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BACKGROUND:  Sea otters (Enhydra lutris) were hunted to near extinction during the Pacific 
maritime fur trade.  Further hunting was prohibited by international treaty in 1911, at which time a 
dozen or so remnant colonies survived.  The southern sea otter (E. l. nereis) is descended from 
one of these remnant colonies that survived along the Big Sur coastline of central California and 



Final Technical Summary – Estes et al. 

2 

contained perhaps as few as 50 individuals at the beginning of the 20th century.  While sea otter 
populations elsewhere in the North Pacific Ocean recovered at rates of 17-20% yr-1, the 
California population has never grown at more than one-third this rate and is currently listed as 
Threatened under the Endangered Species Act.  Concerns over oil and gas development were the 
principal reasons for listing, and the criteria for changing the population’s official status by de-
listing or up-listing it (to Endangered) are based on oil spill risk analysis.   
 
Except for a period of decline from the mid 1970s to early 1980s that is now thought to have 
resulted from entanglement mortality, the California sea otter population continued increasing at a 
slow rate, approximately 5% per year, until the mid-1990s. About 1995, however, the population 
dynamics changed for unknown reasons and the population began to decline, with annual 
population counts steadily decreasing through 1999. Even though the population was declining, 
the geographic range of the population was continuing to expand both to the north and south. A 
better understanding of the changes in natural history and population dynamics underlying these 
phenomena was of interest to several federal and state agencies, including the US Fish and 
Wildlife Service (USFWS), the Minerals Management Service (MMS), and The Department of 
Fish and Game (DFG). 

 
Range expansion to the south was of particular interest because it brought sea otters into closer 
association with the potential effects of oil and gas development. This expansion was 
characterized by a seasonal redistribution of up to several hundred individuals from northern 
areas to the southernmost part of the range. Most of these otters congregated 5-40 km southeast 
of Point Conception during the winter and spring. Thought to be mostly non-territorial males, 
these individuals were believed to rejoin the more northern population during the summer and 
autumn, but exactly where they went was unknown.  Because these individuals traveled 
seasonally, and because both range expansion and population decline could conceivably be due 
to a single causal factor such as depletion of food resources to the north, we argued that it was 
not possible to understand the population dynamics of these otters in the most southern part of 
the range without a better understanding of the population as a whole. 
 
OBJECTIVES:  The present study was designed to obtain an updated picture of population 
dynamics and movement patterns, as well as an increased understanding of the problems currently 
facing the population. We had three main objectives: 1) to better understand how overall 
population dynamics had changed since the mid-1980s (a period for which data exist from a 
previous MMS-funded study) and the reasons for the recent population decline; 2) to describe the 
population dynamics, behavior and seasonal movement patterns of sea otters at the southern end 
of their range; and 3) to examine the inter-relationships between nutritional requirements, foraging 
strategies, energetics, and activity patterns and the ways in which these relationships determine 
habitat suitability for sea otters in California. 
 
DESCRIPTION:  In pursuit of these objectives, we undertook extensive field, captive and 
laboratory studies. Range-wide surveys of the entire population and analyses of beach-cast 
carcasses were continued using established protocols. Population surveys were conducted in 
spring and fall using standardized techniques developed by federal and state biologists and in use 
since 1982.  Carcass data were obtained, stored and analyzed based on standardized procedures in 
place since the early 1990s. The freshest carcasses were necropsied by trained veterinary 
pathologists. Information from these two long-term databases was used in the development of 
spatially-structure population models.  
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Radio-telemetry methods were used to study two groups of instrumented otters: the first group 
contained 47 individuals (35 females and 12 males) captured in the center of the range just south 
of Pt. Piedras Blancas, and near the towns of Cambria and San Simeon.  The second group 
contained 25 individuals (24 males and one female) captured south of Point Conception.  All 
study animals were instrumented with surgically implanted VHF radio transmitters. Thirty-three 
animals (30 at Piedras Blancas, 3 at Point Conception) were also equipped with archival time-
depth recorders (TDR’s). Radios were equipped with thermal monitors that allowed us to record 
body temperature whenever we were in contact with an individual. The radios allowed us to track 
individuals, while the TDR’s simultaneously stored a continuous time record of dive profiles.  
 
Data collected from intensive monitoring of these instrumented animals contributed to 
estimates of current survival and reproductive rates and analyses of movement patterns, 
foraging ecology, activity patterns and diving behavior, and temperature dynamics. 
Experiments with captive otters at Long Marine Laboratory, University of California Santa 
Cruz, provided supplementary information on the energetic costs of diving.  Data from the 
TDR’s allowed for more in-depth analyses of activity patterns and diving behavior. 
 
SIGNIFICANT CONCLUSIONS:  The tagging studies confirm that adult sea otters have strong 
affinities to particular locales and that these affinities are usually maintained throughout their 
lives, even though individual otters sometimes move long distances. Strong patterns of dietary 
specialization by both males and females may act to limit individuals to particular habitat types or 
locations.  Adult females in particular, due to the extreme energetic demands of reproduction and 
lactation, may be restricted to their home ranges by the need to maintain high rates of energy 
input, accomplished by a high degree of specialization on a few prey types.  Prey specialization is 
associated with differences in diving behavior between animals utilizing alternative diet types.  
Three distinct feeding strategies were identified, and these are likely maintained by a combination 
of frequency/density dependence and correlational selection. 
 
In contrast to limited female movements, our results indicated that male animals found south of 
Pt. Conception are particularly likely to move throughout the existing sea otter range in California 
(i.e. from Santa Barbara north to Half Moon Bay). The corollary to this pattern is that many adult 
and sub-adult males throughout the range tend to move to the southern range periphery during the 
late winter and early spring (although such movements may also occur at other times of year). The 
precise reasons for these movements are still uncertain, although we now have considerable 
evidence to suggest that access to increased food availability at the southern range periphery is a 
likely motivation, and is certainly a beneficial nutritional consequence.  Whatever the proximate 
reasons for these movements, we see the benefits reflected in improved body condition, reduced 
foraging behavior, and increased survival.  These movements also provide a means of internal 
connectivity to the entire California sea otter population--the potential for gene flow, disease 
transfer, and any other feature that might be carried by an individual through a population as it 
moves through space and time.  

 
Our findings also revealed a larger scale pattern of spatial structure in the California sea otter 
population – a significant difference in behavior and demography between animals that live at the 
northern and southern ends of the range. Sea otters at the southern end of their range appear to be 
less limited by resource availability than they are in the north or range center.  Sea otters in the 
center of the range spend more time feeding than animals south of Pt. Conception, or as compared 
to sea otters in the 1980’s.  Overall survival rates also are somewhat higher in the south than they 
are in the north and center of the range, and movement patterns differ significantly between these 
two regions.  Female survival has decreased since the 1980’s, particularly for prime-age adults, 
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but reproductive rates have not changed and male survival has remained constant or even 
increased.  This spatial pattern of variation in survival will have important consequences for future 
population growth and range expansion to the south: we develop a mathematical model with 
which to predict future dynamics and evaluate the sensitivity of these predictions to 
age/sex/location-specific vital rates and movement probabilities.  This model indicates that 
movement and dispersal patterns of sub-adult females at the south end of the range will have the 
greatest effect on southward range expansion, but the survival of females in the center of the range 
will have a greater impact on the growth of the population as a whole.  
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FINAL STUDY REPORT 
 

 
Chapter 1. Introduction and overview of methods 
 
Katherine Ralls, M. Tim Tinker, and James A. Estes 
 
 
Sea otters (Enhydra lutris) were hunted to near extinction during the Pacific maritime fur 
trade (Kenyon 1969).  Further hunting was prohibited by international treaty in 1911, at 
which time a dozen or so remnant colonies survived.  The California (or southern) sea otter 
(E. l. nereis) is descended from one of these remnant colonies that survived along the Big 
Sur coastline of central California and contained perhaps as few as 50 individuals at the 
beginning of the 20th century (Riedman and Estes 1990).  While sea otter populations 
elsewhere in the North Pacific Ocean recovered at rates of 17-20% yr-1, the California 
population has never grown at more than one-third this rate (Estes 1990) and is currently 
listed as Threatened under the Endangered Species Act.  Concerns over oil and gas 
development were the principal reason for listing, and the criteria for changing the 
population’s official status by de-listing or up-listing it (to Endangered) are based on oil spill 
risk analysis (USFWS 2003).   
 
Except for a period of decline from the mid 1970s to early 1980s that is now thought to have 
resulted from entanglement mortality, the California sea otter population continued 
increasing at a slow rate, approximately 5% per year, until the mid-1990s. About 1995, 
however, the population dynamics changed for unknown reasons and the population began 
to decline, with annual population counts steadily decreasing through 1999 (USFWS 2003). 
Even though the population was declining in abundance, the geographic range of the 
population was continuing to expand both to the north and south. A better understanding of 
the changes in natural history and population dynamics underlying these phenomena was of 
interest to several federal and state agencies, including the US Fish and Wildlife Service 
(USFWS), the Minerals Management Service (MMS), and The Department of Fish and 
Game (DFG). 
 
Range expansion to the south was of particular interest to MMS because it brought sea otters 
into closer association with the potential effects of oil and gas development. This expansion 
was characterized by a seasonal redistribution of up to several hundred individuals from 
northern areas to the southernmost part of the range. Most of these otters congregated 5-40 
km southeast of Point Conception during the winter and spring (Figure 1).  Thought to be 
largely non-territorial males, these individuals were believed to rejoin the more northern 
population during the summer and autumn, but exactly where they went was unknown.  
Because these individuals traveled seasonally, and because both range expansion and 
population decline could conceivably be due to a single causal factor such as depletion of 
food resources to the north, we argued that it was not possible to understand the population 
dynamics of these otters in the most southern part of the range without a better 
understanding of the population as a whole.   
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Figure 1.  Map of central California showing two primary study areas and re-sighting locations of radio-tagged 
study animals between 2001 and 2004. 
 

In 2001, when we began the work described in this report, our knowledge of the dynamics of 
the southern sea otter population was largely based on a previous MMS-funded study (Siniff 
and Ralls, 1988) conducted during the 1980s when the population was increasing.  The 
present study was designed to obtain an updated picture of population dynamics and 
movement patterns as well as an increased understanding of the problems currently facing 
the population. We had three main objectives: 1) to better understand how overall population 
dynamics had changed since the mid-1980s and the reasons for the population decline; 2) to 
describe the population dynamics, behavior and seasonal movement patterns of sea otters at 
the southern end of their range; and 3) to examine the inter-relationships between nutritional 
requirements, foraging strategies, energetics, and activity patterns and the ways in which 
these relationships determine habitat suitability for sea otters in California.   

 
In pursuit of these objectives, we undertook extensive field, captive and laboratory studies. 
Range-wide surveys of the entire population and analyses of beach-cast carcasses were 
continued using established protocols. Population surveys were conducted in spring and fall 
using standardized techniques developed by federal and state biologists and in use since 
1982 (Estes and Jameson 1988).  Carcass data were obtained, stored and analyzed based on 
standardized procedures in place since the early 1990s (Estes et al. 2003). The freshest 
carcasses were necropsied by trained veterinary pathologists. Information from these two 
long-term databases was used in the development of the new population models described in 
Chapter 2.  
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New field efforts focused on two groups of instrumented otters (Appendix D). The first 
group contained 47 individuals (35 females and 12 males) captured in the center of the range 
just south of Pt. Piedras Blancas, and near the towns of Cambria and San Simeon (Figure 1).  
The second group contained 25 individuals (24 males and one female) captured south of 
Point Conception.  All study animals were instrumented with surgically implanted VHF 
radio transmitters (Ralls et al. 1989). Thirty three animals (30 at Piedras Blancas, 3 at Point 
Conception) were also equipped with archival time-depth recorders (TDRs). Radios were 
equipped with thermal monitors that allowed us to record body temperature whenever we 
were in contact with an individual. The radios allowed us to track individuals, while the 
TDRs simultaneously stored a continuous time record of dive profiles. Data collected from 
intensive monitoring of these instrumented animals contributed to our estimates of current 
survival and reproductive rates (Chapter 2) and analyses of movement patterns (Chapter 3), 
foraging ecology (Chapter 5), activity patterns and diving behavior (Chapter 6), and 
temperature dynamics (Chapter 7). Experiments with captive otters at Long Marine 
Laboratory, University of California Santa Cruz, provided supplementary information on the 
energetic costs of diving (Chapter 7).  Data from the TDRs made a major contribution to 
Chapter 6 (activity patterns and diving behavior). 
 
A third group of sea otters was captured and instrumented in the Monterey Bay area for a 
study led by James L. Bodkin, US Geological Survey, and Michelle Staedler, Monterey Bay 
Aquarium.  These investigators kindly contributed data from their study to Chapters 2 
(demography) and 5 (foraging ecology). Data on all three groups of instrumented animals 
were collected so as to be compatible with data collected in the earlier study of radio-tagged 
otters in California (Siniff and Ralls 1988). This comparable approach to data collection 
helped us to determine which aspects of sea otter demography, behavior, and ecology had 
changed since the 1980s. 
 
A series of standardized morphometric data (weight, length, tooth wear and body condition) 
as well as various samples (blood, swabs for bacterial culture) were obtained from each 
captured otter. This information, as well as necropsy data from the instrumented animals that 
died during the study, provided the basis for the information on animal health presented in 
Chapters 9 and 10. 
 
By using the multifaceted and highly collaborative approach described above, which 
involved contributions from numerous researchers with a variety of technical backgrounds, 
we were able to achieve the greatly increased understanding of the California sea otter 
population described in this report. 
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Chapter 2.  Spatial and temporal variation in sea otter demography 
 
M. Tim Tinker, Daniel F. Doak, James A. Estes, Brian B. Hatfield, Michelle M. Steadler and 
James L. Bodkin 
 
 
Abstract 
 
1) Better information on historical and current population dynamics is central to 

understanding patterns of growth and decline in the California sea otter population. We 
developed a maximum likelihood-based analytical method to estimate historical age/sex 
specific vital rates as well as spatial and temporal variation in vital rates from 
longitudinal databases on population census numbers and the age-structure of salvaged 
carcasses. 

 
2) We estimated current demographic parameters by conducting a mark-recapture study, 

measuring survival and reproduction of 115 radio-tagged individuals between 2001 and 
2004. These current estimates were compared to estimates from a similar study of radio-
tagged otters conducted in the mid-eighties. 

 
3) Together, these two approaches indicated that survival has decreased substantially 

between the early 1990s and the present and is lowest in the north-central portion of the 
population's range. 

 
4) The greatest decrease in survival was for adult females (≥ 4 years of age).  Variation in 

the survival of this age/sex class is primarily responsible for regulating population 
growth and driving population trends. 
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Introduction 
 
Spatial and temporal variation in population abundance is a universal characteristic of all 
wildlife species, and understanding the causes of such variation is a fundamental goal of 
population biologists (Caughley 1977).  Unfortunately, while it is often straightforward to 
detect trends in population abundance, determining the cause of observed trends is generally 
much more difficult.  Populations vary in abundance due to changes in the vital rates of 
individual animals (birth, death, immigration and emigration), which are shaped by an 
almost infinite array of biotic and abiotic factors.  Nonetheless, determining the patterns and 
sources of variation in demographic rates is a necessary step in the assessment of population 
viability (Doak and Morris 2002), and analytical models that incorporate demographic 
variation have been important tools in the conservation of threatened populations such as the 
Yellowstone grizzly bear (Eberhardt et al. 1994, Doak 1995, Pease and Mattson 1999) and 
the northern spotted owl (Lande 1991, Forsman 1993). 
 
Unfortunately, for many endangered or threatened species there are few (or no) reliable 
estimates of demographic rates.  Direct estimates are difficult and costly to acquire, requiring 
longitudinal records from marked individuals: such records are generally obtained using 
tagging, band recovery or biotelemetry methods, collectively referred to as “mark-recapture” 
data (White 1983, Pollock et al. 1990).  In the case of large vertebrate species with broad 
geographic ranges and long life spans it is particularly difficult to obtain mark-recapture data 
over long enough time periods and over sufficiently large areas to form a representative 
picture of the key demographic drivers of population dynamics.  In the few cases where 
demographic data have been collected over appropriate spatial and temporal scales for large 
vertebrates, the resulting data sets have provided powerful tools for projecting future 
population dynamics and/or identifying key life history stages for focusing management 
efforts (e.g. Crouse et al. 1987, Eberhardt et al. 1994, Crooks et al. 1998, Coulson et al. 
1999, Milner-Gulland et al. 2000, Schaefer et al. 2001).  However, for most large species it 
is either unfeasible to initiate large scale mark-recapture programs, or else mark-recapture 
programs were not in place when important population dynamics were occurring.  For 
example, in the case of the California sea otter (Enhydra lutris nereis) a mark-recapture 
program now underway provides estimates of recent demography (this paper), but cannot 
shed light on past population declines. 
 
Given the above-mentioned limitations of mark-recapture studies, it is clearly important to 
develop alternative methods for inferring demography of populations, making most effective 
use of whatever data sets are available (Doak and Mills 1994).  One alternative method is the 
indirect estimation of demographic rates from population age structure (Caughley 1977).  
Although the reliability of indirect estimates based on standing age structure has traditionally 
been restricted by the assumption of constant population size, methodological variations 
have been proposed that circumvent this assumption (e.g. Eberhardt 1988, Udevitz and 
Ballachey 1998, Doak and Morris 1999).  Unfortunately, for many non-harvested species 
there is no reliable means of measuring the standing age structure, particularly if lethal or 
invasive sampling is not feasible (i.e. for many endangered species) and there are no visually 
obvious individual features that correlate with age.  One way around this problem is to 
sample dead animals rather than live ones: a method proposed by Doak and Morris (1999) 
provides a means of inferring demographic rates, and variation in those rates, using the age 



Final Study Report – Estes et al  

14 

structure of death assemblages.  For many vertebrate species, carcasses can be collected with 
little effort and age estimates derived by sectioning of bones or teeth (Matson 1981, Bodkin 
et al. 1997): for example, this method was recently used to assess the long-term impact of a 
major environmental perturbation (the Exxon Valdez oil spill) on a population of sea otters 
in Prince William Sound by measuring changes in the age-structure of beach-cast carcasses 
(Monson et al. 2000a).  In addition to indirect estimates based on age-structure, simple 
population counts conducted over many years may be useful for evaluating alternative 
hypotheses about variation in demographic rates (Hilborn and Mangel 1997, Doak and 
Morris 2002), particularly if these counts are structured by developmental stage (e.g. 
juveniles vs. adults, Pascual and Adkison 1994).  
 
Here we develop a methodological approach to inferring patterns of demographic variation 
in a population.  In part 1, we extend the methodology described by Monson et al. (2000a) to 
include an assessment of spatial as well as temporal variation in demography, to incorporate 
other data sources besides carcass age structure (in particular, population counts), and to 
more formally incorporate model uncertainty.  Next, in part 2, we apply this method to the 
California (or southern) sea otter, a protected sub-species with “Threatened” status under the 
Endangered Species Act (USFWS 2003).  Although range-wide counts indicate 
unequivocally that population recovery ceased in the mid 1990’s (Figure 2), it is less clear 
what specific demographic changes were responsible for the change in population dynamics.   
 
 
 

 

 

 

 

 

 

 

 

 
Figure 2.  Annual range-wide counts of southern sea otters, Enhydra lutris nereis, conducted between 1984 
and 2002.  Values represent the three-year running average of the spring counts of independents (solid line) and 
the annual average of the spring and fall counts of dependent pups (dashed line). 
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Data presented by Estes et al. (2003) indicate that periods of decline in southern sea otters 
are associated with increased mortality rather than decreased birth rates: we now investigate 
in greater detail the spatial and temporal changes in demographic processes that halted 
population recovery in the 1990s.  Reliable demographic information is needed to guide 
decision making on management options currently under consideration (Greg Sanders, US 
Fish & Wildlife Service, pers. comm.) and to ensure the long-term recovery of this 
population (USFWS 2003).  The analytical approach described here provides such 
information, and at the same time raises important questions about the way that model 
selection methods can be used in the context of complex models and data sets, as we discuss.    
 
 
Methods 
 

Part 1: Estimating past demographic rates (1992-2001) 
 
Field data 
 
Two types of field data were available for the period of interest: population counts and 
beach-cast carcasses classified by age, sex and location of recovery.  Standardized, range-
wide population counts of the southern sea otter are conducted twice annually (Estes and 
Jameson 1988, Estes et al. 2003): a spring survey (early May) provides the primary index of 
population growth for this population, while a fall survey (early November) is conducted 
primarily to better estimate the pup production data.  On road-accessible stretches of 
coastline (~45% of the current range), counts are conducted by experienced teams of shore-
based observers using binoculars and spotting scopes.  The remaining areas (~55% of the 
current range) are counted from fixed-wing aircraft: three observers and a pilot conduct the 
aerial counts by flying transects parallel to shore and spaced approximately 800 m apart, at 
an air speed of 90 nm/hr, and at 65 m elevation.  The aerial portions include many low-
density areas, so that the proportion of animals counted from the aircraft is generally about 
20% of the total count.  For both ground and aerial counts, each otter (or group of otters) is 
marked onto a 1:20,000 coastline map, and these maps are later digitized into a GIS 
database.  The net result of the survey is an uncorrected, minimum count of independent 
otters and dependent pups (0 – 6 months of age).  For independent otters we used 11 spring 
counts made during the period 1992–2002: the numbers counted during these surveys ranged 
from 1790 to 2095.  For dependent pups we used the average of the spring and fall counts 
made during the same period: using the mean number from these two surveys reduced the 
effect of any seasonal variation in the number of dependent pups present during a given 
census.  
 
The California Department of Fish and Game (CDF&G) and the Biological Resources 
Division of the U.S. Geological Survey (USGS) have maintained a salvage network to 
collect beach-cast carcasses of sea otters since 1968.   Information about beach-cast 
carcasses – date of recovery, sex, age-class, length, weight, condition, recovery location, and 
cause of death – is added to a database maintained by U.S. Geological Survey (Pattison et al. 
1997).  Estes et al. (2003) provided a recent summary of this database, which currently 
contains data from over 3900 carcasses.  Since 1992, tooth-age estimates have been collected 
from all beach-cast carcasses, with the exception of pups (<100 cm total length) and those 
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for which an unbroken premolar could not be obtained.  Age-at-death was estimated by 
cementum analysis of a single upper premolar tooth (Bodkin et al. 1997) using consistent 
methods (Matson's Laboratory, Milltown MT), and each age estimate was accompanied by a 
quality code of A (excellent), B (good) or C (poor).  For the current analysis, we used ages 
from all carcasses collected between January 1992 and December 2001, with estimated age 
of 1 or more and quality code of A or B, for a total sample size of 742.  We excluded 0-year 
old carcasses because they were underrepresented in the carcass record to an unknown 
degree, mainly as a result of increased susceptibility of small carcasses to decomposition or 
scavenging (Ames et al. 1983, Pattison et al. 1997, Estes et al. 2003).   
 
Overview of Modeling Approach 
 
Our general approach can be broken into five steps: 1) use logit functions to predict 
population vital rates (survival and reproduction) that vary by age, sex, time period and 
geographic area; 2) use these estimated rates to construct a modified Leslie matrix for the 
population, and use this matrix to project population growth (and track age structure) over 
the study period.  This results in expected population counts for each year, as well as 
expected age-distributions of individuals dying each year; 3) compare the expected 
population counts and carcass age structures with the field data, and use maximum 
likelihood techniques to find the parameter values that best predict the observed data; 4) 
repeat steps 1–3 using many different logit functions to predict vital rates, varying in 
complexity (and thus number of parameters) and allowing for different combinations of main 
effects (age, sex, time and location) and interactions; 5) use information theory (AIC 
methods) to select the set of “best” models (those model forms that provide most predictive 
power and maximum parsimony), and use this set of models to describe underlying 
demographic changes over the study period, while accounting for model uncertainty.  We 
explain each of these steps in the following sections. 
 
Formulating age-, sex-, time- and location-dependent demographic rates 
 
Although sea otter births can occur throughout the year (Wendell et al. 1984, Jameson and 
Johnson 1993), we formulated our model in terms of discreet age classes, with the time-step 
set to 1 year.  This simplifies presentation of results, and better corresponds to the discreet 
age scores resulting from the tooth cementum analysis.  A discrete model was also 
appropriate because a) total population counts were made annually, and thus expected vs. 
observed population growth could only be evaluated in yearly intervals; and b) reproduction 
in mature sea otters, although occurring throughout the year, is effectively an annual event at 
the level of the individual: gestation lasts approximately 6 months, followed by the birth of a 
single offspring that is dependant on exclusive maternal care for a period of approximately 6 
months, resulting in a maximum reproductive output of 1 weaned offspring per female, per 
year (Wendell et al. 1984, Jameson and Johnson 1993).  The vital rates of concern are annual 
survival probabilities (s) and, for females, annual birth rates (b) and weaning success rates 
(w).  We assumed that vital rates might vary as a function of age, sex, time period and 
location.   
 
The probability that a single sea otter (age x, sex y, located within geographic area g) would 
survive from year t to year t+1 was estimated using a logit function of the form: 
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where fx, fy, ft, and fg are sub-functions that specify the effects of age, sex, time and location, 
respectively. We conducted all calculations for animals aged 1 year or greater (x = 1, 2… 19 
years old): for the first year class, x = 0, we set survival probabilities equal to that of 1 year 
olds (x = 1).  While this is likely a reasonable approximation (Monson et al. 2000a), we have 
no way to directly gauge its validity because we could not include 0-year old carcasses in the 
maximum likelihood fitting, due to potential bias (see above).     
 
The first sub-function, fx, accounted for variation due to year class: 
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where [θ1 θ2 θ3 θ4] is an array of fitted parameters (for all equations, θ  symbols indicate 
fitted parameters).  Equation 2 is essentially a linear, 3rd-order polynomial function with an 
additional term added to allow for greater flexibility in fitting juvenile survival.  When 
converted to a logit, this function generally results in an “inverted U” shaped survival curve, 
typical of large mammals (Caughley 1977), but is sufficiently flexible to fit a wide range of 
survivorship schedules.  Two previous demographic models constructed for sea otters 
(Eberhardt and Siniff 1988, Siniff and Ralls 1988) have used a competing-risks function to 
model survivorship (Siler 1979, Eberhardt 1985), a slightly different approach to that 
employed here.  The chief advantage of the competing-risks function (also called a 
proportional hazards function) is that the fitted parameters can be interpreted directly as age-
specific mortality risks.  The advantages of the logit function (equation 1) are that fewer 
parameters are required to account for the effect of age (4 vs. 5 parameters) and the function 
can be easily expanded to include other effects (e.g. sex, time and location).  For our 
purposes the important question is whether one function provides a better fit to empirical 
data.  Using age-specific survival estimates for southern sea otters in the 1980s as a sample 
data set (Siniff and Ralls 1988), we compared the goodness-of-fit of a 4-parameter logit 
function (i.e. equation 1 and 2) with that of a 5-parameter, competing-risks model (Eberhardt 
1985).  The logit function resulted in a fitted curve virtually identical to that produced by the 
competing-risks function, and provided equivalent goodness of fit (adjusted R2 = 0.995 for 
both functions).  
 
We incorporated male-female differences in survival using the function: 
 

65 θθ ⋅⋅+⋅= yxyf y  3 
 
where y = 0 for females and y = 1 for males.  Equation 3 allows for lower or higher survival 
of males relative to females, as well as a simple age-sex interaction. 
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To allow for temporal variation in survival, we used one of two functions: ft

1 was used to 
model smoothly changing survival rates, while ft

2 was used to model discrete time effects.  In 
the first scenario, we modeled changes in survival that could be gradual or rapid, but were 
still continuous across years: 
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Equation 4 allows for both linear and higher order time effects, as well as interactions 
between time, age and sex.  As an alternative to a continuous time effect, we also considered 
changes in survival that may have occurred suddenly, effectively treating time as a 
categorical variable: 
 

16151413
2 θθθθ ⋅⋅⋅+⋅⋅+⋅⋅+⋅= yxAyAxAAft  5 

 
where A is a switch variable: A = 0 if t < θt, A = 1 if t ≥ θt, and θt is a fitted parameter that 
specifies the temporal breakpoint in survival probabilities.  As with equation 4, equation 5 
allows for interactions between time, age and sex.  As shown, equation 5 allows for two time 
categories; however, by adding additional switch variables (and thus additional fitted 
parameters), we also fit models allowing for three or four time categories.   
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Figure 3.  Range of the southern sea otter along the mainland coast of California (range limits based on 2003 
survey data) divided into 14 sections of similar sub-tidal habitat (Laidre et al. 2001).  These sections were used 
as fundamental geographical units for our analysis of spatial variation in demography, although the northern-
most units (1a and 1b) and the southern-most units (10a, 10b, 10c and 10d) were collapsed into sections 1 and 
10, respectively, in order to achieve sufficient carcass sample sizes for each of the 10 remaining coastline 
sections.  Also shown are 4 broader geographical sub-divisions: the northern periphery (consisting of coastline 
section 1), north-center (sections 2-5), south-center (sections 6-9) and southern periphery of the range (section 
10). 
 
 
We incorporated spatial variation in survival by defining discreet geographic areas: 
specifically, we divided the sea otter’s range in California into different regions within which 
demographic rates were assumed to be constant, but between which rates were assumed to 
vary.  The locations of boundaries between groups, and the actual number of groupings, 
were treated as unknowns to be determined by maximum likelihood analysis.  To make this 
fitting manageable, we first divided the current range of the southern sea otter into 10 
contiguous coastline segments (Figure 3), corresponding to areas of similar habitat type 
(Laidre et al. 2001).  Because the average length of the 10 coastline segments corresponded 
roughly to the size of the annual home range of a single adult female sea otter (Ralls et al. 
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1996), we considered further sub-division unnecessary.  Spatial groups (g) were next defined 
as sets of one or more of these coastline segments: we did not require that all coastline 
segments within a group be geographically contiguous.  For example, assuming only two 
group levels (g = 1 or 2), three of the 46 possible schemes to be evaluated would be:  
 
i)  1 1 1 1 1 2 2 2 2 2 

ii)  1  2 2 2 2 2 2   2 2 2 

iii)  1 2 2 2 2 1 1 1 1 1 

 
Each postulated grouping scheme was exclusive (i.e. every one of the coastline segments 
was assigned to one and only one group), and all possible permutations of up to four groups 
were considered.  For models with two group levels, the effect of location on survival was 
incorporated using the function: 
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where B is a switch variable: B = 1 if g = 2 and B = 0 if g ≠ 2.  Equation 6 allows for 
interactions between the location effect and age, sex and time effects.  By adding additional 
switch variables (and thus additional fitted parameters), we could allow for three or four 
grouping levels.  We considered the location of each spatial breakpoint to be a fitted 
parameter: thus example i, above, would require 1 additional parameter (specifying the 
breakpoint between coastline segment 5 and 6), while example iii would require 2 additional 
parameters (specifying breakpoints between coastline segment 1 and 2 and between coastline 
segment 5 and 6). 
 
The probability of a mature female sea otter producing an independent juvenile is the 
product of two vital rates, the birth rate (b) and the weaning success rate (w, defined as the 
probability that an offspring will be successfully reared from birth to weaning at 6 months, 
conditional upon survival of the mother).  Because previous studies suggest that b is 
relatively invariant within and between sea otter populations, we set b as a constant, while 
allowing w to vary.  The age of first reproduction reported for southern sea otters ranges 
from 2 to 5 years, with most females producing their first pup by age 3 (Sinha et al. 1966, 
Jameson and Johnson 1993, Riedman et al. 1994).  Published estimates of the birth rate for 
southern sea otters range from 0.88 to 1.07, depending on the method of calculation (Siniff 
and Ralls 1991, Eberhardt and Schneider 1994, Riedman et al. 1994, Eberhardt 1995).  We 
set the age of first reproduction to 3 years, and the annual birth rate for mature females to 0.9 
(Riedman et al. 1994). 
 
Weaning success in sea otters can vary considerably, unlike birth rates, and has been shown 
to be age dependant, with older females successfully rearing a greater proportion of pups to 
independence (Riedman et al. 1994, Monson et al. 2000b).  For our analysis, the only means 
of fitting weaning success rate was to compare predicted with observed total pup counts.  
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Although annual pup counts provide sufficient information with which to detect changes in 
reproductive success at the level of the population, they are not alone sufficient to estimate 
age-specific patterns of reproductive success.  Our solution to this problem was to start with 
a baseline vector of age-specific weaning success rates (w′, derived from previously 
published data) and then allow w′ to be adjusted up or down by a modifying function, which 
could be fit to the raw data.  Our baseline values for age-specific weaning success were 
derived from data reported by Riedman and Estes (1994).  To create a smoothed w′ vector, 
we fit a single-parameter logit function to their point estimates: 
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where γ is the fitted parameter (γ = 0.01548, 95% CL = 0.0096–0.0213).  Equation 7 
produced a good fit to the published data (R2 = 0.823), and resulted in an increasing, S-
shaped curve approaching 1 for females aged > 10 years.  Realized weaning success, w, was 
then calculated as the product of the baseline vector, w′, and a modifying function:  
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where B is a spatial switch variable, as defined for equation 6 (the same spatial grouping 
levels, g, were used for weaning success and survival).  As shown, equation 8 allows for 
both a continuous time effect and a categorical location effect (with two spatial grouping 
levels).  We also evaluated categorical time effects (equivalent in form to equation 5), and 
allowed for up to four spatial grouping levels by adding additional switch variables (and thus 
additional fitted parameters).   
 
The functions shown in equations 3, 4, 5, 6 and 8 can each be modified by adding or 
removing individual terms, or simplified to a single parameter, or even set to equal 0 (in 
which case survival and weaning success become a function of age only, with no sex, time or 
location effects).  Each unique combination of functional forms, in conjunction with each 
unique spatial grouping scheme, represents a hypothetical model of demographic variation in 
the southern sea otter between 1992 and 2001: we will hereafter refer to a particular model 
form as Mi (i =1, 2…I, where I is the total possible number of unique model forms).   Each 
unique model, Mi, will have an associated vector of model parameters, θi (θi = [θ1, θ2 …θn]); 
the length of vector θi will vary from the simplest model (n=4) to more complex models 
(n>50).  Note that the estimates of survival and weaning success are not themselves model 
parameters, but are derived from the output of the model.  Thus for model Mi, each unique 
combination of parameter values will result in a unique set of survival and weaning success 
estimates.  
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Matrix projection: calculation of expected carcass distributions and population counts  
 
We used a highly modified age-classified Leslie matrix (Leslie 1945) to model population 
dynamics over the study period (T = 11 years, from 1992 to 2002), classifying animals by 
age, sex, and spatial grouping (Schoen 1988).   We did not consider immigration or 
emigration (probability of transition between spatial groupings was set to 0).  One useful 
characteristic of population matrices is that initial stationary age-distribution vectors and 
vital rate sensitivities and elasticities can be rapidly derived using standard algebraic 
techniques (Caswell 2001).  Another key advantage for our analysis is that changes in the 
age-distribution and abundance of the living population, as well as expected numbers of age-
classified carcasses produced over a specified time period, can be easily calculated as the 
product and by-product (respectively) of matrix multiplication with an age-classified 
population vector.  Starting with the number of otters, N, in a particular year class (x) and sex 
class (y), at a particular time (t) and within a particular spatial grouping (g), we calculated 
the expected number surviving to time t+1 as:  
 

gtyxgtyxgtyx sNN ,,,,,,,1,,1 ⋅=++  9 
 
and we calculated the associated expected number of carcasses produced as: 
 

gtyxgtyxgtyx NND ,1,,1,,,
exp

,,, ++−=  10 
 
Equation 10 was used to create the sex-, time- and location-specific vectors of expected 
carcass age distributions used in the Maximum Likelihood Analysis (see below).   
 
Equation 9 was used to calculate the expected numbers of independent otters at time t+1 for 
all year classes but the first: the expected numbers of animals entering the youngest year 
class at time t+1 were calculated as the summed reproductive output of all females in an area 
between t and t+1.  In the interest of simplifying matrix projections, we combined the vital 
rates b and w in order to express reproduction as Rx,t,g→ y, the probability of a female of year 
class x in spatial group g at time t successfully producing a 0-year-old recruit of sex y that 
was alive at time t+1.  The simplest approximation for a birth-flow population would be to 
consider a “typical female” that gives birth exactly half way through the year (Caswell 
2001): for such an individual, Rx,t,g→ y would be calculated as ½ ⋅ bx ⋅ wx,t,g ⋅ sx,0,t,g (i.e. 
assuming 50:50 sex ratio, and accounting for the birth, weaning and survival probabilities for 
the mother).  However, because we wished also to keep track of the expected number of 
dependant pups at time t+1 (for comparison with the annual pup counts), we instead divided 
Rx,t,g→ y into two components: R1

x,t,g→ y the probability of producing a pup that successfully 
weans and survives as an independent juvenile at t+1, and R2

x,t,g→ y, the probability of 
producing a pup that is still dependent during the census at t+1.  The first probability 
accounts for females that pup during the first six months after the census, while the second 
accounts for females that pup during the six months prior to the census: we assume that birth 
probabilities are divided approximately equally between these two groups. 
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For the first component of reproduction, R1
x,t,g→ y, we consider a typical female to be one that 

produces a pup exactly 3 months after the census.  Such a female must survive for ¾ of the 
year if her pup is to be weaned successfully, and the weaned pup must then survive for the 
remaining ¼ of the year as an independent juvenile.  We assumed that the post-weaning 
survival rate was equal to the survival rate for the subsequent juvenile year class, and 
calculated R1

x,t,g→ y as:  
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Calculation of the second component of reproduction, R2

x,t,g→ y, was complicated by the fact 
that the probability of pup mortality is not constant throughout the weaning period (Riedman 
et al. 1994, Monson et al. 2000b), and thus simply considering a “typical female” (one that 
pups 3 months prior to the census) would provide a biased estimate of the number of 
dependent pups present at the census.  Detailed longitudinal data on pup survivorship during 
the 6 month dependency period were only available for Alaska (Monson et al. 2000b), 
although the general pattern of a rapidly declining mortality rate after birth was consistent 
with that reported for California (Riedman et al. 1994).  The Alaska pup survivorship data 
were closely fit by the function:  
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where lm is the proportion of pups surviving at month m of the 6 month pup dependency 
period, and w is the mean weaning success rate.  Based on the simplifying assumption that 
the number of pups born each month of the year is approximately equal, we used equation 12 
to calculated R2

x,t,g→ y as:  
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Combining equations 11 and 13, we calculated the number of individuals of sex y entering 
the 0-year class at time t+1, within spatial grouping g, as: 
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Equation 13 also allowed us to calculate the expected number of dependent pups that would 
be counted at time t+1 in spatial grouping g as: 
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For the first year of the study period, a population vector was initialized as the product of the 
observed population count (independents + dependant pups) and the stationary age 
distribution (SAD) associated with the matrix transition probabilities at t=1.  We used the 
SAD in light of the fact that population growth had been relatively constant for many years 
prior to the study period (at lambda = 1.05; Figure 2), presumably allowing demographic 
rates to stabilize.  For all subsequent years, we combined the results of equations 9, 14 and 
15 to calculate the expected number of independent otters that would be counted at time t+1 
in spatial group g as:  
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Maximum Likelihood Analysis 
 
For any given form of the demographic model, Mi, there are an infinite number of possible 
combinations of parameter values.  The goal of maximum likelihood analysis is to find the 
single “most likely” set of parameter values, given the observed data sets.  Specifically, we 
want to evaluate the relative likelihood (l) of obtaining the observed counts of independent 
otters (Nobs), dependent pups (Pobs), and carcass age distributions (Cobs), given the expected 
counts (Nexp and Pexp) and carcass age distributions (Dexp) predicted by model i with 
parameter values j (denoted hereafter as Mi,j) 
 
Following Doak and Morris (1999) we assumed that, given a hypothesized age-at-death 
distribution, the probability that a randomly selected carcass would belong to year class x (x 
= 1, 2…20) is described by the multinomial distribution.  For each model form and set of 
parameter values, Mi,j, we therefore calculated the likelihood of the observed carcass age 
distribution, Cobs, for each sex, time period and spatial grouping, as: 
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where Cx is the observed number of carcasses in year class x (for all year classes except the 
first) and dx is the expected proportion of carcasses in year class x, calculated simply as Dx/∑ 
Dx.  Equation 17 was solved separately for each sex, year and spatial grouping: the relative 
likelihood of model Mi,j over all sexes, years and spatial groupings is equivalent to the 
product of the l (Cobs | Mi,j) estimates.  
 
To calculate the relative likelihood of observed population counts, we assumed that the 
deviations between observed and expected counts were primarily due to observer error, 
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rather than process error, and that the deviations were log-normally distributed (Hilborn and 
Mangel 1997).  We let the variance in counts of independent otters be represented by σN

2, 
and the variance in counts of pups be represented by σP

2 (these represent additional fitted 
parameters).  For each model form, Mi,j, we calculated the likelihood of observed counts of 
independents, Nobs, as: 
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and we calculated the likelihood of observed counts of pups, Pobs, as: 
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As with equation 17, equations 18 and 19 were solved separately for each year and spatial 
grouping and then multiplied to obtain an overall likelihood estimate.   
 
The net likelihood of Mi,j is equivalent to the combined probability of obtaining the observed 
carcass age distributions and population counts across all years and spatial groupings, and 
thus must be calculated as the product of the product of equations 17, 18 and 19 over all time 
periods and spatial groupings (and in the case of 17, for both sexes).  To simplify 
calculations, and following standard practice, we converted all likelihood values to negative 
log-likelihoods (L = -log(l)) and instead calculated the sum of the associated L values 
(Hilborn and Mangel 1997).  The maximum likelihood solution for the best parameter 
estimates for model Mi was obtained by minimizing the total L.  To perform model fits we 
used a box-bounded, global optimization routine based on the DIRECT modification of the 
Lipschitzian minimization algorithm (Jones et al. 1993).  Note that we did not weight the 
two data sets (carcass age structure and population counts) according to their expected 
variability (but see Pascual et al. 1997) because the un-weighted likelihood values provided 
reliable results using simulated data sets with a wide range of introduced observer error.  
 
Incorporating model uncertainty 
 
Maximum likelihood analysis provided the optimal set of parameter values for each unique 
model form, Mi; however, we had no a priori information with which to judge which single 
model (or sub-set of models) would provide the best approximation to reality.  Naturally the 
models with more parameters provided better fit to the data and thus had smaller values of L, 
but this measurement alone provides a poor indication of the robustness or utility of a 
particular model (Hilborn and Mangel 1997).  We used information theory criterion to 
compare and select models, and to formally account for model uncertainty in our final, 
overall estimates of demographic parameters (Burnham and Anderson 1998). 
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For each model form, Mi, we calculated an associated AIC value (Akaike 1973): 
 

iii nLAIC ⋅+⋅= 22 min,  20 
 
where Li,min is the minimum negative log-likelihood value and ni the number of parameters 
for model Mi.  The AIC value provides an unbiased method for comparing both nested and 
non-nested model forms, penalizing models with large numbers of parameters (Akaike 
1973).  The best-supported model, given the data at hand, has the lowest associated AIC 
value, AICmin.  However, to consider only the single best model (out of all possible models) 
is to ignore uncertainty: put another way, if there were a replicate data set for the time period 
in question, it is quite possible that the AICmin for the replicate data would be associated with 
a different model form.  To account for this uncertainty, we calculated Δi for each model (Δi 
= AICi – AICmin), following Burnham and Anderson (1998).  Models with low values of Δi 
are well supported by the data, while models with high values of Δi have very little support 
(that is, they provide a very poor approximation to the existing data).  We limited our 
consideration to the sub-set of Z models having Δi values below a cut-off value, Δcrit, which 
we initially set to 10 (Burnham and Anderson 1998).  Finally, for each of the Z models 
considered, we calculated Akaike weights, αi as: 
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The αi values sum to 1 for the Z models, and represent a measure of the relative level of 
support for model i (Burnham and Anderson 1998).   
 
The vast number of possible spatial grouping permutations that could be included in our 
model formulation presented a severe computational challenge.  Rather than finding 
maximum likelihood solutions for every possible combination of functional form and spatial 
grouping scheme, we used an iterative selection approach to limit the number of grouping 
schemes considered.  First, for a subset of 20 functional forms for other model variables (i.e. 
those 20 functional forms that provided the best fit to the data with no spatial groupings), we 
conducted maximum likelihood analysis for all combinations of spatial grouping schemes.  
We then summed αi values across all models that included each of the 9 possible break 
points (i.e. the 9 boundaries between the 10 coastline sections), and used αi sums as an 
indication of the relative support for each breakpoint.   The three breakpoints with most 
support each had over 15% of the summed αi, for a total of 61%, while all other breakpoints 
had less than 10% (Figure 4).  We conducted all subsequent analyses using the 15 spatial 
grouping schemes that included all or a sub-set of these three breakpoints.  The total number 
of model forms evaluated was 35,178, which included all combinations of the 15 spatial 
groupings and biologically plausible formulations of fx, fy, ft, and fg.  We then applied Δcrit to 
identify the Z models to be used for subsequent analysis.  
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Figure 4.  The relative degree of model support for all potential arrangements of 10 coastline sections into 
areas of similar demography.  Summed AIC weights (αi values) are shown at each potential break-point: the 
three peaks of the resulting distribution correspond to the best-supported break locations. 
 
 
We next calculated model-averaged estimates of all demographic rates, as well as the 
associated unconditional variance estimates.  To simplify presentation, we let Ŝi represent the 
estimated survival for a sea otter of age x, sex y, at time t and in geographic area g, given the 
particular set of parameter values associated with the maximum likelihood solution for Mi 
(Li,min).  Any set of parameter values other than the maximum likelihood solution will result 
in an estimate, Si,j, which is (by definition) less likely than Ŝi, given the observed data.  The 
probability that Si,j is the correct estimate, relative to Ŝi, can be obtained using the χ2 
cumulative frequency distribution (with one degree of freedom, assuming only one 
parameter at a time is varied, Hilborn and Mangel 1997):  
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We sequentially varied each parameter in model Mi, selecting 100 values for each parameter 
from a uniform random distribution with bounds defined as the best-fit value plus and minus 
10% of the best-fit value.  This resulted in a set of J survival estimates (Si,j) and associated 
probabilities, calculated using equation 22.  We then calculated a model-specific variance 
estimate for Si as: 
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Model-averaged estimates of age-specific survival ( Ŝ ) were calculated (following Burnham 
and Anderson 1998) as: 
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Similarly, using the model-specific variance estimates, we calculated unconditional variance 
estimates as: 
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The model averaged estimates for weaning success rates, as well as their associated 
unconditional variance estimates, were calculated in an analogous fashion.  We evaluated the 
effect of including more or fewer models by varying Δcrit: this parameter was then set to that 
value at which further increases produced no significant changes in the model-averaged 
estimates (i.e. the estimates stabilized to 2 decimal points).   
 
As a graphical evaluation of the goodness of fit of the model estimates of demographic rates, 
we compared the matrix projection of population growth (using best-fit model to generate 
vital rates) with the observed population counts for the period 1993–2001.  Graphical 
comparisons of expected and observed population dynamics were made for the population as 
a whole, and also for 4 major geographic sub-divisions: ordered from north to south, these 
were 1) the Northern periphery of the range (Half Moon Bay to Santa Cruz); 2) the North-
center of the range (Santa Cruz to Point Sur); 3) the South-center of the range (Point Sur to 
Pt. Buchon); and 4) the Southern periphery of the range (Pt. Buchon to Gaviotta; Figure 2).    
 
Demographic rates and their unconditional variance estimates were calculated for 20 year 
classes; however, for presentation purposes we collapsed these 20 estimates into 4 broader 
categories corresponding to descriptive age classes: juveniles (age 0–1 years), sub-adults 
(age 2–3 years), prime-age adults (age 4–10 years) and old adults (11–20 years).  Collapsing 
the year classes into these age classes facilitated comparisons with survival estimates derived 
from telemetry-based studies (see below), for which survival is generally estimated by age 
class rather than year class (Siniff and Ralls 1991).  For each age class, a, model-averaged 
estimates for survival and weaning success rates, aŜ  and aŴ , were calculated by taking the 
arithmetic means of the survival and weaning rates of the constituent year classes.  Variances 
for each age class were calculated using the Delta method (Hilborn and Mangel 1997), a 
procedure for calculating the variance associated with a parameter that has been derived 
from several other variables (in this case, each age class estimate is derived from several 
year class estimates).  We assumed (conservatively) that the estimates for year classes within 
an age class were highly correlated, specifically that ρ = 1, and therefore that the covariance 
of any two year classes was equal to the square root of the product of their individual 
variances, leading to an unconditional variance estimate for survival of age class a (where a 
consists of n constituent year-classes, x = 1, 2…n) of: 
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where xa SS ˆˆ ∂∂ was set to 1/n for all year classes (i.e. we did not weight by the number of 
individuals in each year class).  Variances for age class-specific weaning success rates were 
calculated in an analogous fashion. 
 
We calculated 95% unconditional confidence intervals for all estimates using a logit-based 
“back transform” method (Burnham and Anderson 1998).  For a particular parameter 
estimate, p, the lower and upper 95% confidence limits (pL and pU, respectively) were 
calculated as: 
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and where pvar  is the unconditional variance estimate for the parameter in question.     
 
All analyses in Part 1 were conducted using MATLAB programming language (The Math 
works Inc.), and maximum likelihood function optimization was performed using 
TOMLAB, a third party optimization program for MATLAB (Holmström 1999).   

 
 

Part 2: Estimating recent demographic rates (2001-2004) 
 
Between October 2000 and September 2003 we captured and tagged 115 adult sea otters as 
part of a long-term mark-recapture study of southern sea otters.  In order to maximize 
statistical power for one age class, and based on indications from the carcass record that 
decreased adult survival might be largely responsible for the faltering recovery of the 
population as a whole, we intentionally biased our sampling to capture mostly adults: 
consequently, our sample sizes were too low to present mark-recapture survival data for 
juveniles or sub-adults.  
 
In general, capture and instrumentation of study animals followed methods described for a 
previous study (Siniff and Ralls 1991): potential study animals were selected arbitrarily 
(with the exception of the age-bias mentioned above) and captured by re-breather-equipped 
divers using “Wilson Traps” (McCleneghan and Ames 1976).  Study animals were marked 
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with color-coded flipper tags, which allow visual identification in the field, and were 
instrumented with abdominally-implanted VHF radio transmitters (ATS Inc., Isanti, MN) 
equipped with reliable, medical-grade batteries (Medtronic Inc., Minneapolis, MN).  After 
anaesthetizing the study animals, implant surgeries were performed by qualified 
veterinarians following a standardized procedure (Williams and Siniff 1983, Monson et al. 
2001).  A series of standardized data and measurements, including weight, length, tooth 
condition, and body condition were also obtained from each individual.  A reversal agent 
was used to revive the animals after surgery, and they were immediately released back to 
their capture locations (usually within 2 hours of their initial capture).  All of the radios were 
equipped with thermal monitors that allowed us to record exact body temperature and/or to 
detect mortality whenever the animal was in radio contact (mortality was assumed when the 
internal temperature dropped below 35C, and the carcass was retrieved for necropsy 
whenever possible).   
 
We partitioned our sampling effort into 3 study areas: 30 females and 13 males were 
captured at Monterey (north-center of range), 35 females and 12 males were captured at San 
Simeon (south-center of range) and 25 males were captured at Pt. Conception (southern 
periphery of range).  At Pt. Conception we did not capture females because only males 
utilize this southern-most portion of the range.  All study animals were monitored regularly, 
both by visual observation and ground-based and/or aerial-based telemetry, for a minimum 
of 2 years or until they died or disappeared.  In the San Simeon study area, shore-based or 
boat-based observers were able to visually locate study animals 5–7 times per week, 
allowing for reliable estimates of reproductive parameters (birth rates and weaning success 
rates) as well as survival.  Visual re-sightings were slightly less frequent in the Monterey 
study area (at least 2 per week), allowing for reliable survival estimates but potentially 
biased reproductive estimates (Eberhardt and Schneider 1994).  Males captured at Pt. 
Conception tended to move frequently and over great distances throughout the range, 
making visual observation difficult and highly sporadic; however, twice-monthly range-wide 
aerial scans (using a Cessna plane equipped with ATS radio-tracking equipment) allowed us 
to verify location and survival status of these animals.  Results from the current study and 
from a previous study (that utilized identical instrumentation, Siniff and Ralls 1991) indicate 
that the VHF transmitters were generally reliable for 2 years of deployment.  Based on those 
study animals with precisely-known radio transmitter life spans (N = 25, mean = 756 days, 
95% CL = 629–886), there appeared to be a negligible failure rate for the first 18 months 
post-deployment; consequently, we restrict our analyses to the first 2 years of data for all 
animals, and treat all disappearances within 18 months of capture as presumptive mortalities.  
In total, 8 of 41 mortalities (20%) were presumptive and the remaining 33 were confirmed 
(carcasses were recovered). 
 
We analyzed survival data using a Kaplan-Meier “known-fates” model that allows for 
staggered entry of study animals (Pollock et al. 1989), and we conducted all computations 
using Program MARK (White and Burnham 1999).  We evaluated a range of model forms, 
ranging from the simplest possible model (no variation in survival rates) to more complex 
models that allowed for location effects (study area), sex and time effects, and all possible 
interactions.  Temporal effects evaluated included both study year and seasonal effects, 
where seasons were defined as winter (January–April), summer (May–August) and fall 
(September–December).  We did not allow for an age effect because all study animals were 
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considered to belong to a single age class (prime age adults).  For each model form 
evaluated, we calculated AIC values (equation 20) and Akaike weights (αi, equation 21) and 
used these to select the best-supported suite of models, limiting consideration to models 
having Δi values below 10.  We used model averaging to incorporate model uncertainty into 
the final estimates (see methods for Part 1, Burnham and Anderson 1998).   
 
We restricted analysis of reproductive parameters to the San Simeon study group, where 
visual re-sightings were most frequent and where the likelihood of missing unsuccessful 
reproductive events was minimal.  We calculated mean birth rate using the “direct method” 
(sensu Eberhardt and Schneider 1994):  
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where K is the total number of females monitored for at least 365 days, bk is the number of 
observed births observed for female k, and Nk is the number of days female k was monitored.   
For weaning success, we considered all pups with a dependency period of 120 days or more 
to have been weaned successfully (Riedman et al. 1994), and estimated mean weaning 
success across females.  
 
All estimates reported in the text are followed by 95% confidence intervals (CI95) and the 
error bars in figures represent ± 1 standard error (unless otherwise indicated).  With the 
exception of the birth rate and weaning success rate estimates derived from mark-recapture 
data, model-averaged estimates are reported throughout, and confidence intervals and 
standard errors reflect unconditional sampling variances.  The relative degree of support for 
specific model effects is represented by the summed AIC weights (Σαi) of all model forms in 
which the effect was present.  
 
 
Results 
 

Part 1: Past demographic rates (1992-2001) 
 
There were 210 model forms having Δi ≤ 10; however, after sorting models by their AIC 
values (from lowest to highest), αi values were found to be extremely low (≤ 0.005) for all 
but the first 35 models (Figure 5).  Reducing Δi,crit (the cut-off value for model consideration) 
down to 5 had no measurable effect on model-averaged vital rate estimates; we therefore re-
set Δi,crit to 5, restricting subsequent analyses to the 34 best-supported models (Appendix A). 
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Figure 5.  Profiles of AIC weights (αi values, top graph) and Δi values (bottom graph) for the 210 models with 
Δi ≤ 10.  The αi values approach an asymptote after model 35 (indicated by dotted line), which also corresponds 
to the final cut-off value (Δi = 5) used to select models for inclusion in model averaging. 
 
 
The model-averaged estimates of age-specific vital rates lead to a demographic schedule that 
is consistent with previous models (Siniff and Ralls 1988): annual survival was low for 
juveniles, increased to a maximum for animals aged 4–8 years, and then decreased gradually 
for older adults (Figure 6).  Female survival was higher than that of males at all ages and an 
age-sex interaction was present in 32% of models (Σαi = 0.23), resulting in an accelerated 
decrease in survival with age for males as compared to females: such a pattern is consistent 
with the female-biased sex ratio reported for southern sea otters (Jameson 1989).  In general, 
the model results indicated similar temporal and spatial trends in survival for males and 
females (Appendix B), but because changes in male survival rates have little effect on 
population growth (Caswell 2001) we report all further results for females only.  
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Figure 6. The Age-specific schedule of annual survival rates for females (solid line) and males (dashed line), as 
well as weaning success rates (dotted line).  Model-averaged estimates and their standard errors are shown for 
1992 in the north-center of the range. 
 
 
In 26% of models (Σαi = 0.20) the weaning success rate was lowered from the baseline, but 
was un-adjusted in all remaining models.  For adult females, the model-averaged estimate of 
weaning success was 0.61 (CI95 = 0.48–74).  There was little (if any) support for either 
spatial or temporal variation in weaning success: 1 of the 34 models considered included an 
increase in weaning success with time (Σαi = 0.01), and none of the best-supported models 
included a spatial effect. 
 
In contrast to weaning success rates, survival rates were variable over both space and time (a 
comprehensive table of model-averaged survival rates is provided in Appendix B).  Almost 
all models considered (97%, Σαi = 0.95) included a spatial effect, and while there were 
several possible grouping schemes (Appendix A), the common pattern in all cases was lower 
survival in the north-center of the range.  Survival rates were somewhat higher in the 
northern periphery and south-center of the range, and were highest at the southern periphery 
of the range (Figure 7).   The majority of models also included a time effect (65%, Σαi = 
0.60), which took the form of a decrease in survival rates over the study period: for example, 
adult female survival in the north-center of the range was 0.87 (CI95 = 0.83–90) in 1992 but 
decreased to 0.84 (CI95 = 0.77–89) in 2001.  Although the nature of the temporal change was 
continuous in many of these models (Σαi = 0.32), there was also substantial support for a 
categorical time effect (Σαi = 0.28), suggesting a sudden drop in survival between 1994 and 
1995 (Figure 8).  Models with a categorical time effect (as opposed to a continuous effect) 
were penalized for having an additional parameter (θt, the location of the temporal break), 
thus the degree of support for a sudden drop in survival in the mid 1990’s is unlikely to be 
spurious.    
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Figure 7.  Spatial variation in the annual survival rate of adult females.  Center curve shows the model-
averaged rate for 1992, while dashed lines indicate the unconditional 95% confidence bounds. 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 
 
 
Figure 8.  Temporal variation in the annual survival rate of adult females (solid lines) and juvenile females 
(dashed lines).  A) Estimated survival rates for 1992-2001 in the north-center of the range; B) estimated 
survival rates for 1992-2001 in the southern periphery of the range. 

Santa Cruz Pt. Sur Pt. Buchon
0.80

0.85

0.90

0.95

North End             < ===      Sea Otter Range      === >     South End

A
nn

ua
l s

ur
vi

va
l r

at
e

Santa Cruz Pt. Sur Pt. Buchon
0.80

0.85

0.90

0.95

North End             < ===      Sea Otter Range      === >     South End

A
nn

ua
l s

ur
vi

va
l r

at
e

0.8

0.82

0.84

0.86

0.88

0.9
A. North-center of range

Adult females
Juvenile females

1992 1994 1996 1998 2000 2002
0.8

0.82

0.84

0.86

0.88

0.9

A
nn

ua
l s

ur
vi

va
l r

at
e

B. South end of range

Year

0.8

0.82

0.84

0.86

0.88

0.9
A. North-center of range

Adult females
Juvenile females
Adult females
Juvenile females

1992 1994 1996 1998 2000 2002
0.8

0.82

0.84

0.86

0.88

0.9

A
nn

ua
l s

ur
vi

va
l r

at
e

B. South end of range

Year



Population Dynamics and Biology of the California Sea Otter 

35 

The spatial and temporal trends in survival were similar but not identical for all age/sex 
classes: 38% of the models considered (Σαi = 0.36) included interaction effects of some 
kind.  Three interactions were most common: juvenile and sub-adult survival tended to be 
relatively higher in the southern half of the range, the decrease in survival over time was not 
as pronounced in the south, and the temporal change in survival was relatively greater for 
older animals, such that the model-averaged adult survival rates tended to converge with 
juvenile survival rates by 2001 (Figure 8).  The proportional decrease in survival between 
1992 and 2001 was greatest for old adults; however, given the age-specific patterns of matrix 
elasticity values (Figure 9), decreased survival of prime-age adults likely contributed most to 
the observed change in population growth over the 1990’s.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.  Increase in annual mortality rates (ma = 1 – Sa) between 1992 and 2001 (black bars) and 
corresponding survival elasticity values (white bars) for 4 female age classes: juveniles, sub-adults, adults and 
old adults.  Elasticity values were derived algebraically from the 1992 matrix and summed for each age class. 
 
 
The model-averaged estimates of vital rates resulted in a relatively close match between 
expected and observed population growth, when compared at the level of the entire 
population (Figure 10A).  Interestingly, there was greater disparity between expected and 
observed counts when plotted separately for the four major geographic regions (Figure 10B).  
However, the greatest discrepancies were between expected and observed counts in the 
south-center and southern periphery of the range, and annual discrepancies were strongly 
and negatively correlated for these two areas (ρ = -0.82, P = 0.002), suggesting that the 
disparities reflect (to a large degree) the movement of animals between regions.    
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Figure 10.  Expected trends in population abundance between 1993 and 2001, as predicted by matrix 
projections using the maximum likelihood estimated vital rates.  Observed population counts are plotted for 
comparison.  A) Expected vs. observed counts for the entire population; B) expected vs. observed counts for 4 
major geographic sub-divisions of the range. 

 
 

Part 2: Recent demographic rates (2001-2004) 
 
In total, 27 adult females were monitored for at least 365 days and were used for estimation 
of reproductive rates.  The average monitoring period was 628 days per female, for a total of 
16,950 monitoring days, and 46 pups were produced within this period.  Although pups were 
produced year-round, the frequency of pup births was higher between September and 
February (n = 35) than between March and August (n = 11).  Individual females produced an 
average of 0.98 pups⋅yr-1 (standard error = 0.059, CI95 = 0.86–1.09) and had a mean weaning 
success rate of 0.61 (standard error = 0.088, CI95 = 0.57–0.65).  Both birth and weaning 
success rates were slightly higher than the equivalent rates reported for the 1980s (0.90 and 
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0.57, respectively: Siniff and Ralls 1991), although these differences were not statistically 
significant.  
 
The survival analysis resulted in 10 model forms having Δi ≤ 10.  The two best-supported 
models (Σαi = 0.71) included both a location effect and a seasonal effect, but no variation 
due to sex or study year (Appendix C).  There was overwhelming model support (Σαi = 
0.80) for a difference in survival between the center of the range (Monterey and San Simeon 
study areas) and the Pt. Conception study area, but very little support (Σαi = 0.02) for a 
difference between Monterey and San Simeon.  Animals from Pt. Conception experienced 
higher survival than animals from the center of the range (Table 1), consistent with the 
spatial patterns reported in Part 1 (Figure 7).  In the Monterey and San Simeon study areas, 
survival during the summer months was lower than fall and winter (Figure 11); this trend 
was not evident in the Pt. Conception study area, where summer survival rates were either 
identical (Σαi = 0.42) or slightly higher (Σαi = 0.54) than fall and winter survival rates.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11.  Seasonal variation in survival probabilities for adult females in the center of the range, as estimated 
from mark-recapture data.  Model-averaged estimates of quarterly survival are shown, spanned by their 95% 
confidence intervals. 
 
 
The recent survival rates reported here for adult females are considerably lower than the 
estimates reported from the 1980’s (Table 1), even though both studies used identical 
methodologies and spanned the same geographical range.  The trend for males is somewhat 
different, apparently having increased since the 1980’s (Table 1).  Combining the recent 
survival estimates and the 1980’s estimates (both derived from mark-recapture data) with the 
estimates for the 1990’s (derived from carcass age-distributions and census counts; Part 1) 
provides a consistent and comprehensive picture of temporal variation in adult female 
survival (Figure 12).   
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Figure 12.  Synthesis of survival estimates derived from two independent analyses and data sets, summarizing 
the inferred temporal changes in adult female survival in the center of the range.  The 1985 estimate is that 
reported by Siniff and Ralls (1991). 
 
 
Table 1.   Maximum Likelihood model-averaged estimates of annual survival rates for adult sea otters, derived 
from telemetry-based, mark-recapture data 
 

Sex/Study Group Mean SE L95 U95 

Females 
    

1984-86, Center of Range 1 0.91 0.088     -     - 

2001-03, Monterey peninsula 0.832 0.059 0.683 0.917 

2001-03, San Simeon 0.831 0.060 0.682 0.916 

Males 
    

1984-86, Center of Range 1 0.61 0.167     -     - 

2001-03, Monterey peninsula 0.833 0.060 0.683 0.918 

2001-03, San Simeon 0.833 0.060 0.681 0.918 

2001-03, Pt. Conception  0.864 0.095 0.567 0.956 
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Discussion 
 
The practical conclusion that can be drawn from the analyses presented here is that average 
survival rates, particularly survival of prime-aged adult females in the north-center of the 
range, decreased substantially over the 1990’s, with indication of a sudden drop in survival 
after 1994 (Figure 12).  In contrast to variation in survival rates, it appears that reproduction 
(birth rates and weaning success) changed very little over the same period.  The spatial and 
temporal trends described here can be used to focus future research on those factors most 
likely to drive population changes; in particular, factors that impact survival of adult females 
in the center of the range are of greatest concern.  A number of recently identified diseases in 
southern sea otters, including protozoal encephalitis and idiopathic cardiomyopathy, appear 
to be responsible for a considerable proportion of the mortality of adult females within the 
center of the range (Thomas and Cole 1996, Miller et al. 2002, Kreuder et al. 2003), and the 
proximate and ultimate causes of these diseases should be the subject of further research.  
We emphasize that the methodological approach described here does not directly test the 
relative importance of specific factors that may be affecting survival (e.g. diseases, 
contaminants, fishing gear entanglement); however, our results can be incorporated into 
sensitivity analyses that do (e.g. Kreuder et al. 2003, Gerber et al. in press).  
 
Some of the patterns that emerged from these analyses raise more questions than they 
answer.  For instance, the seasonal variation in survival probability (Figure 11) is difficult to 
explain, especially considering that the observed pattern – lower survival in the summer – 
seems to be the opposite of that described for sea otters in Alaska and Russia (e.g. Kenyon 
1969, Bodkin et al. 2000).  This pattern is consistent, however, with the reported increase in 
beach-cast carcasses retrieved in summer months during periods of population decline in 
California (Estes et al. 2003).  One explanation for this pattern might be increased incidence 
of disease in summer, associated with some seasonally-driven environmental factor (e.g. 
warm water algal blooms).  Another possible explanation for a seasonal trend in survival 
relates to female reproductive status: because there is a higher frequency of pup births in the 
winter, there must be a corresponding mid-summer peak in the number of females having 
recently weaned pups.  Females generally lose weight throughout the pup dependency period 
(Monson et al. 2000b), and individuals that are otherwise nutritionally stressed are probably 
at their poorest body condition immediately post-weaning, at which time they are also 
generally in estrous and may experience repeated mating interactions with males.  The 
interaction of all these stress factors may cause a mid-summer peak in female mortality; the 
problem with this explanation is that the seasonal variation in survival appears to affect 
males equally.  A third explanation (not mutually exclusive of the others) pertains to diet 
profitability: seasonal variation in the nutritional and/or energetic composition of some sea 
otter prey species is known to occur (related to prey reproductive cycles, e.g. Watt et al. 
2000), and may lead to seasonal peaks in the degree of nutritional or energetic stress 
experienced by some individuals.  All of these possible explanations represent testable 
hypotheses, and further data will be needed to properly evaluate their relative importance.  It 
is worth noting, however, that the latter two explanations can be encompassed by a broader 
hypothesis of density-dependant population regulation.  The seasonal decrease in survival 
was observed for animals at the center of the range, where re-colonization occurred earliest, 
densities are highest, and where it might be expected that females would be in poor body 
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condition and thus subject to stress-related mortality associated with pup weaning and/or 
variation in prey profitability.  
 
The hypothesis of density-dependant population regulation would seem to be consistent with 
a number of the trends reported here, including the seasonal variation in survival and the 
spatial pattern of lower survival in the center of the range (Laidre et al. 2001).  There are a 
number of inconsistencies in this scenario, however, the most important being the age-
specific trends in survival (Figure 8).  Based on a comparative analysis of sea otter 
populations in Alaska at varying densities and stages of population recovery, Monson et al. 
(2000b) concluded that density-dependent regulation of sea otter populations occurs 
primarily as a result of a decrease in weaning success rate and lower juvenile survival, while 
adult survival varies much less.  In contrast, the results presented here for the California 
population suggest that weaning success has remained unchanged and adult survival has 
declined more than juvenile survival.  These results are perplexing in light of the fact that 
variation in prime-age adult survival has the greatest potential impact on λ  (Figure 9): life 
history theory suggests that this should be the very stage most buffered by selection (Pfister 
1998)1.  If this is so, then one might reasonably hypothesize that the source(s) of mortality 
responsible for the reduction in adult survival are “novel” in an evolutionary sense, and not a 
part of the historical selection regime for this population.  Density dependence may indeed 
be a contributing factor to the current cessation of population recovery, but the age-specific 
patterns of variation in survival suggest that some density-independent, extrinsic factor (or 
combination of factors) may also be involved in driving recent trends.  
 
Incorporating the estimated demographic rates into a projection matrix produced expected 
dynamics that were consistent with observed trends for the population as a whole between 
1993 and 2001 (Figure 10A); however, the lack of close fit between expected and observed 
counts within each geographic region (Figure 10B) were surprising because the logit 
functions allowed sufficient flexibility to fit even complex patterns of spatial and temporal 
variation.  To some degree this failure to track year-to-year variation in observed counts 
reflects the constraining influence of the age-structure data, which would tend to “smooth 
out” short-term variation and instead force the model to track longer-term trends.  Another 
reason for the discrepancies is highlighted by the negatively correlated discrepancies in 
adjoining areas (Figure 10B), which suggests that some of the variation in counts at the 
regional level reflects movement of animals between regions, a process not accounted for in 
our current projection matrix.  Movement between sub-populations could (and should) be 
included in future analyses and management considerations, and data from ongoing 
telemetry studies (USGS unpublished data) and previous studies of this population (Ralls et 
al. 1996) can be used to parameterize individual movement rates.   
 
The concordance between the estimates of adult female survival rates derived from multiple 
data sets and independent analyses (Figure 12) provides strong support for the temporal and 
spatial patterns indicated by both methodologies (Part 1 and Part 2, above).  Perhaps the 
most perplexing of these patterns is the temporal trend of declining female survival, because 
this would suggest continued negative population growth in the center of the range, a 
                                                           
1 Note that the old adult age class actually experienced the greatest decrease in survival, and also has the lowest 
associated elasticity, consistent with the pattern described by Pfister (1998).   
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prediction that would seem to be countered by an apparent stabilization of population 
numbers in recent years (Figure 2).  There are only two possible explanations for this 
discrepancy: the estimates of female survival are biased low (and population growth has in 
fact stabilized), or else the apparent leveling-off of population counts is misleading.  The 
first explanation seems unlikely given the concordance between independently derived 
estimates, the substantial sample sizes used for both analytical approaches, and the fact that 
virtually all the adult females used for the mark-recapture analysis had confirmed fates after 
two years (thus precluding any bias created by confusing disappearances with mortalities).  
The second explanation is obviously a great deal more troubling, and raises the question of 
why the range-wide censuses would fail to reflect a continued decline.  Source-sink 
dynamics could potentially obscure such a trend from detection (Pulliam 1988, Doak 1995) 
if there were sufficient immigration of animals from the edges of the range, where survival 
rates are high (Figure 7, Table 1) and population growth is still positive.  While this scenario 
is consistent with the spatial patterns of variation in survival rates and with the extensive 
northern movements of adult male otters captured at the south end of the range (USGS, 
unpublished data), further population counts and mark-recapture data will be required to 
properly test this hypothesis. 
 
In addition to the insights provided about the southern sea otter, two aspects of our 
methodology have broader implications for population analyses of other species.  First, we 
have described an extension of an existing technique (Doak and Morris 1999, Monson et al. 
2000a) that allows for incorporation of additional information, in particular pup counts 
(which are used to better fit reproductive rates), and for assessment of spatial as well as 
temporal variation in survival.  Secondly, and perhaps more importantly, our general 
approach to incorporating uncertainty may be applicable to other threatened populations for 
which there are many possible demographic scenarios to consider, but limited data for 
analysis and no a-priori information with which to identify a few “most likely” scenarios.  It 
is important at this point to emphasize that we are using an information theoretic approach in 
an exploratory way here; we are not hypothesis testing or striving for a generally applicable 
model to apply to all situations.  The most recognized and definitive reference on 
information theory and model selection written for ecologists (Burnham and Anderson 1998) 
is very clear on the dangers of “data dredging”, a term that is somewhat vague but could be 
taken to refer to any approach other than consideration of a small, exclusive set of alternative 
hypotheses (e.g. a model with vs. without a time effect).  By this definition, our 
methodological approach described in Part 1 is in grave danger of violation because we 
consider such a large suite of possible model forms.  We propose that if one can properly 
account for model uncertainty (i.e. using model averaged estimates and unconditional 
variances, sensu Burnham and Anderson (1998), then a maximum likelihood approach used 
in this exploratory way can be an appropriate first step towards the elucidation of key 
demographic processes and spatial/temporal patterns or variation.  The approach we suggest 
can focus attention on a smaller number of well-supported, testable hypotheses about factors 
underlying observed trends, while helping to divert attention away from other, less important 
factors.  In the case of the southern sea otter, for example, our results provide support for the 
notion that mortality of males or juveniles at the south end of the range is unlikely to have 
contributed significantly to the population decline in the 1990’s.   
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Animal populations are influenced by an almost infinite assortment of deterministic and 
stochastic forces that together affect demographic processes in often complex ways.  The 
vast majority of these forces lead to demographic variation that is immeasurably small and 
can thus be safely ignored by biologists wishing to model populations to evaluate their 
viability or select among management options.  Statistical hypothesis-testing techniques and 
model selection criteria are typically used by biologists to reject “insignificant effects” or to 
select the most parsimonious model or hypothesis (Hilborn and Mangel 1997, Burnham and 
Anderson 1998).  Unfortunately, in most systems there is considerable uncertainty 
underlying every component of the analysis, and the risks of a wrong decision resulting from 
such uncertainty are very rarely taken into account (Burgman et al. 1993).  We agree with 
Pascual et al. (1997) that a reasonable way of dealing with this uncertainty is to evaluate 
many alternative models, and then use formal techniques for incorporating the uncertainty 
into parameter estimates (Burnham and Anderson 1998).  Although this may entail 
sacrificing a certain degree of heuristic simplicity (three alternative model forms are easier to 
contemplate than 30) as well as precision of the resulting parameter estimates, it may also 
provide a more realistic picture of the range of potential variation in the study system. 
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Chapter 3. Temporal and spatial variation in movement patterns  
 
Alisha H. Kage, James A. Estes, M. Tim Tinker, Daniel F. Doak, and Peter T. Raimondi 
 
 
Abstract 
 
1. The movement of individual animals is well recognized as an important determinant of 

population dynamics.  Understanding how patterns arise and their implications for 
population dynamics, habitat use, and community interactions are thus important 
ecological issues.  In this analysis, movement data for southern sea otters (Enhydra lutris 
nereis), was compared for temporal and spatial variation between past and current sea 
otter populations based on several criteria, including average length of movement over 
several time intervals, average turn angle on successive days, estimates of home range 
size, and a correlated random walk (CRW) individual based movement model.  We 
hypothesized that the density dependent effect of food limitation on individual behavior 
may have increased between the 1980s and the present, and if so we would predict that 
average move length for those animals would increase, turn angles would be less 
randomly distributed, home range areas would be significantly larger, and a correlated 
random walk model would more accurately predict daily movement for the past 
population than for animals occurring in the present population.   

2. Overall, individual move lengths did not differ significantly between the 1980s study 
and the current study.  However, there were significant interactions between age/sex 
classes and time period.  Males moved longer distances in the current study (0.18 - 490 
km) than they did in the 1980s (0.21 – 111 km), while females had longer overall move 
lengths during the 1980s (0.02 km – 22 km) than they did during the current study (0.26 
km – 15 km).   

3. Turn angles for the 1980s population were distributed randomly while turn angles for the 
current study were not.  Contrary to the predicted hypothesis, home range areas for the 
1980s animals were significantly larger than those of animals in the current population.  
As anticipated, data from the 1980s population provided the best fit to the expectations 
of the CRW model.  Data from the current populations did not conform to the model 
expectations.   

4. Factors such as spatial characteristics of habitat (i.e. substrate type and bathymetry), 
along with complex behavioral phenomena such as learning and cultural transmission, 
likely influence the movement patterns of sea otters.  These factors are not accounted for 
by the basic CRW model.  However, the success of describing the movement of one 
subset of a marine carnivore population using CRW theory provides insight into changes 
in population status, and will assist in more innovative modeling of individual dispersal, 
population growth, and range expansion.   
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Introduction 
 
The movement of individual animals is well recognized as an important determinant of 
population dynamics.  Animals interact with the environment in complex ways, which in 
turn produce complex movement patterns (Jonsen et al. 2003).  Most animals rely on 
movement for finding mates and food, for maintaining thermal conditions, as well as for 
escaping predation (Bergman et al. 2000).  Understanding how patterns arise and their 
implications for population dynamics, habitat use, and community interactions are thus 
important ecological issues (Jonsen et al. 2003). 
 
The study of movement, however, is far behind that of other ecological processes due to the 
difficulties scientists face both when attempting continuous observation of animal locations 
and analyzing movement patterns once data have been collected (Turchin 1998).  In order to 
completely describe movement, one must be able to measure the location of an individual 
continuously.  This creates a problem since many animals can not be seen on a regular basis 
and others can not be seen at all.  As a result scientists know little about the spatial ecology 
of most species of animals and even less about the movement of carnivores (Marsh and 
Jones 1988).   
 
The need to understand and describe movement is of serious concern to conservationists and 
managers as they are mandated with the job of designating current and predicting future 
critical habitat needs for threatened and endangered species.  Understanding movement can 
also provide insight into the social organization and mating systems of different species 
(Ribble and Salvioni 1990) as well as the manner in which individuals search for spatially 
dispersed resources (Zollner and Lima 1999).  Given this need, models that actually predict 
movement are of great interest to theoreticians, conservationists, and managers, and 
quantitative models describing individual movement can be valuable tools for forecasting 
large-scale spatial distribution patterns and meta-population dynamics (Turchin 1998). 
Beyond movement per se, assessing spatial and temporal patterns of habitat use is 
fundamental to an understanding of population ecology (Millspaugh and Marzluff 2001).  
The dynamics of a population are directly linked to the spatial arrangement of individuals 
(White and Garrott 1990), and at the core of many spatial use analyses is the estimation of an 
animal’s home range (Kernohan et al. 2001).   
 
Mammalian carnivores, by nature, are typically rare, secretive, and generally hard to study.  
It is rare to find a study animal that can be seen on a regular basis once it has been captured 
and released.  However, the California or southern sea otter (Enhydra lutris nereis), is an 
exception.  The southern sea otter is a unique marine carnivore because it spends the 
majority of its life in the nearshore environment along the central coast of California.  
Because of their nearshore location, and the general coastal accessibility throughout their 
range, southern sea otters can readily be observed and followed.  Moreover, historical 
movement data already exist from a large-scale radio-telemetry study during the 1980’s 
(Siniff and Ralls 1988).  These data will allow a comparison not only of a population that is 
different temporally from the current sea otter population but, also one that was increasing at 
a rate of 5% per year.   
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Understanding how individuals in the current population use their habitat and comparing 
those animals to individuals and their habitat use from an earlier population could help in 
determining underlying causes of increased mortality currently limiting population recovery 
(Chapter 2, this report).  The large-scale analysis of weekly, monthly, quarterly, and yearly 
movement patterns can be used to:  a) improve upon the existing diffusion model of range 
expansion (Lubina and Levin 1988), b) parameterize population simulations that can be used 
for evaluating management options such as translocation and effect on fisheries, and c) 
understand spatial distribution using home range analysis to provide fundamental 
information about social organization.  On the other hand, the small-scale analysis using 
individual based movement models to predict daily movement patterns can be used to 
evaluate effect of habitat complexity and variation (e.g. bathymetric complexity, bottom 
type, kelp canopy) on individual movements thus providing information about how sea otters 
use their habitat and which features of that habitat are most critical.   
 
This study examines the temporal and spatial variation between past and current sea otter 
populations based on several criteria, including average length of movement over several 
time intervals, average turn angle on successive days, estimates of home range, and a 
correlated random walk (CRW) individual based movement model.   These results will be 
used to suggest mechanisms for the emergent patterns of a mammalian carnivore from an 
ecological perspective and interpret the findings within the context of a mammalian 
movement model.  
 
 
Background of Movement and Spatial Analyses 
 
The analysis of animal movement 
 
Studies of individual movement in animals have employed two methodologies.  One is based 
on simulation models in which rules for movement are quantified and the computer is used 
to generate extended movement sequences based on observed movement patterns (Siniff and 
Jessen 1969, Jones 1977).  This approach took hold in the 1970s with the advent of the 
personal computer (Jones 1977, Root and Kareiva 1984) and seemed to be a powerful 
approach for studying animal movement.  However, these models are linked to the specific 
organism being studied; therefore, generalizations that are applicable to other species have 
been slow to emerge (Turchin 1998).    
 
The second method utilizes analytical models that rely on the assumption of random motion 
and diffusion (Skellam 1951).  Diffusion models and their application to ecological issues 
have a long history (Turchin 1998).  Early uses in mathematical ecology included the study 
of random migration in species (Pearson and Blakeman 1906) as well as random dispersal in 
theoretical populations (Skellam 1951).   In the 1980s, diffusion models were used for such 
ecological issues as predicting range expansion in sea otters (Lubina and Levin 1988).   One 
major drawback to the general diffusion models, however, is that assumptions of animal 
movement are oversimplified for the purpose of the model, and thus often do a poor job of 
describing movement of real organisms.  Diffusion models seem to be a better fit when used 
to explain the movement of populations (Marsh and Jones 1988).   
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An alternative solution to the limitations of simulation modeling as well as the general 
diffusion approach comes in the form of random walk models.  Several random walk models 
were reviewed by Marsh (1988) and revisited by Turchin (1998).  In the most basic random 
walk model (an uncorrelated random walk), step length and direction of movement are 
independent of one another, and an animal will either choose a direction based on the 
surrounding environment or the previous move.  This model relies on very simplified 
assumptions of animal movement such as one-dimensional space, fixed move lengths, no 
correlations between moves, and that organisms’ move independently of each other.   
 
A second type of random walk model explicitly takes into account correlations between 
move lengths and direction and so is appropriately referred to as a correlated random walk 
(CRW).  Kareiva (1983) developed a CRW model that utilizes the two movement 
parameters:  step or move length, and turn angles.  This process allows a summary of 
behavior called net squared displacement (Rn2) that enables comparisons to be made 
between different organisms, or for the same organism in different situations.  Rn2 is a better 
indicator of how a species uses a two-dimensional area as opposed to simple net 
displacement (Rn) which only gives a one-dimensional idea of how an animal moves in a 
linear way. 
 
Since the mid-1980s theoreticians have used one-, two-, and three-dimensional CRW models 
to simulate an animal’s movement.  However, there have been few empirical tests of these 
models and those that do exist have mostly been performed on insects (Kareiva and 
Shigesada 1983)) and ungulates (Bergman et al. 2000).  Quantitative work to describe how 
carnivores move at large temporal scales and how individual movement in particular affects 
population level processes is generally lacking (Siniff and Jessen 1969, Ford and Krumme 
1979, Kareiva and Shigesada 1983, Lubina and Levin 1988, Marsh and Jones 1988, 
Bergman et al. 2000). 
 
Home Range Estimation 
 
Since home range was first defined by Burt (1943) as “an area used by the individual in its 
normal activities of foraging, mating, and caring for young,” radio-telemetry locations have 
been used to quantify home ranges (Kernohan et al. 2001). However, White (1990) pointed 
out that the previous definition of home range had two problems: a) the use of the word 
normal and, b) the lack of temporal component.   
 
As a result, White (1990) gave a more probabilistic definition of home range when he 
defined a home range as “the probability of finding an animal at a particular location.  The 
distribution of an animal’s position in a plane was coined as “utilization distribution” by 
several scientists (Jenrich and Turner 1969, Ford and Krumme 1979, Anderson 1982).  
Kernohan (2001) further defined a home range based on the utilization distribution as “the 
extent of area with a defined probability of occurrence of an animal during a specific time 
period.”  The idea of “center of activity” in home ranges, introduced by Hayne (1949), is 
often used in conjunction with utilization distributions.  Intrinsic to both these ideas is that 
an ecological understanding of an animal’s home range must comprise some information 
about the level of use in various parts of the home range (Kernohan et al. 2001). 
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Based on these definitions and others, a variety of methods have been used to calculate home 
range.  The various quantitative techniques have been reviewed by Kenward (1987) and 
White (1990), and contrasted and compared by Worton (1987, 1989, 1995), Boulanger 
(1990), Seaman (1996,1999).  Quantitative methods of calculating home ranges fall into 
three categories:  1) polygon methods, 2) grid cell methods, and 3) probabilistic methods 
(Kernohan et al. 2001).  Minimum convex polygon is the oldest and most commonly used 
home range estimator (Seaman et al. 1999) and simply connects outer locations of a series of 
points to form a convex polygon.  The grid cell method (Siniff and Tester 1965) uses a set 
grid.  This is laid over a set of location points and allows for two-dimensional contouring of 
ranges but does not calculate home range area as effectively as probabilistic methods (Harris 
et al. 1990).  Probabilistic methods that contour around different intensities of use can result 
in smooth outer boundaries and multiple centers of activity (Kernohan et al. 2001).  These 
probabilistic methods try to determine an animal’s utilization distribution by assuming a 
particular probability distribution or by attempting to characterize a variety of distributions 
(e.g. harmonic mean and kernel) (Harris et al. 1990). 
 
Past analyses of habitat use by sea otters have used minimum convex polygon methods to 
quantify home range sizes (Garshelis and Garshelis 1984, Jameson 1989, Ralls et al. 
1996b).  However, there are several inherent problems with polygon analysis including:  1) 
no measure of internal space usage, 2) sample size autocorrelation (particularly with small 
samples), and 3) sensitivity to outliers (Worton 1987).  More recently, kernel density 
estimators have been used for home range analyses. These show great promise (Gubbins 
2002, Heide-Jorgensen et al. 2003). Attractive features of kernel home range estimators 
include:  1) less sensitivity to sample size (stabilizing with > 50 locations), 2) less sensitivity 
to auto-correlated data, 3) calculation of home range boundaries based on the entire 
utilization distribution, 4) non-parametric assumptions (i.e., they do not violate assumptions 
of known distributions), 5) calculation of multiple centers of activity, and 6) less sensitivity 
to outliers (Kernohan et al. 2001). 
 
 
Methods 
 
Data Collection 
 
Sixty-six southern sea otters were caught between March 2001 and May 2003 in two 
locations (Cambria and Point Conception) along the central coast of California (Figure 13).  
Each individual was equipped with abdominally implanted VHF radio transmitters 
(Advanced Telemetry Systems, Inc., MN), time-depth recorders (Mark VII TDRs – Wildlife 
Computers, Inc., WA) and color-coded flipper tags.  Fifty-eight animals were also caught 
between October 2000 and October 2003 off the coast of Monterey (Figure 13), and 
implanted and tagged with the same instrumentation listed previously, in a cooperative study 
with the Western Ecological Research Center (WERC) of the United States Geological 
Survey (USGS), the Alaska Science Center of the USGS, and the Monterey Bay Aquarium.,  
In addition to these two study groups, data also exist from forty animals that were captured 
in a previous study conducted between March 1984 and December 1985 in the following 
five locations: the Monterey Peninsula, Point Sur, Lopez Point, Point Piedras Blancas, and 
Morro Bay (Siniff and Ralls 1988) (Figure 14). 
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Figure 13.  Capture locations for sea otters for the current Cambria sub-population and the current Monterey 
sub-population.  
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Figure 14.  Capture locations for the 1980s sea otter population study (Siniff and Ralls 1988). 
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Locations of individual sea otters were determined from signal direction of animals using 
VHF radio receivers (Communication Specialists, Inc. Model R1000) and a handheld 
directional 3– element Yagi antenna.  After a radio signal was received, that animal’s 
location was determined by visual observation of the otter or triangulation on the VHF signal 
(White and Garrott 1990).  If possible, a visual sighting of the animal was acquired using 
either high powered binoculars (Eagle Optics Ranger 10x50) or by field telescope (Questar 
Field Model 50x), and a bearing to the animal’s location was recorded using a Silva Ranger 
compass.  After the bearing was noted a laser rangefinder (Bushnell Yardage Pro 1000) was 
used to determine the distance between the otter and the observer.  These parameters were 
used to estimated a coordinate or “fix” for the animal using global positioning system (GPS) 
technology (Garmin Map 76 GPS).  Location data were collected using Universal Transverse 
Mercator Grid System (UTMs) and recorded in handheld organizers (Palm Pilot M500).  
Resights of each animal were collected daily, if possible.  Comparable methods of data 
collection were used in the 1980s study (Siniff and Ralls 1988).   
 
Both the current study and the 1980s study used VHF radio receivers to determine signal 
direction.  Siniff and Ralls (1988) used a directional 4 – element Yagi antenna mounted on 
the roof of a vehicle as opposed to the current 3 – element hand held antenna.  When 
individuals could not be located for several days in a row Siniff and Ralls (1988) also used 
aircraft mounted VHF radio equipment to search for individuals.  When an animal’s signal 
was located Siniff and Ralls (1988) used the same two methods for estimating position as the 
current study; visual observation and radio triangulation.  However, Siniff and Ralls (1988) 
also used a third method when neither of the first two was possible.  This method entailed 
allowing a location to be recorded based on the best judgment of the observer using direction 
and strength of radio signals. 
 
Siniff and Ralls (1988) collected daily resights of the tagged and instrumented sea otters in 
three primary locations: Monterey, Big Sur, and Pt. Piedras Blancas.  Daily resights of 
animals from the current Piedras Blancas – Point Conception Study (Cambria) were 
collected in the most part between Pt. Piedras Blancas to Avilla Beach, CA (Figure 15).  
Daily resights of animals from the current Monterey Bay Study (Monterey) were collected 
from Del Monte Beach in Monterey, CA to Point Lobos south of Carmel, CA (Figure 16).  
Searches for missing otters were undertaken from a fixed-wing aircraft equipped with radio 
receivers and/or small boats.  The location of an individual was recorded for each resight, 
along with presence or absence of a pup, and any unusual activity.    
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Figure 15.  Main resight area of sea otters in the current Cambria sub-population. 

 

Figure 16.  Main resight area of sea otters in the current Monterey Bay sub-population. 
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Animals from both current studies (Cambria and Monterey) as well as the 1980s study were 
divided into four age/sex-classes.  Individuals under three years old that were independent of 
their mother were categorized as sub-adult females or males.  Individuals that were older 
than three year of age were categorized as adult females or males. 
 
Data Analysis 
 
Sea otter home ranges were calculated using Arc View 3.2 Animal Movement Extension. 
 Four methods were used:  minimum convex polygon (MCP), adaptive kernel (AK), adjusted 
kernel (ADJK), and Calculated Area of Use (CAU).  MCP and AK were calculated by fixed 
methods in Arc View 3.2.  However, ADJK home range was calculated using an analysis 
mask in Arc View 3.2 to exclude the terrestrial environment as well as any area outside the 
40m bathymetry line which is typically considered unsuitable habitat for sea otters (Laidre et 
al. 2001).  CAU home range was determined as the product of the linear distance between 
kernel edges and the perpendicular distance to the shore in which 95% of all data points lay.  
A home range area was calculated for each individual using a minimum of 50 days of 
locations spaced out over one year from that individual’s data set (Millspaugh and Marzluff 
2001).  If an animal did not have a minimum of 50 days of locations it was excluded from 
the analysis.   
 
To calculate the mean and variance of daily, weekly, monthly, quarterly, and yearly move 
lengths for each individual for each time period, all location points collected over the entire 
study for that individual were used to determine two things:  1) the best location point for 
each day in the case of multiple resights (only visual resights within 1000 meters of shore 
were used) and, 2) whether the points occurred on consecutive days.  A daily move length 
was calculated whenever two location points from consecutive days were available.  Each 
animal was required to have a minimum of 50 daily move lengths.  Once it was determined 
that the animal met the minimum requirements, the location points from the consecutive 
days were sampled with replacement 100 times to determine a mean daily move length for 
that individual.  Sampling with replacement was done in order to standardize the analysis so 
that individuals with as few as 50 daily move lengths could be compared with individuals 
with as many as 300 daily move lengths.  
 
A weekly move length for the same individual was calculated using two points that occurred 
within 6-10 days of each other.  Each animal was required to have a minimum number of 25 
weekly move lengths.  Once again, if the animal’s data met the minimum criteria, the 
location points were sampled with replacement 50 times to calculate the mean weekly move 
length for that individual.  This process was repeated for the same individual to calculate 
mean monthly, quarterly, and yearly move lengths using similar criteria.  A mean monthly 
move length was calculated using two points that occurred within 28 – 35 days of each 
other.  Each animal had to have a minimum of 12 monthly move lengths.  The monthly 
locations were sampled with replacement 25 times to calculate the mean monthly move 
length for that individual.  A mean quarterly move length was calculated using two points 
that occurred within 85 – 95 days of each other.  Each animal had to have a minimum of six 
quarterly move lengths.  The quarterly locations were sampled with replacement 25 times to 
calculate the mean quarterly move length for that individual.   A mean yearly move length 
was calculated using two points that occurred within 340 – 380 days of each other.  Each 
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animal had to have a minimum of one yearly move lengths.  The yearly locations were 
sampled with replacement 10 times to calculate mean yearly move length for that particular 
individual.  A mean move length for every time period (day, week, month, quarter, and year) 
was calculated for each individual animal if their data met the minimum criteria.  
 
Two movement parameters for each animal were calculated to determine the appropriateness 
of a CRW model:  1) mean daily move length over five consecutive days, and 2) mean turn 
angle for the same five consecutive days.  Each individual was required to have a minimum 
of 20 of these five consecutive day periods of movement.  The five consecutive days time 
period was chosen because it was the longest period of consecutive days of locations that 
was collected for many individuals and therefore it allowed the inclusion of the greatest 
number of animals from each study for comparison.  Mean daily move length and turning 
angle was calculated for each individual by sampling with replacement 100 times from that 
individual’s five consecutive day periods.   
 
Turning angles for each individual were then analyzed by classifying each successive angle 
as “left” or “right” and using Chi-Square analysis to determine whether there was equal 
probability of the animal turning left or right (Turchin 1998).  This was calculated in order to 
establish if angles were symmetrical.  Determination of the symmetrical or non-symmetrical 
distribution of turn angles around 0◦ established which CRW function to use.  The five day 
expected net squared displacement (E (Rn2)) for each individual was calculated using the 
two movement parameters described above in Kareiva (1983) formula: 

 
E (Rn2) = nm2 + 2m1

2 (y/1- y ) (n – (1- yn / (1 - y))  
 
Where:           Rn2 = net squared displacement 
                           n = number of consecutive moves 
                        m1 = mean move length 
                         m2 = mean squared move length 
                          y = average cosine of turning angle 
 
Observed net squared displacement O (Rn2) for each individual that met the minimum 
criteria listed above was calculated at the same time as E (RN2) using the same five 
consecutive day sets.  To calculate O (Rn2) for day one, 100 day ones were chosen, for each 
day the squared displacement was calculated, and from this the mean observed squared 
displacement for all day ones was calculated.  The process was repeated for days 2-5 to 
determine the mean observed squared displacement for each successive day.  The O (Rn2) 
for each day was compared to the E (Rn2) for each day.  MATLAB 6.5.0 was used to 
calculate all parameters.    
 
Statistical Analysis 
 
SYSTAT 10 software was used for the following statistical analysis.  Variation among 
individuals, age/sex classes, and study for all move lengths (daily, weekly, monthly, 
quarterly, and yearly) as well as variation in turning angles were analyzed using Kruskal-
Wallis homogeneity of variance test.  A single factor ANOVA (factor:  time) was used to 
test for significant differences in movement over time for all three populations.  A two-factor 
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ANOVA (factors:  study and age/sex class) was used to test for significant differences in the 
following: 1) spatial variation in daily, monthly, weekly, quarterly, and yearly move length 
averages for class and study,  2) temporal variation in daily, monthly, weekly, quarterly, and 
yearly move length averages for class and study.   
 
Paired t-tests were used to test for differences between the following:  1) MCP home range - 
AK home range, 2) AK home range - ADJK home range, and 3) ADJK home range - CAU 
home range.  A two factor ANOVA (factors:  study and age/sex classes) was used to 
determine differences in 1) spatial variation in the current population using two methods of 
home range calculation (ADJK and CAU), and 2) temporal variation between past and 
present populations using two methods of home range calculation (ADJK and CAU).  
Bonferoni post-hoc testing was used to quantify variation in age/sex classes for the same two 
methods of home range calculation.  The experiment wide Type I error rate (α) was set to 
0.05 for all statistical analysis. 
 
To provide a measure of the variance around the E (Rn2), MATLAB 6.0.5 was used to 
bootstrap 5,000 pseudo-paths for each animal using the known distribution of move lengths 
and turning angles.  For each simulation an animal was started at an arbitrary location 
(drawn from the empirical data) and given a random initial direction.  Next, a move length 
was randomly drawn from the empirical distribution and a new location determined based on 
the move length and initial random direction.  Next a turning angle was randomly drawn 
from the empirical distribution of turning angles along with another move length and from 
this the next location was determined.  This procedure was reiterated five more times; after 
the fifth step, E (Rn2) was calculated based on how far the animal had come from the first 
arbitrary location.  The smallest and largest 2.5% of the calculated E (Rn2) values from the 
5,000 simulations were discarded and the extremes of the remaining values were used as the 
95% confidence intervals (Turchin 1998). 
 
 
Results 
 
Move Lengths 
 
Average move length variances did not differ for any time period (Table 2).  Move lengths 
across all time frames, for all studies, and for all individuals were log normally distributed.  
Measured individual move lengths ranged from 0.2 – 490 km depending largely on the time 
scale (i.e. days to years) (Appendix E).  Most individuals moved increasing distances over 
greater time periods (Appendix E).  There was also wide variation for move lengths across 
age/sex classes, study areas, and time periods (Table 3).  For instance, move lengths within 
age/sex classes ranged from 0.12 - 72 km for adult females, 0.15 – 401 km for adult males, 
0.26 – 111 km for sub-adult females, and 0.35 – 490 km for sub-adult males.  Overall, for 
individuals, analysis of variance indicated that move length increased significantly with 
increased time period, up to one quarter of a year (F df 2 = 90.76, p < 0.0001).  No increase in 
move lengths was detected at time intervals beyond one quarter year (Figure 17). 
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Table 2.  Kruskal – Wallis homogeneity of variance results for average move lengths over five time periods.  
Data is pooled from all studies, 1980s, current Cambria, and Monterey Bay. 
 

Time K-W stat p 
Day 125 0.46 

Week 119 0.49 
Month 112 0.42 
Quarter 133 0.38 

Year 124 0.47 
 

Table 3.  Average move lengths (meters) over five time periods for three studies; 1980s, Cambria, and 
Monterey Bay, and for four age- and sex- classes; adult female (AF), adult male (AM), sub-adult female (SF), 
and sub-adult male (SM). 
 

Study Class Day Week Month Quarter Year 
Ca1 AF 583 2276 3136 5533 12309 
Ca2 AF 500 1776 2654 4487 3853 

MBA AF 396 938 2111 3585 4140 
Ca1 AM 310 1045 2357 3651 8282 
Ca2 AM 336 2381 10835 43536 53306 

MBA AM 279 485 1396 7341 3862 
Ca1 SF 744 2562 5260 8614 21435 
Ca2 SF 303 526 711 1006 1550 

MBA SF 470 788 1485 1436 20578 
Ca1 SM 1512 2253 7155 11451 11633 
Ca2 SM * * * 14192 39542 

MBA SM 253 296 649 6557 24516 
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Figure 17.  Mean move length (log) using pooled data from the 1980s population, the current Cambria sub-
population, and the current Monterey Bay sub-population over six time periods. 
 
 
Taken across all age and sex classes, daily move lengths for the current study did not differ 
significantly between study areas.  Individuals in the Monterey area moved anywhere from 
0.13 – 0.93 km per day while those in the Cambria area moved between 0.15 – 1.15 km per 
day.  In contrast, overall movements differed between study areas for all other time periods 
(Table 4).  At longer time periods, movement was consistently greater for the animals in the 
Cambria area.  Move lengths also differed significantly between age and sex classes for all 
time periods (Table 4).  Females move longer distances on a daily basis (Table 3).  Males, on 
the other hand moved significantly more than females at all time periods greater than a day.  
Age/sex class differences interacted significantly with study area when evaluated on the time 
scales of weeks, months, quarters, and years (Table 4).  Cambria males moved longer 
distances than those in Monterey.  Cambria adult females moved more than the Monterey 
females.  However, Cambria sub-adult females move less than their Monterey counterparts.   
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Table 4.  Analysis of variance results for spatial variation of average move length between two current sub-
populations of sea otters (Cambria and Monterey Bay (MBA)) for five time periods and two factors; study,   
class and the interaction between study and class. 
 

Time Comparison Factors N F p 
            

Day 
Cambria - 
MBA Study 97 0.55367 0.45 

Day 
Cambria - 
MBA Age-Sex 97 14.337 <0.0001 

Day 
Cambria - 
MBA Interaction 97 1.9163 0.13 

            

Week 
Cambria - 
MBA Study 88 3.80833 0.05 

Week 
Cambria - 
MBA Age-Sex 88 8.09111 <0.0001 

Week 
Cambria - 
MBA Interaction 88 3.39545 0.02 

            

Month 
Cambria - 
MBA Study 81 11.0701 0.001 

Month 
Cambria - 
MBA Age-Sex 81 2.63914 0.05 

Month 
Cambria - 
MBA Interaction 81 9.06211 <0.0001 

            

Quarter 
Cambria - 
MBA Study 104 5.61151 0.02 

Quarter 
Cambria - 
MBA Age-Sex 104 8.84053 <0.0001 

Quarter 
Cambria - 
MBA Interaction 104 4.64114 <0.001 

            

Year 
Cambria - 
MBA Study 98 4.53133 0.04 

Year 
Cambria - 
MBA Age-Sex 98 7.7432 <0.001 

Year 
Cambria - 
MBA Interaction 98 4.3585 0.01 

 
Overall, individual move lengths for any time period did not differ significantly between the 
1980s study and the Cambria study (Table 5).  However, more complex time-related patterns 
were evident in the movement data as there were significant temporal interactions between 
age/sex classes and study for all time periods (Table 5).  For instance, males moved longer 
distances in the current Cambria study (0.18 - 490 km) than they did in the 1980s (0.21 – 
111 km).  Females, in contrast, had longer overall move lengths during the 1980s (0.02 km – 
22 km) than they did during the current Cambria study (0.26 km – 15 km).  Even though 
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significant time-related differences were detected for particular age/sex classes because of 
the significant interaction it was difficult to interpret those differences.  
 
Table 5.  Analysis of variance results for temporal variation of average move length between the current 
population in Cambria and 1980s population for five time periods and two factors; study and class, and the 
interaction between study and class. 
 

Time  Comparison Factors N F p 
Day 1980s - Cambria Study 79 0.91 0.34 
Day 1980s - Cambria Age-Sex 79 1.61 0.12 
Day 1980s - Cambria Interaction 79 5.69 0.001 
            
Week 1980s - Cambria Study 73 0.4 0.52 
Week 1980s - Cambria Age-Sex 73 1.78 0.14 
Week 1980s - Cambria Interaction 73 3.01 0.03 
            
Month 1980s - Cambria Study 76 0 0.99 
Month 1980s - Cambria Age-Sex 76 4.28 0.007 
Month 1980s - Cambria Interaction 76 3.97 0.01 
            
Quarter 1980s - Cambria Study 92 0.52 0.47 
Quarter 1980s - Cambria Age-Sex 92 7.01 <0.0003 
Quarter 1980s - Cambria Interaction 92 3.71 0.014 
            
Year 1980s - Cambria Study 83 0.49 0.48 
Year 1980s - Cambria Age-Sex 83 5.44 0.001 
Year 1980s - Cambria Interaction 83 7.6 <0.0001 

 

Home Range  
 
Sea otter home ranges varied from 1.0 – 2497 km2, depending on class, study, and 
methodology (Appendix F).    Overall, for all studies, minimum convex polygon (MCP) 
provided the largest home range estimates (47 – 852 km2), followed by adaptive kernel (AK) 
(21 – 704 km2), adjusted adaptive kernel (ADJK) (14 – 390 km2), and calculated area of use 
(CAU) (8 – 139 km2).  However, there were various apparent inconsistencies across these 
different methodologies with regard to the patterns of variation among classes, between 
study periods, and between specific areas.   
 
For all studies sub-adult males had the largest home range areas, followed by adult males, 
sub-adult females, and adult females.  This ranking was consistent for all four methods of 
home range calculation (Table 6). However, the extent to which home range sizes were seen 
to vary among particular age/sex classes differed somewhat depending upon method. For 
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instance, the MCP method indicated significant differences between sexes (i.e. males had 
larger home range areas than females) but not between age classes within sexes (i.e. there 
were no differences in adults and sub-adults) (Table 7).  The other three methods, in contrast, 
showed that the home ranges of sub-adult males were significantly greater than those for all 
other age/sex classes (Table 6). The AK, ADJK, and CAU methods provided little evidence 
of variation in home range sizes between adult and sub-adult females.  However, these same 
methods provided estimates of adult male home ranges that were significantly larger than 
those of adult females (Table 8). 
 
Table 6.  Average home range area (km2) using four methods; minimum convex polygon (MCP), adaptive 
kernel (AK), adjusted kernel (ADJK), and calculated area of use (CAU).  Two parameters used to calculate 
CAU are linear shoreline used (LIN USE) and area used perpendicular to shoreline 95% of time (OFF).  
Calculations were made for four age – and sex – classes, adult female (AF), adult male (AM), sub-adult female 
(SF), and sub-adult male (SM). 
 

Class MCP AK ADJK CAU 
LIN 
USE OFF 

AF 47 21 14 8 9 0.8 
AM 420 211 105 19 15 1.0 
SF 123 67 42 15 12 1.1 
SM 352 704 390 139 54 2.5 

 
Table 7.  Bonferoni post-hoc pair wise comparisons for four age – and sex – classes, adult female (AF), adult 
male (AM), sub-adult female (SF), and sub-adult male (SM), using four methods of home range calculation, 
minimum convex polygon (MCP), adaptive kernel (AK), adjusted kernel (ADJK), and calculated area of use 
(CAU). 

    p p p p 
Method Class AF AM SF SM 

MCP AF 1.00       
MCP AM <0.001 1.00     
MCP SF 1.00 0.02 1.00   
MCP SM <0.0001 0.77 0.002 1.00 

            
AK AF 1.00       
AK AM 0.01 1.00     
AK SF 1.00 0.26 1.00   
AK SM <0.0001 0.01 <0.001 1.00 

            
ADJK AF 1.00       
ADJK AM 0.01 1.00     
ADJK SF 1.00 0.35 1.00   
ADJK SM 0.0001 0.002 <0.0001 1.00 

            
CAU AF 1.00       
CAU AM 0.68 1.00     
CAU SF 1.00 1.00 1.00   
CAU SM <0.0001 <0.0001 <0.0001 1.00 
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Table 8.  Average home range area (km2) using four methods of home range calculation, minimum convex 
polygon (MCP), adaptive kernel (AK), adjusted kernel (ADJK), and calculated area of use (CAU), as well as 
two parameters, linear shoreline used (LIN USE) and perpendicular-distance of off shore use of 95% of all 
locations.  Calculations are for three studies; 1980s, current Cambria, and current Monterey Bay (MBA), and 
for four age – and sex – classes, adult female (AF), adult male (AM), sub-adult female (SF), and sub-adult male 
(SM). 
 

Study Class MCP AK ADJK CAU 
LIN 
USE OFF 

1980s AF 70 35 21 13 13 0.9 
Cambria AF 52 29 19 11 10 1.0 

MBA AF 30 8 5 3 7 0.4 
                

1980s AM 478 293 148 31 21 1.1 
Cambria AM 811 387 191 31 26 1.1 

MBA AM 33 2 2 1 2 0.5 
                

1980s SF 216 121 74 25 18 1.3 
Cambria SF 15 5 5 4 4 1.0 

MBA SF 10 3 3 2 6 0.4 
                

1980s SM 1122 734 407 163 79 2.0 
Cambria SM 1353 1252 690 158 59 2.9 

MBA SM 3 3 2 4 4 1.0 
 
 
For all four methods of home range analysis, sea otters from the current Cambria area had 
significantly larger home ranges than those from the current Monterey area (Figure 18).  It is 
interesting to note that Cambria male core areas are extremely far apart and for the most part 
represent entirely separate home range areas (Figure 25).  Monterey males sometimes have 
multiple core areas within one continuous home range.  However, they typically have one 
home range and one core use area (Figure 26).   
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Figure 18.  A spatial comparison between two current sub-populations, Monterey Bay (MBA) and Cambria, of 
four methods of home range analysis; minimum convex polygon (MCP), adaptive kernel (AK), adjusted kernel 
(ADJK), and calculated area of use (CAU) for pooled data from all age- and sex-classes. 
 
 
The spatial differences contrast with the temporal differences found between the 1980s study 
and the current Cambria study.  These studies home range areas differed only when using 
ADJK and CAU methods.  When home range areas were calculated using ADJK and CAU 
methods, individuals from the 1980s study had significantly larger areas than did individuals 
from the current Cambria study (ADJK, F1,2 = 12.76, p < 0.0001; CAU, F1,2 = 14.89, p 
<0.0001). 
 
Correlated Random Walk  
 
Overall, pooled data, from all studies and all individuals fit the expectations of the CRW 
model (Figure 19).  The model slightly under predicted actual net displacement for days 2 – 
5 but the results lie well within the 95% confidence intervals.  When examined by study, 
data from the 1980s study (Figure 20) and the current Monterey study (Figure 21) conformed 
to the expectations of the CRW model much better for days 2-4 than did data from the 
current Cambria study (Figure 22).   
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Figure 19.  Average observed and expected net squared displacement (Rn2) 95% confidence intervals of 
pooled data for three populations; 1980s, current Cambria, and current Monterey Bay. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20.  Average observed and expected net squared displacement (Rn2) with 95% confidence intervals of 
1980s population   of sea otters for a five day time period. 
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Figure 21.  Average observed and expected net squared displacement (Rn2) with 95% confidence intervals of 
current Monterey Bay sub-population of sea otters for a five day time period. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 22. Average observed and expected net squared displacement (Rn2) with 95% confidence intervals of 
current Cambria sub-population of sea otters for a five day time period. 
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Overall, data from the 1980s provide the best fit the expectations of the CRW model.  For 
days 2–4, O (Rn2) varied only slightly from E (Rn2) (Figure 20).  However, over a longer 
time period (by day 5) displacement for the 1980s animals seemed to be diverging in a linear 
fashion from that predicted by the model (Figure 20).  The data from the current Monterey 
study indicated that E (Rn2) was slightly less than O (Rn2) for days 2 – 5 but overall, the O 
(Rn2) are within the 95% confidence intervals (Figure 21).  Data from the current Cambria 
population did not conform to the model expectations.  This deviation seemed to be time 
related.  For short time periods of < three days, there was a little evidence of model fitness 
but as the time interval was increased to 4 - 5 days, this lack of conformity disappeared and 
observed displacement moved within the expected displacement 95% confidence intervals 
(Figure 20).  
 
Discussion 
 
Understanding southern sea otter movement is important for a variety of reasons.  The 
reinvasion or southern range expansion of the southern sea otter has created contentious 
issues between the species and various shellfisheries, and has placed the management of the 
sea otter by the U.S. Fish and Wildlife Service as a Threatened species squarely in the public 
eye.  In light of recent range expansion around Point Conception (Figure 23) more active 
management, i.e. translocation of some members of the population, may become necessary.  
Other implications of the southern range expansion are worrisome as well.  As sea otters 
move further south they come into closer proximity with offshore oil wells and shipping 
lanes.  This is a major issue since it has long been noted that the southern sea otter is 
vulnerable to a catastrophic event such as an oil spill (Estes 1981, Ralls et al. 1992, Ralls et 
al. 1996a).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 23. Historical range of the southern sea otter until 1987 and subsequent range expansion since 1987 – 
present around Pt. Conception, CA. 
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Also of concern is the potential resource limitation that may have been placed on the current 
population of southern sea otters throughout the central portion of the range as a result of 
increased sea otter density (Table 9).  Time-activity budgets collected for the current 
population, both around the Monterey Peninsula and the Cambria area, indicate increased 
levels of foraging (foraging ~43% of a 24 hour period compared to foraging ~25% of a 24 
hour period in the 1980s) which can be considered indicative of a resource limited 
population (Tinker 2004).  Understanding how movement differs for a past population that 
was increasing and not food limited (Ralls and Siniff 1990), and for the current population 
where growth is unclear and there is probably resource limitation, could provide insight into 
how individual-based movement parameters change.  As a result, this may give scientists a 
better idea into how differing parameters affect the ability of individual-based movement 
models to predict future range expansion and critical habitat needs for a threatened species. 
 
 
Table 9. Average individual density/year of California sea otters for five areas of the central California 
coastline; Capitola Pier to the Monterey Breakwater (CP – MB), Monterey Breakwater to Point Lobos (MB – 
PL), Point Piedras Blancas to Cayucos Point (PPB – CP), Cayucos Point to Hazard Point (CP – HP), and Rocky 
Point to Point Conception (RP – PC). 
 

    1984 1985 1986 1987 
   Density Density Density Density 
    (otters/ (otters/ (otters/ (otters/ 

Area Habitat km2) km2) km2) km2) 
CP - MB Sandy 0.19 0.12 0.63 0.40 
MB - PL Rocky 1.83 2.32 2.56 3.04 

PPB - CPT Rocky 2.20 1.89 2.66 2.30 
CPT - PB Rocky 0.65 0.71 0.52 0.71 
PA - PC Mixed 0.00 0.00 0.04 0.02 

    2001 2002 2003 2004 
   Density Density Density Density 
   (otters/ (otters/ (otters/ (otters/ 

Area Habitat km2) km2) km2) km2) 
CP - MB Sandy 1.30 2.05 0.11 3.14 
MB - PL Rocky 3.32 2.60 3.20 3.04 

PPB - CPT Rocky 2.29 2.30 2.35 3.33 
CPT - PB Rocky 2.43 1.32 2.00 3.40 
PA - PC Mixed 0.63 0.82 1.08 1.02 
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Table 9.  continued 
 

    Average Average    
   1984 - 1987 2001 - 2004    
   Density Density    
   (otters/ (otters/    

Area Habitat km2) km2)    
CP - MB Sandy 0.34 1.65    
MB - PL Rocky 2.44 3.04    

PPB - CPT Rocky 2.26 2.56    
CPT - HP Rocky 0.65 2.29    
RP - PC Mixed 0.02 0.89    

 

Movement Patterns – Age- and Sex- Class Over Time 
 
There was a great deal of variation in movement patterns of individuals in all age/sex 
classes.  Sub-adult males moved more than other age/sex classes over a day and over a 
week.  However, adult males moved greater distances over longer time periods (Table 3).  
Both sub-adult and adult males utilized most of the species range in California (Figure 23) 
which corresponds with a previous study (Ralls et al. 1992).  On a daily basis, adult males 
moved the least of all age/sex classes.  Biologically, this makes perfect sense.  Adult males 
concentrate on several things during a day: defending a territory, mating, and procuring 
food.  The size of a territory that a male can defend is based on a variety of factors including 
the health and age of the individual, available resources, and density of otters in the area.  
However, there is only so much time in a day and only so far an animal can patrol in order to 
defend its territory, therefore, average move lengths are constrained by territorial defense.   
 
Alternatively, adult males are known to leave female areas during non-breeding seasons and 
aggregate into “male areas” which are typically along the range fronts (Garshelis and 
Garshelis 1984, Jameson 1989).  Traveling to range edges constitutes a long distance 
movement on the part of males.  By observing the adult males for periods of time longer than 
one day, it is more likely that these long distant movements will be detected.  As a result, 
average move lengths will be greatly increased.  
 
Sub-adult males move greater distances over a day and a week than all other classes (day – 
1.5 km, week – 3.5 km) and are second only to adult males in average move length over 
longer time periods.  These results are consistent with those of Jameson (1989) and Garshelis 
(1984) and support the idea that sub-adult males are forced to disperse from natal areas early 
in life, and that this dispersal process is almost continuously ongoing.  This is typical 
behavior of polygynous mammals (Greenwood 1980).  Sub-adult males are forced to avoid 
territorial male areas until they are at such a condition and age to challenge for their own 
territory.  Densities have increased and the southern range front has expanded since the 
1980s study.  This expansion creates a situation in which a sub-adult male may have the 
need to move longer distances to avoid territorial males.  Sub-adult males also travel to range 
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fronts like adult males but their movement was not as predictable as that of adult males.  It 
was not evident that the young males were making multiple long distance moves over a year 
and then returning to areas of high female densities in order to establish territories.  They do, 
however, appear to move among known aggregations of other males. 
 
Adult and sub-adult females move more than males over shorter time periods (day and 
week).  Females tend to use a longer linear amount of the coastline than adult males in their 
daily and weekly movements.  Males are interested in two things within a home range: 
defense of the resources and utilization of those resources.  Therefore males need to 
maximize space by incorporating the minimum amount of area they can defend but one that 
provides them with the necessary resources to survive.  Obviously, female daily movements 
are not constrained by defending territories but are spent foraging, caring for young, and 
moving back into “female groups” to rest.  Females therefore are more concerned with 
finding the best resources in an area and so seem to be moving longer distances on a daily 
basis. 
  
Spatial Variation in Movement Patterns 
 
Average daily move length of sea otters in the current study did not differ among locations.  
At all other time scales, animals in the central portion of the range (Cambria) moved longer 
distances than those in the Monterey area (Figure 24).  The reason for these differences is 
uncertain.  An examination of habitat type and current density estimates for these two areas 
showed that both areas consist of predominantly rocky substrate with moderate to large 
amounts of kelp (Laidre et al. 2001) and this type of habitat generally supports larger 
densities of sea otters than other substrate types (Riedman and Estes 1990).  Densities of sea 
otters are also similar in these two areas (Table 9) (MB – PL and PPB – CPT).  Because the 
two areas have similar habitats and density it seems unlikely that those two factors play a 
significant role in the move differences.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 24. Spatial variation in move length for pooled age- and sex- class data from two current sub-
populations (Cambria and Monterey Bay) over five time periods (day, week, month, quarter, and year). 
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Both the Monterey and Cambria animals are presumably food limited (Tinker 2004), 
however individuals in these two sub-populations are moving very differently over longer 
periods of time.  The most obvious difference is that adult males from the Monterey 
population are not making long distance moves to the northern range front and are only 
occasionally moving to the central portion of the range, whereas the Cambria adult males are 
traveling to the southern range front several times a year.  There are several reasons that may 
underlie the lack of long distance moves by the Monterey adult males.  One reason lies with 
preliminary analysis of recent sampling of invertebrate prey species in Monterey and 
Cambria.  These results have indicated that the Monterey Peninsula has greater species 
richness and abundance than does the Cambria intertidal area (Mark Carr, University of 
California Santa Cruz PISCO, pers. comm. 2004).   Another reason for lack of long distance 
movement involves the geology of Monterey Bay.  Monterey Bay is an entirely different 
habitat (soft and sandy sediment) from the rocky intertidal habitat of the Monterey peninsula 
and so the type, amount, and variety of prey changes dramatically.  Sea otters are very 
individualistic foragers (Estes et al. 2003, Tinker 2004).  Thus, individuals living in a rocky 
intertidal environment may find it difficult to venture into different habitats with different 
prey types until they are forced to do so by extreme densities and/or food limitation.  In fact, 
range expansion has stalled at times when animals have reached areas of substrate changes 
both on the northern and southern end of the range (Lubina and Levin 1988).  Another 
geologically important element is the presence of Monterey Canyon.  Monterey Canyon 
plunges over one mile deep and formation of the canyon begins within a few hundred meters 
of the shore off the coast of Moss Landing in central Monterey Bay (Figure 13).  Monterey 
Canyon plunges past the 40 meter bathymetry line less than a half kilometer off shore.  
Typically sea otters do not forage below depths of 40 meters and to determine critical sea 
otter habitat in the past the offshore boundary used has been the 40 meter isobath (Laidre et 
al. 2001). Because of these two geological characteristics, it is quite possible that Monterey 
Bay is functioning as an environmental barrier to northern movement for some sea otters 
residing around the northern end of the range.  
 
Adult and sub-adult males from Cambria must also move through soft sediment habitats to 
reach the southern range front (Estero Bay, Shell Beach) (Figure 13).  The sandy habitats in 
the north and south are roughly equivalent in size (Monterey Bay sandy habitat from 
shoreline to the 40 meter depth contour– 182.5 km2; Shell Beach sandy habitat – 199.9 km2). 
However, the central and southern males seem less constrained by these habitat differences 
as evidenced by multiple moves to male aggregate areas, and this is inconsistent with an 
‘environmental barrier” hypothesis.   
 
Overall, adult males captured near Monterey weighed less and had smaller mass/length 
ratios than those captured near Cambria (Tinker 2004).  However, even though the Monterey 
males were in poorer condition than the Cambria males they do not appear to move to the 
range edges where there is presumably no food limitation.  The Cambria animals are also 
foraging in rocky habitat.  As noted previously however, the Cambria area has less species 
richness and abundance with regard to specific sea otter prey items than does the Monterey 
Peninsula (Mark Carr, University of California Santa Cruz PISCO, pers. comm. 2004).  As a 
result of  prey composition differences the Cambria animals might need to move longer 
distances to find the required resources and hence be exposed to alternative habitats to the 
rocky intertidal.  Being required to move longer distances in search of prey could have 
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provided the Cambria males with an advantage when it comes to venturing across long sandy 
bays.  It seems evident that the central and southern males (Cambria) are employing a 
different strategy for survival than the Monterey males.   As mentioned previously, Cambria 
male core areas are extremely far apart while Monterey males generally have one core use 
area within one home range.  The Cambria males are establishing territories in areas of high 
female densities and during breeding seasons (Figure 25).  At some point, they move south 
to aggregate in large “male groups” where food is plentiful and otter densities are much 
lower, resulting in non-continuous home range areas (Figure 25).  When examining overall 
health and morphological characteristics between the two areas, central and southern males 
seem to have the edge at this time perhaps because of differing strategies.  The strategy 
employed by the Cambria males seems to be paying off as the annual survivorship of the 
males caught in the central and southern portion of the range is significantly higher than all 
other classes examined in the current population (Tinker 2004). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 25. Typical multiple home range and core use area based on daily location data for male 6-183, from 
the current Cambria sub-population using adaptive kernel method of home range calculation.  95% probability 
area equals 48.5 km2. 
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Figure 26. Typical single home range and core use area for male 4-204 from the current Monterey Bay sub-
population using adaptive kernel method of home range calculation.  95% probability area equals 17.6 km2. 
 
 
Temporal Changes in Movement Patterns 
 
The behavior of the Cambria study males are consistent with Jameson’s findings (1989) that 
documented long-distance seasonal movements, but are also consistent with the intermediate 
movement findings of (Ralls et al. 1996b).  Cambria males exhibited seasonal movements at 
the end of the winter months to male areas at the southern end of the range.  However, they 
were not constrained by these long distance, end of winter movements as they also showed 
an intermediate movement pattern during other seasons.  When males did leave their 
territory they typically traveled to areas of male aggregates found in several locations, 
including Morro Bay and Point Conception (Figure 13).  Males captured as part of the 
central and southern range study at Point Conception also moved back north to many 
different locations, ranging from Avila Beach to Monterey, to establish territories for part of 
the year.  Adult and sub-adult males in the 1980s also made long distance moves to the 
southern range front.  However, 1980s males had a shorter distance to travel to reach the 
southern range front which occurred around Pismo Beach (Figure 23) than do the current 
males.  Overall, the pattern suggests that the multiple long distance moves by the Cambria 
males are what is likely driving the temporal differences in average move lengths between 
the two populations.  
  
Home Range – Age- and Sex- Class   
 
Since males moved longer distances over a year than females, one might expect them to have 
the largest home range areas.  Indeed, males did have larger home ranges than females.  
These results are highly influenced by the long distances that males move.  Because MCP 
home range calculation is a method that connects the outer points of an animal’s locations, 
long distance movements that might be considered outliers in other home range methods 
carry as much weight as any other point and greatly influence the size of the polygon.  Since 
males tend to make long distance moves, this factor would significantly influence the size of 
the home range area and would logically result in home ranges that were much larger than 
those of females.    

# ##

#

#
#

# #

#

#
#

#

#
#

#

#

#
#

#

#

#

#

#
#

#
#

#

#

#

##

#

#

#

###

#

# #
#

#

#
#
#

#
# #

#

#

#

#

#

#

#
#

#

#

##

#
#

#
#
#

#
#

#
##

#

#
#

##

#

#

#
#
#
##

# #

#

#

#

#
#

#

#

## #

#

#
#

#

#

#

#

#
##

#

#

#

#
#

#
#

##

#

#
#

#

## ###

#

## # #
# #
# #

# ##

##

#

#
#

#
#

#

#
# #

#
#

#
#

#
#

#
#

#

#
#

#
#

#

#

#

#

##

# #

#

#

#

#

#

#

#
#

#
#

#
#

#

### #

#

#

#

#
#

#

#

#

# # #

#

#

#
#

#

#

# #
#

#

#

#

#

#

#

#

#
##

#
#

#

#
#

#

#

## #

#

# #
# #

#

####

#

## #

#

#
##

#

#

#

###

#

#
#

#

#
#

#

#

#
#

##
#

#

##

#
#

####
#

#

#

#
# #

#
#

###

#
#

#

###
###

#

#

#

# #
#
# #

#

#

#

###
##

#
#

###
#
#

#

##
##

#
#
## #
##
#

#

##

#

#####
#

#
# #

# ##
#

##

#

####

#

#
#

#

#

#

#
# #

#

#
##

#

##

##

#

#

#
#

#

#

#

##

##

#
#

##
####

# #
## ##

#

#

#

##

#
##

#

#
#

#

#

###
#

#
#

##

##

#

#
#

#
# ###

#

#
#

1 0 1 2 Kilometers

N

EW

S



Final Study Report – Estes et al  

70 

Adult males also had longer yearly move lengths than sub-adult males and so one would 
suspect that the home range areas of the adult males would be larger than sub-adult male 
home ranges.  This was the case when using the MCP method.  However, sub-adult males 
had larger home range areas when using the other three methods of home range calculation 
(AK, ADJK, and CAU) (Table 6) and this was slightly confounding.  However, when 
considering how animals use their home ranges and how adult males typically defend 
territories for at least a portion of the year, the results are more reasonable.  Many of the 
adult males have two distinct home range areas with multiple core areas within.  The 
territories that the adult males defend in areas of high female densities are constrained by the 
ability of the male to defend it and are typically quite small.  Alternatively, a second adult 
home range area exists on the southern range front.  These are often smaller than the home 
range areas that exist in the central portion of the range.  The smaller home range on the 
range front could be a result of increased resources within an area that has been less 
exploited and this would negate the need to travel long distances to find food.  There is no 
pressure on the males, when they are residing in male groups, to do anything but forage and 
rest.  Movement is energetically expensive (Williams 1999), so if resources are plentiful 
there is no need to move very far.   
 
On the other hand, a majority of adult females, sub-adult males, and sub-adult females have 
multiple areas of use within one continuous home range.  The sub-adult males use a much 
greater amount of linear coastline than all other classes (Appendix F).  Sub-adult males not 
only use a larger linear area of coastline (~54 km vs. 9 – 15 km for other classes) but also 
occupy an area extending further from shore than other age/sex classes (~2.5 km vs. 0.8 – 
1.1 km for other classes).  As a result sub-adult males typically have one continuous home 
range within which are incorporated multiple areas of use.  Thus their calculated home 
ranges are larger than those of all other classes. 
  
Spatial Variation – Home Range Area 
 
Cambria animals had significantly longer average move lengths over longer time periods 
(particularly for a year) than animals from the Monterey study and based on these results one 
would expect home range areas to be larger as well.  Indeed, Cambria animals had larger 
home range areas using all four methods of home range calculation (Table 8).   
 
The same factors that play a role in increased average movement by the Cambria animals are 
likely influencing the need to use greater areas, i.e. relative prey densities.  While habitat and 
densities are similar in both areas to a degree, the prey richness and abundance are lower in 
the Cambria region compared to Monterey, as noted earlier.  The implication is that sea 
otters need larger areas of habitat to support life in the central and southern portion of the 
range than they do around the Monterey Peninsula.  If it turns out that significant differences 
occur in prey composition in Cambria, then this might explain why central and southern 
males make many more long distant moves than those living on and around the Monterey 
Peninsula.   
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Temporal Variation – Home Range Area 
 
There were temporal differences in home range areas for sub-adult females.  Specifically, 
home range sizes of sub-adult females varied between 5.3 – 646 km2 in the 1980s while the 
home ranges of sub-adult females near Cambria in the present study varied between 0.9 – 14 
km2 depending on method of calculation.   
 
Why did sub-adult females use a much larger home range area in the 1980s?  It is likely that 
there are two reasons for the differences between sub-adult females from current and past 
populations.  First, the earlier study had a relatively equal number of animals for each of the 
age/sex classes while the current studies are both heavily weighted toward adults.  Second, 
the earlier study captured animals at five different locations along the coast (Figure 14) while 
all of the sub-adult females from the present study were captured and tracked within 2 km of 
one another in the Cambria area.  This broader spatial representation may mean that the 
results from the 1980s study are more representative of what sub-adult females do on 
average.   
 
There is a potential explanation for why the current sub-adults residing in the Cambria area 
have significantly smaller home ranges.  The bathymetry along the Big Sur coast is very 
different from the bathymetry in Cambria.  In many areas along the Big Sur coast, the depth 
of the water increases dramatically as a result of the coastal shelf ending very close to the 
shore (Figure 27).  South of Cambria the coastal shelf extends out from the shore and as a 
result there is more shallow water habitat per unit length of shoreline (Figure 28).  This may 
have forced the sub-adult females from the 1980s to utilize a long, narrow, essentially one-
dimensional band along the Big Sur coast.  Support for this can be seen when the linear 
shoreline used by the earlier sub-adult females (~18 km) is compared to the Cambria sub-
adult females (~4 km).  Adult females and sub-adult males in the 1980s also used more 
linear coastline than their current counterparts (Table 8).  Additionally, 1980s animals were 
also tracked over a greater area than the Cambria animals and this may have contributed to 
some of the variation in home range size. 
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Figure 27.  Big Sur coastline where the 40 meter isobath occurs (on average) 750 meters off shore. The 40 
meter isobath defines the typical depth range within which sea otters dive to forage. 
 
 
 
 

 

 

 

 

 

 

 

 

Figure 28.  Cambria, CA coastline where the 40 meter isobath occurs (on average) 1.5 kilometers offshore, 
more than twice the distance of occurrence along the Big Sur, CA coastline. 
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Variation in Home Range Methodology 
 
As was expected, the MCP method produced larger home range sizes than the other three 
methods (Table 6).  In the past MCP has been the most commonly used method to analyze 
sea otter home ranges.  However, it does not do a good job of estimating home range area 
and, additionally, it gives no insight into how a sea otter may utilize its habitat (Figure 29).  
MCP has been shown to be appropriate for calculating home ranges of territorial animals that 
delineate their ranges with marking behavior (Gubbins 2002) but is much less useful in 
understanding the biological significance of an animal’s home range.  MCP is also sensitive 
to sample size and typically increases as sample size increases (White and Garrott 1990).  
This sensitivity to sample size would have precluded the use of a majority of the movement 
locations gathered for each individual and this was one of the reasons for comparing a 
polygon method to one that used a frequency distribution to calculate home range areas.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 29.  Minimum convex polygon (MCP) home range area (2,834 km2) for male sea otter 6-183 from the 
current Cambria sub-population. 
 
 
AK methods, which calculate home range area based on frequency of occurrence, are not 
sensitive to large sample size as the size of the area typically levels off and remains 
unchanged after 50 locations (Millspaugh and Marzluff 2001).  As a result, one can use more 
locations and perhaps gain greater insight into the intensity of use of various parts of an 
animal’s home range with these methods.  The frequencies are calculated and form a 
utilization distribution.  The utilization distribution then allows calculation of probability of 
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occurrence adaptive kernels.  These AK home ranges did a better job at estimating areas of 
core use, or in the case of males, territories.  
 
However, for a nearshore marine species that do not use the terrestrial environment at all, 
AK has a major drawback.  The function in Arc View 3.2 lacks the ability to allow barriers 
that restrict the use of inappropriate area when calculating the kernel(s).  This drawback 
causes an overestimation of an animal’s home range size.  The problem can be remedied by 
subtracting the area of unusable habitat from the overall area of the kernel home range 
(Figure 30 (a) and (b)).  This provides a more precise idea of patterns of use within an 
animal’s home range as well as information on core areas of use.  Still, the inability to 
parameterize the kernel density function in Arc View 3.2 results in kernels that are less likely 
to accurately reflect correct patterns of use for southern sea otters.   
 
For this reason, CAU home range, an alternative to other home range methods was 
calculated.  Southern sea otters move largely in a linear fashion over one-dimension.  Linear 
shore use has been used as a descriptor of sea otter home range in at least one study in the 
past (Jameson 1989).  Southern sea otters are also usually found within two kilometers of 
shore.  Therefore, in order to gain a better understanding of exactly how much linear 
shoreline is used by individuals as well as to gain insight into the perpendicular distance off-
shore each animal used 95% of the time; a CAU home range was determined and compared 
to the others (Figure 31).  Overall CAU was the smallest calculated area of home range size 
for all animals (Appendix F).  Using AK home range methods to calculate a 95% probability 
of occurrence kernel and then using the edges of that kernel to interpret the distance an 
animal uses along the coast is one method that may accurately reflect a linear distance used 
by the sea otter.  AK is not sensitive to outliers and so is less susceptible to biases associated 
with individuals that make a very few long distance moves, a problem often encountered 
when using MCP methods.  The linear shoreline distance encompassed by the AK polygon 
may thus provide a less biased index for comparing relative range sizes between and within 
populations than would be gained by simply measuring the linear shore line encompassed by 
the raw data cloud or by the MCP.   
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Figure 30.  a) 50 and 95% kernels of probability for male sea otter 6-183 from the current Cambria sub-
population calculated using adaptive kernel (AK) home range analysis (48.5 km2), b) 50 95% kernels of 
probability also for male sea otter 6-183 that has been adjusted to disregard unusable habitat (terrestrial)(29.16 
km2).  
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Figure 31.  Calculated area of use (CAU) home range polygon (10.5 km2) calculated from two parameters: 
linear shore line in which 95 % of locations occurred and offshore area in which 95% of location occurred, for 
male sea otter 6-183 from the current Cambria sub-population. 
 
 
If the ability to establish barriers within the AK function in Arc View 3.2, or other GIS 
software, becomes available, that would make the AK method of home range calculation a 
better measure of sea otter home ranges.  Until that time, for southern sea otters, the best 
estimation of home range seems to be CAU. 
 
Spatial Variation using Correlated Random Walk 
 
As noted previously, sea otters in the central and southern locations moved longer distances 
on the average than those in the northern location.  However, on a daily time scale animals 
from these areas had similar move lengths.  As a result one would expect a CRW model to 
make similar predictions for both sub-populations.  However, CRW drastically under-
predicted the O (Rn2) for the Cambria study for days one – three but began to do a better job 
by days four and five (Figure 20).  In contrast, the CRW model only slightly under-predicts 
O (Rn2) for the Monterey animals over the entire five day subset and this sub-population 
seems to conform to the model.  In other studies, under-prediction of O (Rn2) indicated non-
random turning angles (Turchin 1998, Bergman et al. 2000)  While this result implies that 
animals are moving along paths in a more linear fashion than the CRW predicts, it could be 
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explained if these movements are accomplished  by alternating right and left turns in a non-
random fashion.  In fact, turning angles were decidedly non-random for the Cambria sub-
population and much more randomly distributed for the Monterey animals (Figure 32).  On 
the other hand, one of the major assumptions of a CRW model is that animals are able to 
disperse in a fully two-dimensional world.  Southern sea otters move in a much more linear 
fashion.  In other words they are restricted to a somewhat one-dimensional coastline.  It is 
quite likely that by using a full range of turning angles, not just left or right turns, predictions 
for displacement from the starting point were low and this is possible one of the most 
important reasons that the model under-predicts observed displacements (Turchin 1998).       
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 32.  Distribution of turn angles for three studies; 1980s, current Cambria sub-population and current 
Monterey Bay sub- population of sea otters. 
 
 
Therefore, under-prediction of displacement by a CRW model is an indication that sea otters 
are making one-dimensional moves along a linear coastline.  However, the model did not 
under-predict displacement equally for each population.  As mentioned, the displacement for 
the Cambria sub-population was under-predicted vastly more than the other two studies.  
Perhaps this is an indication that the Cambria animals are making more efficient use of their 
home range.  As movement is energetically expensive (Williams 1999),  it is reasonable to 
expect that it is more efficient for sea otters to take the most direct route possible.  In 
caribou, under-prediction of displacement by a CRW model was indicative of efficient return 
to calving grounds from wintering sites (Bergman et al. 2000).  For sea otters, straightened 
movement paths might be a means of conserving energy.  Sea otters live in very cold water 
and unlike other marine mammals, have little subcutaneous fat to provide warmth.  By using 
direct movement between resting, mating, and foraging areas they may conserve energy by 
reducing the amount of time required to travel.   
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