estimated K* under current environmental conditions.
The anchoveta fishery began in Peru in the 1950s and quickly became one of the
world’s largest single species fisheries. This fishery may also be the biggest competitor of
South American fur seals (Muck & Fuentes 1987). I modeled prey abundance available to fur
seals at a given time by lagging biomass estimates from 1925-2010 by one year. This was to
account for consumption of biomass by fur seals in the previous year and introduced
stochastic effects of fluctuating prey biomass on seal numbers. For years prior to 1925 (18801924), I assumed that the anchoveta biomass was constant (i.e., 5 MT), which was >50% of
the biomass during the remainder of the anchoveta time series. A more realistic way to
account for the effects of changes in prey availability on fur seal numbers would be to model
the spatial availability of the prey for foraging fur seals. Unfortunately, this information does
not currently exist for fur seals in Peruvian waters.
My population model assessed the population status of South American fur seals
within the coastal waters of Peru, and did not contemplate the dispersal of fur seals beyond
these limits. However, fur seals are known to disperse widely during El Niño events, often to
southerly locations in search of prey. Anchoveta are known to travel south towards Chile and
move deeper in the water column as sea surface temperatures increase. These observations
are consistent with the colonization of the islands to the north of Chile that occurred with the
start of the 1982 –1983 El Niño (Guerra & Torres 1987). Increases in fur seal numbers in
northern Chile have continued since that time, as numbers have gradually decreased at the
colonies in the extreme north of their range in Peru (Guerra & Portflitt 1991, Sielfeld 1999).
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This could be one explanation for the lack of a better fit between the observed and predicted
counts in my population model.
North to south movements of fur seals have been documented by sightings in
southern Peru (at Punta Atico 16°00'S and Punta Coles 17°42'S) of individuals originally
tagged further north (at Punta San Juan 15°12'S). Some of the fur seals from Punta San Juan
were also seen as far south as Iquique and Antofagasta in northern Chile in 1998 (W.
Sielfeld, pers. comm.). Breeding colonies were also detected close to Taltal, Chile (25°40'S)
in 2005 (H. Paves, pers. comm.), and the northern breeding limit in Peru has also recently
expanded (Isla Foca, Piura 5°20'S discovered in 2005; D. Olaechea, pers. comm.). These
observations show that fur seals have an innate ability to disperse and colonize new areas.
My population model only encompassed the Peru portion of the distribution of the
Pacific range of South American fur seals. Ideally, it should have contemplated fur seal
counts and rookeries off the coast of northern Chile as well since there is evidence of
individual fur seals moving along breeding sites within the extent of the range for the species
during and after El Niño events.
I tested different hypotheses using surrogate data to better understand the sensitivity
of my population model to uncertainty in the numbers and timing of fur seal harvests. To
determine what would happen if commercial harvest had begun prior to 1925, I ran two
models with catch values in the earlier years (1880-1924) using surrogate harvest data. The
first model assumed that the times series of catches that occurred from 1925-1946 also
occurred from 1880-1924 (replicated twice), and resulted in a higher predicted K* and a
lower r value. For the second model, I fixed the catch rate at 2,533 fur seals harvested each
year (the average annual catch between 1925-1946) for years 1880-1924 and found a similar
change in my model parameters—i.e., K* also increased and r decreased. Thus, in terms of
potential carrying capacity, the abundance of seals in Peru would have had to be higher than
115,000 individuals if there was harvesting of fur seals previous to 1925. However, the r
value always remained ≥ 0.18 which is considered high for any mammalian species.
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2.5.4

Conservation issues for South American fur seals in Peru
The abundance of South American fur seals in Peru has changed drastically over the

past century. My model shows that the severe population reduction that could have led to the
extinction of fur seals by the mid-20th century was caused by a combination of hunting (first
legal harvest and then illegal poaching), fluctuating prey biomass and reoccurring El Niño
events. The last available count of ~14,000 individuals in 2007 for the Peruvian population is
still well below the average population of ~68,000 believed to have been present before
1925. However, the high rmax and high rate of dispersal suggest it has the ability to recover.
Many pinniped species suffered from the effects of heavy exploitation during the
sealing era (i.e., reduced and isolated populations, genetic bottlenecks, etc.). Some, such as
the Japanese sea lion and Caribbean monk seal are now extinct. Most species of pinnipeds
appear to be no longer at risk of extinction, although a few have been slow to reoccupy their
ranges and have questionable futures (Riedman 1990). In Peru, harvesting of South American
fur seal has been banned since 1959, but poaching continues to occur at unknown levels.
Fishermen constantly complain that fur seals damage their nets and reduce their catches,
especially in gillnet fisheries (Arias-Schreiber 2003, Arias-Schreiber 1993b).
Although it is acknowledged that interactions between seals and fisheries mostly
affect the sympatric South American sea lion (Arias-Schreiber 1993a, Arias-Schreiber
1993b), fur seals are also held responsible, and therefore also fall victim to the clandestine
killings by some fishermen. Some fishermen are known to kill fur seals with shotguns,
harpoons, dynamite, and poison (Arias-Schreiber 1993b). Fishing nets also entangle and kill
fur seals that are transiting between land and their feeding grounds (Majluf et al. 2002). In
Peru, Arias-Schreiber (1993b) reported that it is common for some fishermen to kill and use
pinnipeds (as bait to catch saltwater snails or winkles Thais chocolata). However, the
incidence of illegal catches and their impact on populations of fur seals is not known.
Petitions by fishermen are periodically made to allow the legal harvesting of fur seals and sea
lions in Peru — but, the slow recovery and low numbers relative to pre-sealing abundance in
1880-1924 suggests that South American fur seals may not be able to withstand a sustainable
harvest in Peru at current levels of abundance despite their extremely high potential intrinsic
growth rate (0.20).
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The industrial fishing fleets along the coast of Peru may threaten the pelagic
resources on which fur seals depend. These fisheries started in the 1950s and 1960s, and
contributed to several collapses of the anchoveta upon which the fur seals depend (Pauly &
Palomares 1989, Pauly & Tsukayama 1987). At protected sites during years of good
environmental conditions, fur seals have the potential to recover. Fur seals were quick to
recover from El Niño events in the past when prey returned and became readily available
again. However, they may no longer be able to do so if fisheries remove and reduce the
biomass of anchoveta available and needed by fur seals to recover between El Niño events.
Populations of fur seals are far smaller today than before fisheries developed, and they
appear to be increasing at slower rates compared to fur seal species in areas without fisheries
and with abundant food (i.e., Antarctic fur seals around South Georgia, Hucke-Gaete etal.
2004, Payne 1977) .
The combined effects of repeated El Niño events and extreme anthropogenic
pressures have caused a genetic bottleneck in Peru’s population of fur seals (Oliveira et al.
2006, Oliveira et al. 2009). El Niño is a recurrent and presumably ancient event that may
have existed for 5,000 to 2 million years (DeVries 1987, Sandweiss et al. 1996). Many
species living in marine environments affected by ENSOs have likely adapted to an
unpredictable ecosystem by developing flexible life history traits, which allows them to
survive changing environmental conditions (Majluf 1987a). However, populations that have
been severely depleted, such as those in Peru, may not be able to survive many more events
of the magnitude of the 1997/98 El Niño (Oliveira et al. 2006, Oliveira et al. 2009). The
1997/98 El Niño caused such a drastic decline in effective population size that it could have
compromised the evolutionary potential of the species to respond to environmental changes.
The population abundance of South American fur seals has declined over the past
century. The available data indicate that the population in Peru was more abundant before
harvesting occurred, and that the harvests in combination with mortality associated from
reoccurring El Niño events reduced them to critically low numbers. The high intrinsic growth
rate predicted by the model suggests that South American fur seals have persistence to thrive
in a disturbed environment. Conserving current abundance and promoting population growth
will require (i) a continued harvest ban, (ii) collection of information on bycatch, incidental
captures and illegal poaching of fur seals, (iii) regulation of anchoveta fishing quotas (that
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allocate prey for apex marine predators in Peruvian waters) and (iv) strict protection of fur
seal breeding rookeries (i.e., guano reserves and other known breeding sites). These four
measures are needed to protect the slow recovering population of South American fur seals in
Peru before another strong El Niño pushes them once again to the brink of extinction.
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Chapter 3: Prey abundance affects the birth rate and timing of pupping of
South American fur seals in Peru
3.1

Summary

Reductions in the abundance and availability of prey due to fisheries or natural events are
generally believed to cause high mortality and reproductive failure among pinniped
populations. However, the relationship between food and the population biology of marine
mammals is poorly understood. The goal of my study was to assess whether a relationship
could be established between fluctuations in prey biomass and reproduction of South
American fur seals (Arctocephalus australis) in Peru. Using daily numbers of pups and adult
fur seals counted during 20 breeding seasons at Punta San Juan (1984–2010), I calculated the
annual mean dates of birth, the durations of the breeding seasons and the relative birth
rates—and compared these measures of reproduction to annual estimates of biomass of
Peruvian anchoveta (Engraulis ringens)—the principal fur seal prey. During this 25-year
period, annual changes in anchoveta abundance varied as much as 12-fold, and the rookery
experienced periods of increases, declines and abandonment. I found a significant positive
relationship between anchoveta biomass and the mean birth date (r2 = 0.66, P<0.01) and
between biomass and the subsequent ratio of pups to adult females (r2 = 0.59, P<0.01) in the
following year. I also found a 2-week shift in the mean birth date over 25 years that may
reflect a change in the age structure of the population (whereby older females gave birth later
than younger females). It also appears that years with low anchoveta biomass decreased pup
production and diminished recruitment of younger females. Monitoring daily numbers of fur
seal pups born and adult females present thus appears to be a useful means to assess the
feeding conditions encountered by South American fur seals in Peru relative to
environmental conditions and removals of prey by fisheries.
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3.2

Introduction
Animals must be able to anticipate and adjust to variability in climate, prey

abundance and predation to maximize survival and reproductive success (Murphy 1968,
Gillespie 1977, Price et al. 1988, Rutberg 1987, Follet 1985). In general, there is a
predictable seasonal component to these environmental factors that dictates the life cycles of
most vertebrate species, such as their timings of breeding, the synchronization of births, and
the patterns of movements and migrations (ungulates: Langvatn et al. 2004, Loe et al. 2005,
rodents: Scott 1986, Lambin 1993, pinnipeds: Boyd 1991, Trites & Antonelis 1994, Trites
1992, Majluf 1992, Soto et al. 2004, Gibbens & Arnould 2009). However, there is also a
certain level of variability that surrounds these long term average environmental conditions,
to which vertebrate species must adjust. Documenting the plasticity with which species
adjust their timing of breeding or other life history behaviours may provide a measure of the
environmental conditions within which they live.
Among pinnipeds, reproductive events revolve around a rigid annual schedule that
involves mating, delayed implantation, birth, pup rearing, dispersal or migration (Riedmann
1990). The availability of food for mothers and young, the risk of predation, and prevailing
climate conditions all have bearing on the general timing and locations of the major life
history events (Follet 1985, Riedmann 1990). However, pinnipeds also display considerable
plasticity in the precise timing with which they can adjust dates of birth and alter their
movement patterns to maximize their survival and reproductive success. Prey shortages, for
example, have been known to affect the timing of implantation (Boyd 1996, Berger 1992,
Wickens & York 1997); increase the length of foraging trips of lactating females (Boyd
1996, Lunn et al. 1994, Soto et al. 2004, Trillmich et al. 1986); decrease growth rates of pups
(Guerra & Portflitt 1991, Lunn et al. 1994, Majluf 1987a, Georges & Guinet 2000, Lunn et
al. 1993); increase pup mortality (Georges & Guinet 2000, Guerra & Portflitt 1991, Trillmich
& Limberger 1985); reduce numbers of pups born (Forcada et al. 2005, Guerra & Portflitt
1991); delay the timing of births (Gibbens & Arnould 2009, Majluf 1992, Boyd 1996); and
extend the length of breeding seasons (Soto et al. 2004, Trites 1992, Trites & Donnelly
2003). Thus, the annual timings of life history events of pinnipeds reflect a combination of
predictable and unpredictable changes in environmental conditions.
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Punta San Juan is home to one of the most important breeding colonies of South
American fur seals in Peru (Fig. 3.1). Counts and behavioural observations made at this site
for more than 25 years have recorded extreme population fluctuations and changes in their
breeding ecology. These data document the abandonment of most beaches due to death or
migration in 1997, and follow the subsequent reoccupation and 26% increase in numbers
since 2003 (Fig. 3.2). Such counts made before and after the population decline may provide
insight into the environmental factors that influence the life cycle and population dynamics
of South American fur seals in Peru.

Figure 3.1.
Location of the Punta San Juan guano reserve in Peru (shaded in gray), and an insert
of Punta San Juan showing all fur seal breeding sites with an arrow pointing to Study Site S3, the
main breeding colony of South American fur seals. The dashed line marks the concrete wall
surrounding Punta San Juan. Map of Punta San Juan guano reserve adapted from Paredes and
Zavalaga (2001) reprinted with permission of R. Paredes.
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Figure 3.2.
Time series showing counts of South American fur seals at Study Site S3, the main
fur seal breeding site at Punta San Juan, from 1984 to 2010. Arrows point to main El Niño events of
mild (2002/2003), moderate (1986/1988, 1991/1993) and major (1997/1998) intensity that have taken
place throughout the study period.

In Peru, South American fur seals (Arctocephalus australis) are tied to the strong
upwelling Humboldt Current ecosystem (Majluf 1987a, Majluf 1987b) — one of the most
productive marine systems in the world (Gutiérrez et al. 2007, Bouchón et al. 2000, Carr
2002). This marine ecosystem is dominated by Peruvian anchoveta (Engraulis ringens),
which are the primary prey for large populations of seabirds and marine mammals along the
coast of Peru (Bakun & Weeks 2008, Jahncke et al. 2004, Majluf & Reyes 1989, Ballance et
al. 2006). The Humboldt Current ecosystem is also one of the most unpredictable ecosystems
in the world due to El Niño events, and the synergistic effects of fishing, poaching, and
bycatch (Chapter 2). All of these factors drive the extreme fluctuations of South American
fur seal numbers, which were reduced in Peru by 72% following the strong 1997/98 El Niño
(Arias-Schreiber & Rivas 1998, Oliveira et al. 2006, Oliveira et al. 2009).
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The goal of my study was to assess whether a relationship exists between fluctuations
in prey availability and reproduction of South American fur seals in Peru using 25 years of
data collected at Punta San Juan (1984–2010). I therefore calculated reproductive rates, mean
dates of birth, and durations of breeding seasons from daily counts of pups born and adults
present — and compared these metrics of reproduction with annual estimates of biomass and
fishery landings of Peruvian anchoveta. I show that monitoring daily numbers of fur seals on
breeding colonies is a useful means to assess the feeding conditions encountered by South
American fur seals in Peru relative to environmental conditions and removals of prey by
fisheries.

3.3
3.3.1

Materials and methods
Study site
Data were collected between 1984 and 2010 at Study Site S3 at the Punta San Juan

guano reserve (PSJ) in the province of Ica in southern Peru (15°22’ S, 75°11’ W; Fig. 3.1).
This major breeding site for South American fur seals is a 54-hectare headland with 20 sites
(beaches and rookeries combined) along its coastline. Study Site S3 is approximately 120 ×
50 m in area and is surrounded by a 25-30 m high cliff, which allows observations and direct
counts without disturbing the seals.
Punta San Juan is part of a recently formed network of guano reserves administered
by the Peruvian governmental institution SERNANP (Servicio Nacional de Areas Naturales
Protegidas — the National Protected Areas Service) in conjunction with AGRORURAL, a
department of Peru´s Ministry of Agriculture, whose main goal is to harvest and distribute
bird guano as fertilizer to Peruvian farmers. Bird guano builds up from resident nesting
‘guano birds’ (Red eyed cormorants, Peruvian boobies and Peruvian pelicans) at sites such as
Punta San Juan. Measures of protection have been given to the guano birds since the early
1900s (i.e., concrete walls that isolate headlands from predators and human disturbance, and
the presence of a permanent guard). This protection has in turn made guano reserves
alternative refuges for many other marine vertebrate species such as South American fur
seals, South American sea lions, Humboldt penguins and other sea birds which gather to rest
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and breed in large numbers (Majluf 1991b). Within this network of guano reserves, Punta
San Juan is a special case with permanent staff of resident field biologists that have
monitored the resident populations of seabirds and marine mammals year-round since the
early 1980s.
3.3.2

Fur seal counts
Fur seals were counted 3–7 times each week during the breeding season (October –

December) and 1–3 times per week during the non-breeding season (January – September)
throughout the study period (1984–2010). Counts began at 0600 from high vantage points
using hand-held tally counters and 20×40 or 10×50 binoculars. During counts, fur seals were
divided into categories according to sex and age classes: pups, juveniles, sub-adult males,
territorial males, adult females and undetermined. Since the early 1980s, Study Site S3 has
held >40% of the abundance of South American fur seals at Punta San Juan (Majluf 1987a).
Because of this and its lack of visual obstacles and accessibility that permitted full visibility
of fur seal colony from cliff tops, this beach was used as a proxy to monitor real-time
fluctuations in the resident population. Thus, the time series for beach S3 has the longest and
most detailed counts available from Punta San Juan from 1984–2010 (with the exception of
years 1986 and 2007, when no observations were made).

3.3.3

Breeding behaviour
Three response variables (number of pups born, mean birth date and pupping

synchrony) were estimated from direct pup counts to characterize the breeding season and
understand interannual variability and potential relationships with the environment. The
direct pup counts from October 1st – December 31st of each year were fit with three types of
sigmoid models using the (i) Gompertz function, (ii) three-parameter logistic function and
(iii) four-parameter logistic function, following methods in Trites (1992). Model fits with
best (lowest) AICc scores (Akaikes Information Criterion for small sample sizes) were used
to characterize breeding parameters for all years with counts. Exploratory analysis showed
that pup counts (y) as a function of date (x) were best described using the four-parameter
logistic function:
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y = a+

b"a
1+ e c(d "x )

Eq.1

with asymptotes at the left (a) and right-hand (b) ends of the x-axis and scales (c) the
!
response to x at about the midpoint
(d) where the curve has its inflexion (Crawley 2007). Fits

of this four-parameter logistic model to pup counts were tested under a significance level of
α=0.05.
Mean birth dates were calculated as the date in the x-axis that corresponds to the
inflection point in y (c in Eq. 1). The length of the breeding season was estimated as the
number of days it took to produce the 90 percentile (between 5- 95%) of the total number of
pups born. The total number of pups born was estimated as the mean number of pups from
the 99-100% percentile of the predicted model. Additional measures estimated to describe
breeding seasons included the maximum pup count, which was the maximum number
extracted from direct counts of pups registered; the maximum number of pups born per day,
which was determined by calculating the daily difference of the cumulative numbers
produced by the logistic function for each year; the date the first pup is born, which was
estimated as the date when direct pup counts grow accumulatively on a day to day basis; and
the number of days it took to produce 50% of the pups born.

3.3.4

Prey abundance
Annual records of anchoveta biomass were used as metrics of prey abundance that

may be available for South American fur seals. Anchoveta biomass was estimated by
acoustic surveys conducted off the entire coast of Peru (3-18°S) by IMARPE (Instituto del
Mar del Peru/Peruvian Marine Research Institute). During the period of my study, acoustic
surveys to estimate anchoveta biomass were conducted from 1–4 times each year. For years
with >1 fish survey, I chose the survey based on i) latitude (surveys had to be complete at all
latitudes) and ii) dates (surveys had to have occurred before the onset of the fur seal breeding
season of that year). Anchoveta biomass from the two closest surveys were averaged only
when an incomplete survey was available (and only had to be done for 1986).

36

3.3.5

Statistical analyses
Normality, outliers, correlation and colinearity to select variables that were not

directly influencing each other was achieved following the recommendations of Zuur et al.
(2010). All data were tested for normality using the Shapiro Wilk test with a significance
level of α=0.05 and correlation tests (Pearson for variables following a normal distribution
and Spearman rank for non-normal distribution), and were run under a significance level of α
= 0.01.

Logistic models were fitted with nls() function using SSfpl(); colinearity and

correlations were run with Highstatlib (Zuur et al. 2010) with the statistical program R
v.2.12.1.

3.4
3.4.1

Results
Fur seal counts
Numbers of pups born were well described by the four-parameter logistic functions

for all years (p≤0.05, Fig 3.3), except for year 2003. In 2003, local staff at Punta San Juan
realized that births were occurring again at the study site (fur seals had not bred there since
1997) and began daily counts of pups in November of that year. This resulted in a poor fit of
count data to logistic functions and generated estimates with a large standard error (see Table
3.1) making this year an outlier. Thus, 2003 was removed from further analyses.

3.4.2

Breeding behaviour
Mean birth dates estimated from four-parameter logistic functions varied within 22

days throughout my study period, between Nov. 7th (1984) and Nov. 29th (2010). My
estimates of the total number of pups born from logistic models varied between 92±0.1 pups
(1997) and 401±18.0 pups (2009). Estimates of the total number of pups born were generally
a bit higher than the ‘maximum pup count’ extracted from the direct counts time series,
which was between 64 (1997) and 398 pups (2009) for all years (Table 3.1).
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The date the first pup was born was considered to be the date that pup counts began to
increase exponentially between counts. Under this definition, the earliest date the first pup
was born was October 10th (1989) and the latest was November 8th (2010), suggesting a shift
towards a later onset of the pupping season. Consequently, breeding season length varied
from 20±0.03 (1988) to 35±0.11 days (2008) throughout the study period (Table 3.1).

Figure 3.3.
Four-parameter logistic model curves (continuous lines) fitted to total number (dots)
of South American fur seal pups counted between October 1st and December 31st of 1984-1997 and
2003-2010 (n=20). Data were not collected in 1986 and 2007. Dashed lines mark the mean birth date
as estimated by the four-parameter logistic models for each year. Corresponding year and mean birth
date for each curve are indicated in the upper left corner of each panel.
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Table 3.1.
Breeding parameters for South American fur seals extracted from direct pup
counts at Punta San Juan, Peru for 1984-1997 and 2003-2010. Data were not collected in
1986 and 2007 or in years 1998-2002, when fur seals had abandoned the site.

Interannual fluctuations in breeding behaviour (1984-2010) were best described by (i)
mean birth date, (ii) length of the breeding season and (iii) number of pups born and their
standard errors (Fig. 3.4). There appears to be some correspondence between these metrics of
reproduction and the four periods of population change (“Stable” from 1984 to 1991,
“Declining” from 1992 to 1997, “Abandonment” from 1998 to 2002 and “Recovering” from
2003 to 2010). Mean birth dates showed a strong tendency to occur later in the season as time
(periods) progressed. These peak dates occurred between Nov 7th and Nov 12th during the
“Stable” period, between Nov 14th and Nov 19th during the “Declining” period and between
Nov 18th and Nov 22nd during the “Recovering” period.
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Figure 3.4.
Time series for breeding parameters: (a) mean birth date, (b) length of breeding
season in days and (c) number of pups born for 1984-1997 and from 2003-2010. Vertical lines
represent the standard error for each data point. Standard error for year 1997 is very small and thus is
not visible in plot. Different shades correspond to periods according to level of abundance at the
beach. Data were not collected in 1986 or 2007. Data for 2003 and 2010 were considered outliers and
are not shown.
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Variance in the length of the breeding season also increased through time. During the
“Stable” period the range of the length of the breeding season varied within 6±0.04 days.
However, during the “Declining” period the range of the length of the breeding season
increased to 12±0.05 days and had an irregular interannual pattern. More recently, during the
“Recovering” period the duration of the breeding season has varied by 14±0.12 days and the
number of days needed to produce 90% of pups has been extended.
Variability in the number of pups born also increased through time. The range in
numbers born is of 169±10.9 pups during the “Stable” period, and 239±7.0 pups during the
“Declining” period before collapsing due to the 1997/98 El Niño. More recently, the
increasing population has produced a range of 266±15.5 pups during the “Recovering”
period. Trend in variability differs with the trend in average number of pups born during each
period. Average values show that the “Stable” period has highest average with 301±20.1
pups, while the “Declining” period shows the lowest average number of pups with a value of
259±87.5. Meanwhile the “Recovering” period reveals an average number of 269±48.5 pups.
Considering that the average value for the “Recovering” period is built up from very low
numbers, it has a very high average value that continues to increase in time.
Strong trends in breeding behaviour were also detected over the study period. Most
notably, there was a significant linear relationship between mean birth dates and years (r2
=0.77, P<0.01, n=19), showing a shift towards giving birth later throughout my study (1984–
2008; Fig. 3.5a). A shift towards later mean dates of birth was also detected when the number
of pups born per day before (1984 -1997) and after (2003-2010) the 1997/98 El Niño event
were compared (Fig. 3.5b). Births before El Niño occurred at earlier dates than after El Niño
events. Although comparing extremes of the time series showed a gradual shift through time,
distribution of births per day showed a bimodal distribution. There was also a significant
positive relationship between the maximum number of females counted on the beach and the
number of pups born per day (r2 = 0.70, P <0.01) as well as with the length of the breeding
season (r2 = 0.69, P <0.01). All this suggests that there was a later onset and peak of the
South American fur seal breeding season between 1984 and 2010 at my study site.
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Figure 3.5.
Mean birth date by year (a) showing a shift towards later mean birth dates over time
2
(r =0.77, P<0.01, n=19), and number of pups born per day as predicted from daily pup counts (b) at
beach site S3 of Punta San Juan guano reserve, 1984-2010 (n=19). Dashed lines represent years
before El Niño (1984-1997, n=13) and continuous lines are for years after El Niño (2004-2010, n=6).
No data were collected in years 1986 and 2007; and year 2003 was an outlier and removed from
analysis.

3.4.3

Prey abundance
I found a positive relationship between the ratio of females to pups counted on the

beach (r2 = 0.59, P <0.01) and prey biomass from the previous year (Fig. 3.6a) as well as for
the mean date of birth and biomass for the previous year (r2 = 0.66, P <0.01, Fig. 3.6b).
I also tried using annual anchoveta catch as a proxy for prey abundance given that
CPUE (catch per unit of effort) data for anchoveta fishing vessels of medium (201-300 MT)
and large (301-400 MT) capacity (Espinoza-Morriberón et al. 2010) correlated with
estimates of anchoveta biomass (r2 ≥ 0.23, P <0.01) and catch (r2 ≥ 0.36, P <0.01).
Consequently, I found a strong positive relationship between biomass and catch (r2 = 0.31, P
<0.01) for my entire study period, but prey biomass from the previous year showed a
stronger relationship with measures of reproductive performance (Fig. 3.6).
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Figure 3.6.
Significant linear relationships between (a) the ratio of pups and number of adult
females counted (r2 = 0.59, P <0.01, n=19) and (b) mean birth dates and anchoveta biomass (MT)
from the previous year (r2 = 0.66, P <0.01, n=19).

3.5

Discussion
Counts and behavioural observations during 20 breeding seasons at Punta San Juan

(from 1984–2010) suggest that reproductive success and breeding behaviour of South
American fur seals changed in response to changes in prey abundance. During the most acute
shortages of prey (associated with the 1997/98 El Niño), a combination of mass mortality and
migration caused the fur seals to abandon the Punta San Juan study site (Apaza et al. 1998);
as occurred during other El Niño events (Majluf 1985, Majluf 1991a). However, favorable
43

prey conditions in following years resulted in recovery and rapid growth of the fur seal
population (Fig. 3.2). This suggests that South American fur seals are capable of recovering
from prey depletion events if prey abundance remains above a certain threshold level.

3.5.1

Effects of prey abundance on reproduction
Increases in the ratios of pups born to the number of females present each year (an

index of birth rates) were associated with higher abundances of available prey being present
in the preceding year (before and during gestation; Fig. 3.7a). These prey biomasses were the
anchoveta estimated to be available to the fisheries at a certain time and may not necessarily
be available to the fur seals. However, it seems to be a reasonable proxy of feeding
conditions for a top predator that mainly feeds on anchoveta in the Humboldt Current
Ecosystem.
Good feeding conditions available the year before parturition presumably result in
adult females being in good body condition to be fertile and maintain healthy pregnancies.
Similar increases in pup production have been reported in other otariids following a year of
high food availability (Lunn & Boyd 1993). However, acute prey shortage such as during the
1997/98 El Niño resulted in the majority of females aborting their fetuses with the few pups
(n=92) that were born that year all dying from starvation (P. Majluf, pers. comm.).
The decreases I documented in the number of pups born during the early 1990s
(within the end of “Stable” and during the “Declining” periods) coincided with unfavorable
prey conditions associated with two long-duration El Niño events (1986/88 and 1991/93) of
moderate intensities. Each of these events lasted more than twelve months and may have
caused some level of nutritional stress on adult females. These moderate El Niños did not
cause mass mortality of adults, but did appear to explain a decline in numbers of pups born,
as well as an increase in total fur seal abundance at other sites further south in Peru, such as
at Punta Coles in the 1990s (17°S; IMARPE, unpbl. data) as fur seals presumably searched
for better feeding areas. These periods of moderate El Niños also coincided with consecutive
years of increased anchoveta removals by fisheries, especially in the area between 4-14°S
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where the principal stock of anchoveta was exploited, possibly compounding suboptimal
feeding conditions for the fur seals.
During the ¨Recovering¨ period, the numbers of pups and total abundance grew
exponentially as expected for a population experiencing favourable conditions (enough
resources, such as food and space) to allow rapid recovery (Payne 1977). A lack of El Niño
events and overall cooler conditions (Punta San Juan Project, unpubl. data) and changes in
fisheries management towards lower catches (in relation to biomass levels) may have
combined to promote better feeding conditions for fur seal population growth.

3.5.2

Timing of breeding
Changes in the timing of breeding of pinniped populations may be related to the age

structure of populations, changes in when food is available and changes in the quantity or
quality of available food (Jemison & Kelly 2001). A consequence of the annual breeding
cycle in pinnipeds is that resource availability during the most energetically expensive phase
of reproduction, the third trimester of gestation (Trites 1991), is impossible to predict at
fertilization 10-12 months prior. As my study population declined and recovered, I observed
an overall shift of the peak breeding season towards a later mean date of birth. Explaining
this shift requires disaggregating the time series according to the contextual environmental
conditions of each period (Stable, Declining, Recovering) associated with prey availability
and the age structure of the breeding population.
I observed little variability in the timing of breeding during the “Stable” period,
which is consistent with behavioural studies during years 1984-1989 (Majluf 1992) that
showed no significant change in the mean date of birth. However, inconsistent patterns were
observed during the “Declining” period in the length of the breeding season. Mean date of
birth also appeared to have been delayed and may have been a behavioural response of
nutritionally stressed females that were taking longer to return to the breeding beaches due to
the combined effects of the 1991/93 El Niño and increased catch to biomass ratios of
anchoveta compared to previous years.
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Body lengths of fur seals increase throughout life (Trites & Bigg 1996) as individuals
age and become more experienced at finding food (Lunn et al. 1994). High-latitude species,
such as Antarctic (A. gazella) and northern fur seals (Callorhinus ursinus) suckle their
offspring for the duration of embryonic diapause (Boyd 1991) and wean their pups as the
active gestation begins. Older females also tend to give birth first to heavier pups while
young, inexperienced females give birth to lighter pups later in the season (Trites 1991, Lunn
et al. 1993). However, in temperate regions, long-lactating fur seals, such as subantarctic (A.
tropicalis), Cape (A. pusillus pusillus) and Australian fur seals (A. pusillus doriferus), suckle
offspring for most of the year, and weaning occurs <2 months before the birth of the next
offspring. Among these species, the bigger and older females give birth later in the season
(Rand 1955, Georges & Guinet 2000).
South American fur seals are similar to Galapagos fur seals (A. galapagoensis) in that
they can concurrently suckle up to 3 offspring (a pup, yearling and a two year old) in low
latitude locations (Trillmich 1990, Majluf 1987a). Thus, they incur the energetic demands of
lactation and gestation concurrently (Gibbens et al. 2010). Additionally, female South
American fur seals must continually return to a central place (breeding colony) to suckle their
offspring throughout the year, limiting their foraging range (Majluf 1987a). Thus, a female
that was already nursing one or more offspring during a “Declining” phase when prey
conditions are unfavorable may delay the time of implantation or be unable to maintain their
gestation to full term. This in turn would result in lower birth rates and a later mean date of
birth. Also, poor recruitment of young can increase the mean age of a breeding population
(York 1994) and could have accentuated the later arrival of the older more experienced
females. This is a possible explanation for the later mean birth date and delay in the onset of
the breeding season at my study site (see Table 1).
Studies of subantarctic fur seals have reported that old mothers that give birth later in
the breeding season were more efficient at transferring energy to their pups compared to
younger mothers. They also showed that pups born later in the season had higher birth mass,
which allowed them to have a higher birth mass gain during the perinatal period (Georges &
Guinet 2000). Higher birth masses of pups born later in the breeding season were observed at
Punta San Juan before the 1997/98 El Niño (Punta San Juan Project, unpubl. data),
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suggesting that the same could have occurred in South American fur seals in Peru when the
population’s age structure was presumably in equilibrium.
My study site was abandoned for 5 years following the 1997/98 El Niño (Fig. 3.2).
However, small numbers of females continued to rear their young on small islands, islets and
rocky cliff edges from 1998-2003. From these few individuals, a small group of reproductive
females returned to Punta San Juan as conditions improved to reoccupy historical breeding
grounds. The group that reoccupied the breeding beach during the “Recovery” period
appeared to have had a strong cohort of older experienced females that survived the 1997/98
El Niño (personal observations of tagged females pupping at study site). Arrival of adult age
classes to the breeding site (rather than recruitment of newborns) is the only way that the
high (>26%) exponential rate of increase could have been maintained in the early recovery
period. Thus, it is possible that the bulk of the colony consisted of older females (ages 7 – 11
years old) that gave birth later in the season. However, the timing of breeding should shift
back towards an earlier date as females recruit into the recovering fur seal colony. Such a
phenomenon has been observed at Steller sea lion (Eumetopias jubatus) breeding sites on
Sugarloaf Island in Alaska and Año Nuevo Island in California, where the date of birth
apparently became later and then after a number of years was early again, possibly due to
reductions in the quantity or quality of prey available during the population decline in sea
lions (Pitcher et al. 2001).

3.5.3

Prey abundance
The marine ecosystem off Peru comprises the northern segment of the Humboldt

Current system and produces the world’s highest tonnage of fishery landings (Bakun &
Weeks 2008). The most important pelagic fish species in the Humboldt Current system in
terms of ecology and economics is the Peruvian anchovy or anchoveta. Anchoveta is the
major prey of principal top predators including marine mammals, seabirds, fish and fishers
(Espinoza & Bertrand 2008). However, every 2-7 years, El Niño reduces fish stocks and
restricts fisheries of the Humboldt Current off the coast of Peru.
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El Niño is an irregular fluctuation involving the entire tropical Pacific Ocean and
global atmosphere (Fedorov & Philander 2000). It consists of an unstable interaction between
sea surface temperature and atmospheric pressure — and results in variations in winds,
rainfall, thermocline depth, circulation, biological productivity, and feeding and reproduction
of fish, birds and marine mammals. El Niño events are characterized by weak trade winds, a
deep thermocline and warm sea surface temperatures in the eastern equatorial Pacific—and
has an opposite phase called La Niña that is characterized by strong trade winds, a shallow
thermocline and cool sea surface temperatures.
Four El Niño events of varying intensities (moderate: 1986-87, 1991-93, strong:
1997-98 and mild: 2002-03) altered the distribution and abundance of anchoveta during my
study period. These El Niños shifted the peak of anchoveta spawning from winter-spring to
summer and diminished the biomass available for other species to consume in the system
(Checkley et al. 2009). Spatial distribution of anchoveta also changed, with anchoveta
relocating to southerly locations and deeper in the water column to maintain optimal living
conditions during the warm conditions of the El Niño events.
El Niño typically causes short-term perturbations in the dynamics of anchoveta from
which anchoveta can recover within one or two years during the following La Niña (cold)
phases (Alheit & Ñiquen 2004). Warm El Niño and cold La Niña events have had a variety
of effects on marine populations and ecosystems, but these effects are generally followed by
recovery within a few years as well (i.e., South American sea lions, Soto et al. 2004). El
Niño effects such as mortality or reproductive failure are most severe on populations
dependent on local feeding or breeding grounds in coastal waters or around islands (Fiedler
2002).
Anchoveta constitutes 30-85% of the diet of South American fur seals in Peru
(Paredes & Arias-Schreiber 1999, Vásquez 1995, Arias-Schreiber 2000, Arias-Schreiber
2003, Zavalaga et al. 1998). Preference for this prey induces fur seals to disperse widely
during El Niño events, often to southerly locations in Peru (e.g. Punta Atico 16°00'S and
Punta Coles 17°42'S) where individuals originally tagged at Punta San Juan (15°12'S) have
been re-sighted (Punta San Juan Project, unpubl. data). Increases in fur seal numbers have
also been reported in northern Chile since the 1982/83 El Niño (Guerra & Torres 1987) as fur
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seals gradually declined at northern Peruvian colonies during the 1990s (Guerra & Portflitt
1991, Sielfeld 1999). More recently, some tagged fur seals from Punta San Juan have been
seen as far south as Iquique (20°13'S) and Antofagasta (23°39'S) in northern Chile in 1998
(W. Sielfeld, pers. comm.) and recent breeding colonies have been established close to Taltal,
Chile (25°40'S) since 2005 (H. Paves, pers. comm.).
The effects of an El Niño event on South American fur seals will vary according to its
intensity, duration and the time of year it occurs. Females suckling pups at Punta San Juan
during the 1982/83 El Niño made significantly more and longer trips compared with females
of similar reproductive status during a non-El Niño year (Majluf 1987a). Low foraging
success led to extended trips to sea, acute malnutrition and eventual starvation of pups and
yearlings (Trillmich et al. 1986). Particularly strong and long El Niño events as in 1997/98
can even lead to the starvation of adults (Apaza et al. 1998, Majluf 1998).
In addition to El Niño, the abundance of anchovy and availability of prey can be
affected by fisheries. Commercial landings have tended to oscillate with environmental
conditions and the biomass of anchoveta. However, the high catch rates in the 1990s
occurred during a time of especially low anchoveta biomass. Adaptive fisheries management
decisions were adopted following the strong 1997/98 El Niño declines in anchoveta
biomass—banning anchoveta captures during the El Niño and allowing anchoveta biomass to
recover 2-3 years after the event (Alheit & Ñiquen 2004). Fisheries management has taken an
ecosystem approach since 2009 and has established an individual quota system that has
diminished catch levels, making the catch to biomass ratio the lowest than in the past 25
years. Thus, improved fisheries management and better environmental conditions have
coincided with increases in the growth of South American fur seals at protected sites such as
Punta San Juan, and provide some measure of hope that undisturbed rookeries and beaches
can promote continued recovery of fur seals in Peru.
3.5.4

Adaptive mechanisms to highly variable systems
The South American fur seal in Peru inhabits a marine ecosystem that experiences

huge fluctuations in the availability of forage fishes to fur seals and other top predators. The
daily counts and observations of fur seals at Punta San Juan show that mean dates and rates
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of birth (as measured by the ratio of pups to adult females) are linked to the abundance of
prey, as detected by hydroacoustic surveys conducted for the entire coast of Peru. The data
also show fur seals are able to survive catastrophic breeding failures and can rapidly
recolonize abandoned breeding beaches. Fur seals at my study site recovered at an average
rate of 26% per year, which is on par with the maximum estimated growth potential of 20%
per year (Chapter 2). An rmax of 20% is among the highest growth rates recorded for marine
mammals (the Antarctic fur seal has a rate of 20%, Hucke-Gaete et al. 2004). Changes in
mean dates of birth and duration of the breeding season suggest that recovery is in part linked
to plasticity in the timing of birth, survival of older animals, and the ability to raise more than
one offspring at a time.
Female South American fur seals can nurse up to three offspring simultaneously and
wean them at 6 to 36 months of age (Majluf 1987a). When food is scarce during El Niño,
females make longer foraging trips at sea to replenish the energy transferred to their offspring
(Gentry & Kooyman 1986, Trites & Donnelly 2003). However, extremely long foraging trips
reduce female body mass and can lead to starvation of offspring on land (Trillmich 1990).
Fur seals that inhabit low latitudes under unpredictable environmental conditions, tend to
have flexible and adaptive pup rearing strategies (Trillmich 1990). Some of these strategies
include flexible duration of pup rearing (lactation) and changes in the duration of female
foraging trips. Extended maternal care of multiple offspring presumably enhances survival of
South American fur seals during mild El Niños, and likely explains much of their
extraordinary growth rates when food is abundant during the recovery phases.
The strategies invoked by the fur seals in low latitudes are opposite to those of the
northern and Antarctic fur seals inhabiting subpolar regions where pups are weaned at about
4 months of age (Gentry & Kooyman 1986). Environmental conditions of subpolar regions
obligate females to wean pups about the time when winter sets in when they are obligated to
migrate in search of food. However, pups in the subpolar regions are weaned in ecosystems
that are presumably more predictable in terms of prey availability. Thus, selective forces
related to the predictability of the forage base has likely fixed the timing of weaning time in
the subpolar and subtropical fur seal species (Trillmich 1990).

50

3.5.5

Counts and ratios — a useful management tool?
Monitoring daily numbers of fur seal pups born relative to the number of breeding

females appears to be a useful means to assess the feeding conditions encountered by South
American fur seals in Peru relative to environmental conditions and removals of prey by
fisheries. Direct counts during the breeding season such as these have been commonly used
to assess changes in other pinniped populations (Hofmeyr et al. 1997, Siniff et al. 1977,
Payne 1977), and have been used to estimate population size and mean dates of births (Trites
1991, Gibbens & Arnould 2009, Pitcher et al. 2001, Jemison & Kelly 2001, Dabin et al.
2004, Bradshaw et al. 1999, Bradshaw et al. 2000, Hofmeyr et al. 1997, Kirkwood et al.
2005, Berkson & DeMaster 1985). Fur seal pups are an easily recognizable age class and are
restricted to remain on land during the first months of life, which allows counters to obtain a
relative estimate of abundance with low observer error during a short time window (breeding
season).
The frequency with which pups and adults are counted dictates the types of questions
that can be answered. An index of abundance can be obtained from one pup count per week
during the breeding season, but documenting changes in breeding behaviour will require
more frequent counts. Having more than one person count simultaneously will allow
variance to be estimated between different observers. It is also important that counters be
familiar with the sites and the best vantage points to observe the entire area.
Top predators can serve as good indicators of ecosystem health, but a long-term
investment must be made to collect meaningful data. Our data show that changes in birth
dates, lengths of breeding season, and ratios of pups to adult females reflect changes in the
availability of prey and the ability of the ecosystem to support healthy fur seal populations. In
a natural changing system such as the Humboldt Current in Peru, fisheries regulation needs
to protect the survival and reproduction of top predators such as fur seals, under the premise
that unpredictable prey availability may occur at any given time due to El Niño events. Our
data suggest that low numbers of fur seals are particularly vulnerable during and after prey
depletion events. This puts a responsibility on fisheries management to ensure that prey
conditions are sufficient to support the recovery and survival of all components of the
Peruvian marine ecosystem.
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Chapter 4: Conclusions
4.1

Summary of findings
The overall conclusion from my study is that South American fur seals have the

reproductive potential to survive in highly variable environments and are able to recover
locally at protected sites from short-term natural prey depletions such as occurred during the
1997/98 El Niño at Punta San Juan. However, a series of overlapping cumulative threats
associated with commercial harvest, poaching, bycatch, removal of prey by fisheries and lack
of protected areas have occurred—at least—since 1925. These cumulative threats combined
with the effects of El Niño diminished the South American fur seal population to low levels
in Peru, and have hampered its recovery to historical levels of abundance (Fig. 4.1).
Population recovery can be defined as the re-growth of a population after a decline to
exceptional densities (for example of one order magnitude less than pre-decline population
size) or local extinction (Gardmark et al. 2003). Life history characteristics (such as age at
primiparity, pup growth rates, and time of weaning) influence recovery dynamics of
populations, but the reverse is also true—population dynamics can determine important lifehistory traits, since many traits are density-dependent as in the case of fur seals.

Figure 4.1
Timeline of cumulative overlapping threats that affect the recovery of South
American fur seals in Peru showing major El Nino events and the periods of fishing, poaching and
commercial hunting since 1925.
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In the productive system of Humboldt Current, the entire system—prey and predators—have
the potential to recover incredibly fast from the most abrupt environmental changes (i.e., El
Niño 1997/98). Thus, in the local Punta San Juan scenario, South American fur seals have
recovered from the dramatic decline after the most intense 1997/98 El Niño event on record
severely depleted prey abundance.
The rapid decline of South American fur seals in Peru due to the 1997/98 El Niño
may have had severe consequences on the population by causing a loss of genetic diversity
(i.e., effective population size <7,000 breeding adults after the event) and a subsequent
population bottleneck (Oliveira et al. 2009). Population bottlenecks are a direct consequence
of small or continued small population sizes, which has probably been the case since the
1950s, according to my population model (Chapter 2, Fig. 2.6). The loss of genetic diversity
in a bottlenecked population is a matter of concern because polymorphism may reduce the
evolutionary potential of the population to respond to a changing environment (Oliveira et al.
2009).
The continued viability of South American fur seals on the coast of Peru may depend
primarily on non-genetic factors, such as local availability of food resources and its
consequent effects on pup growth and survival (Oliveira 2011) which is reflected in the
possibility of local population recoveries (Chapter 3, Fig. 3.2). Unfortunately, a series of
cumulative overlapping threats (Fig. 4.1) have consistently limited the size of the Peruvian
population of fur seals, and may prevent the species from realizing its full potential for
recovery.

4.2

Future research and implications of findings
My population model (Chapter 2) indicates that the South American fur seal

population off the coast of Peru has an extremely high intrinsic growth rate of 20% compared
to intrinsic growth rates reported for most other fur seal species. This high rate of population
increase compares favorably with the 26% growth rate that has occurred at the main breeding
beach at Punta San Juan since 2003 (Fig. 4.2).
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Figure 4.2
Exponential regression of the number of fur seals during the years of recovery (20032010) at the main breeding site at Punta San Juan. The annual rate of increase (r) is 0.26, which is
calculated from the exponent of the slope (0.23) – 1.

These local findings support the population model and corroborates that South American fur
seals have the potential to recover at sites while environmental conditions are favorable
through immigration, reproduction and subsequent recruitment of older age classes
My population model was simple due to the lack of information available on South
American fur seals in Peru, and could be improved by collecting additional data to construct
stochastic age structured models and assess possible variance of vital rates, such as birth and
survival rates (Jenouvrier et al. 2009). Although alternative modeling exercises may suggest
intrinsic growth rates <0.20 for South American fur seals, it is interesting to find high
recovery responses and growth rates in other species of the Humboldt Current system.
The unique conditions off Peru enable a vast development of rich concentrations of
large multi-celled chains of large diatoms. Conveniently, Peruvian anchoveta may directly
filter and consume phytoplankton as well as large zooplankton (van der Lingen et al. 2006,
Bakun & Weeks 2008). Some species of large zooplankton include species of Calanoid
copepods such as Calanus chilensis, one of the prey items of Peruvian anchoveta (Alamo
1989). These copepods feed on large volumes of phytoplankton provided by the intense
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upwelling ecosystem of the Humboldt Current and show no evidence of food limitation
(Escribano et al. 1997). Copepod losses from upwelling and offshore transport are
compensated by rapid turnover rates of cohorts permitting rapid population recovery
(Escribano et al. 1997, Escribano & Hidalgo 2000). Going up the food chain, the Humboldt
squid, Dosidicus gigas, a voracious cephalopod that has economically and ecologically
become very important to Peru´s marine ecosystem and fisheries, shows short generation
times coupled with fast maturation which has proven to be advantageous in the expansion of
their abundance and distribution (Arguelles et al. 2008). Finally, like many other clupeid
fishes, Peruvian anchoveta can increase their population size rapidly and recover from
population collapse when environmental conditions are favorable, even if this occurs
immediately after an El Niño event (Alheit & Bernal 1993, Hutchings 2001, Hutchings
2000). Thus it seems as though high population growth rates are not an uncommon
phenomenon amongst prey and predator species of the Humboldt Current system.
Some authors suggest that El Niño, rather than being an unmitigated disaster for
Peruvian fisheries, may in the long run be a prime reason for the remarkable fishery
productivity of the Peru–Humboldt large marine ecosystem (Bakun & Broad 2003). The El
Niño/La Niña period can be considered as a figurative “reset” button for the Peru marine
ecosystem of a sort that is not available to the same degree in any of the other similar systems
in the world such as the Benguela and California Current systems (Bakun & Broad 2003,
Bakun & Weeks 2008). These resets allow rapidly reproducing species to move into
environmental “loopholes,” (i.e., niches formerly occupied by other species) and for example
can supply predators with high levels of prey biomass immediately after anchoveta depletion
is caused by El Niño (Bakun & Broad 2003, Bakun & Weeks 2008, Arguelles et al. 2008).
Predatory organisms also benefit from resets, as they will also begin to respond to the rapid
recovery of prey, but with a lag in their response due to their own natural history traits (e.g.
fur seals and sea lions).
In terms of South American fur seals in Peru, we may be observing a shifting baseline
syndrome (Fig. 2.6). Modern fisheries science has had difficulties accommodating historical
data and the risks associated with a shifting perception of the status of stocks or the health of
marine ecosystems because each generation of fisheries scientists has evaluated changes
under the assumption that the baseline for stocks and species composition were those that
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were present at the beginning of their careers (Pauly 1995). Hence it is possible that if I did
not go as far back in time as possible and did the best effort possible to include all of the
variables that contribute to mortality when hindcasting the historical abundance of South
American fur seals, I could have developed a very different point of reference as the
historical abundance for this species in Peru. This holds true for the predicted values of K*
for 1850 (K*=115,000) and average abundance estimated for before the onset of harvest of
about 68,000 individuals (range: 39,000-98,000). This decrease in abundance was due to
mortality associated with varying environmental conditions (i.e. El Niño), and later by the
commercial harvest in the mid 20th century. Some of the historical information found for
years prior to the 1980s lacked rigorous scientific methodology and could be considered
“anecdotal” information. It nevertheless served as data and the basis for understanding
relative abundance and estimating a historical carrying capacity.
One-way downward trajectories have been the case for many marine mammal
populations that have been reconstructed with the best available information. Interestingly,
the decrease in abundance of South American fur seals between 1880 and 2010 indicate that
there was in fact a literal “shifting baseline” in the population abundance of fur seals in Peru
before and after the mid-20th century. A possible explanation for this is that the potential
carrying capacity changed to some lower value. However, information may be too sparse to
investigate finer details of the historical changes in abundance associated with natural and
anthropogenic effects, especially since—for the most part—the sealing story for most
pinnipeds remains a big mystery (Christensen 2006).
Steps needed to promote population growth and conserve South American fur seals in
Peru include (i) maintaining the ban on commercial harvest, (ii) protecting important
breeding sites (and even more so if they are historical), (iii) improving fisheries management
aiming to leave a considerable prey biomass in the waters off Peru, and (iv) regulating
bycatch and direct killing of South American fur seals.
Ideally future work in this area of study should include: (i) estimating local prey
biomass available to fur seals coupled with (ii) conducting diet studies to help better
understand the true relationships between marine predators and local prey available to them.
These studies can be complemented by (iii) constructing bioenergetics models of adult
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females to understand the energetic budget behind lactation of offspring, (iv) documenting
maternal attendance patterns, and (v) recording pup growth rates to understand the direct
linkages between prey availability, foraging trips and rearing of offspring. Another important
source of mortality that should be incorporated into population models is the population
health status of South American fur seals, for which baseline information is currently being
collected (Punta San Juan Project, unpubl. data). Finally, researchers should continue
conducting direct counts of fur seal rookeries and emphasize the collection of daily pup and
adult counts during the three month breeding season (October-December) to understand
recovery dynamics and life history traits of fur seals at other important breeding sites along
the coast of Peru in long term time series like the ones used in this study.
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