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ABSTRACT	  

 

The southern right whale (SRW; Eubalaena australis), was nearly extirpated from New 

Zealand (NZ) waters by commercial whaling in the nineteenth century. The NZ population is 

thought to be recovering, but precision of the estimated population growth rate is low and 

population dynamics affecting the estimates are unknown.  

Population models act as powerful tools for estimating the population dynamics of 

endangered and vulnerable species, and help determine the viability of possible conservation 

actions. This thesis uses matrix population modelling to develop an understanding of the 

population dynamics, and specifically population growth, for the NZ SRW. 

Reproductive estimates are critical for population models. This thesis produces the first 

estimate of reproductive output for the NZ SRW. The calving interval is estimated to be 3.11 

years (95% CI 2.79-3.43). The matrix population model constructed in this thesis incorporates 

new estimates of life history parameters estimated from photo-identification data collected in 

Port Ross, Auckland Islands (2006-2012) and additional estimates from similar conspecific 

populations.  

A three-stage, female-only, life cycle was used to estimate population growth using matrix 

population modelling techniques. The deterministic population growth rate was estimated to 

be 5.6%. Parameter uncertainty in demographic parameters was accounted for by 

incorporating estimates of variability from NZ SRW and conspecific estimates. The 

population growth rate decreases from 5.6% to 4.8% after parameter uncertainty was 

accounted for (95% CI 2.5% and 6.4%). 
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Population projections included a range of year to year variability (SD=0.1, 0.5 and 1). These 

estimates were used to assess trends in abundance over 30 years and future population growth. 

As this variability increased, the mean population growth decreased from 4.8% to 3.3%. 

Abundance after thirty years decreased from 4333 to 2992 individual females. Estimates also 

became less precise as year to year variability increased. 

To understand which matrix entries and lower-level demographic parameters would have the 

greatest effect on population growth, I conducted a perturbation analysis. This included 

sensitivity and elasticity of the projection matrix. The resulting estimates of this analysis 

indicate that adult survival will have the highest absolute (sensitivity) and proportional effect 

(elasticity) on the population growth rate.  

The population models demonstrated in this thesis, coupled with recent re-colonization of 

former habitats around the NZ mainland and evidence from congeneric populations, suggest 

that NZ SRWs may become exposed to impacts such as fishing and shipping in the future. 

Conservation management aimed at reducing anthropogenic impacts that affect survival (e.g. 

MPAs, shipping restrictions) will be vital during the re-colonisation of southern right whales 

to the New Zealand mainland. 
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CHAPTER	  ONE	  

GENERAL	  INTRODUCTION	  

 

1.1 Introduction	  

The analysis of population dynamics is key in the conservation of endangered and vulnerable 

species. The southern right whale (SRW; Eubalaena australis) was nearly extirpated from 

New Zealand (NZ) waters by commercial whaling in the 19th century (Richards 2002), but is 

now recovering (Carroll et al. 2013). Research in the NZ sub-Antarctic has provided estimates 

of survival, abundance and growth rate for the NZ SRW (Carroll 2011, Carroll et al. 2011a, 

2011b, 2012, 2013).  

Population models can be applied to analyse information about demographic rates to help 

understand patterns in abundance and population growth (Baker and Clapham 2004). The 

appropriate model structure depends on the biology of the species of interest, the availability 

of data, and the research questions being addressed. Matrix population models provide a way 

of accounting for these differences (Caswell 2001) and  are commonly applied in theoretical 

ecology (Jongejans and de Kroon 2012) and conservation research (Morris and Doak 2002, 

Mills 2013).  

The population growth rate is often the focus of these demographic studies. For example, 

matrix models have been used to estimate population growth rate of many marine mammal 

species such as; sperm whale (Physeter macrocephalus, Chiquet et al. 2013), orca (Orcinus 

orca, Brault and Caswell 1993), and Hector’s dolphin (Cephalorhynchus hectori, Slooten and 

Lad 1991). Matrix population modelling is also commonly used in conservation management 

for a wide range of other species, including grey wolves (Canis lupus, Miller et al. 2002), 

grizzly bears (Ursus arctos, Pease and Mattson 1999, Doak and Cutler 2014), and loggerhead 

turtles (Caretta caretta, Crouse et al. 1987, Crowder et al. 1994, Heppell 1998). 
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A range of different modelling techniques including but not limited to matrix models have 

been applied to study the affects of changes in environmental and biological parameters. For 

example, population models have been used to estimate historical exploitation (Baker and 

Clapham 2004, Jackson et al. 2008), and to model different conservation strategies, e.g. North 

Atlantic right whale (NARW, Eubalaena glacialis, Caswell et al. 1999), and New Zealand sea 

lion (Phocarctos hookeri, Chilvers 2012, Hamilton and Baker 2014, Meyer et al. 2015b). 

Investigating population decline is often the focus of these types of models, but conclusions 

can be controversial when different modelling techniques are used (Meyer et al. 2015a).  

 

1.2 Taxonomic	  status	  of	  right	  whales	  

The taxonomic status of baleen whales has been debated in the scientific literature over the 

past two decades (e.g. Rice 1998, Rosenbaum et al. 2000). Right whales (genus Eubalaena) 

are now thought to consist of three distinct maternal lineages (North Atlantic (NARW, E. 

glacialis), North Pacific right whales (NPRW, E. japonica) and southern right whales (SRW, 

E. australis)), and are closely related to the bowhead whale (Balaena mysticetus; Rosenbaum 

et al. 2000). The relationships within the baleen whale lineage have been deduced based on 

morphological differences (Simpson 1945), genetics (Milinkovitch et al. 1993, Arnason et al. 

1992), and the phylogenetic structure of their commensal whale lice (Rosenbaum et al. 2000). 

 

1.3 Right	  whale	  biology	  

The three species of right whales are morphologically similar. They are large, stocky whales 

in the family Balaenidae. The adults are typically from 13-16 metres in length, and weigh up 

to 80 tonnes (Figure 1.1a). SRWs are mostly black but sometimes have irregular white body 

patches (Figure 1.1b). A small number of SRWs have mottled colouring (Figure 1.1c). All 

individuals have unique callosity patterns (Kraus et al. 1986). Callosity patterns develop after 

birth and are inhabited by symbiotic whale lice. This relationship is thought to be 

ectocommensal because the whale lice feed on and inhabit right whales but there has been no 

evidence to confirm any harmful effects to the whale (Kenney 2009). These unique features 

allow for individuals to be identified through photo identification (photo-ID, Kraus et al. 

1986).   
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Figure 1.1. Photographs of NZ SRWs taken at the Auckland Islands. The top image (a) 
is a full-grown adult with a calf following in coastal habitat, the lower left image (b) is 
the ventral flashes observed on some SRWs, and the lower right photo (c) is of a mottled 
SRW. Photo credit: Auckland Islands Research Teams 2010, 11, 12. 

 

Right whales are filter feeders. Their diet consists entirely of zooplankton, especially large 

euphausiids (krill) such as Euphausia superba (Pauly et al. 1998). Right whales migrate 

annually between high-latitude feeding areas to low-latitude breeding grounds. Because of 

this migratory pattern, data collection is most often conducted on breeding grounds (e.g. 

Cooke et al. 2003, Brandão et al. 2012). Far less is known about the feeding grounds of right 

whales (Reilly et al. 2013). 
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Life history data are difficult to collect because limited aging assessment techniques are 

available and no whaling data from the twentieth century are available. The youngest mature 

females breed at five years of age but the average age at first reproduction (AFR) is closer to 

nine or ten years (Kenney 2009). Breeding and mating occur in the winter months. It is 

assumed that right whales have a three-year calving cycle so mating is often not observed or 

limited on the calving grounds (Kenney 2009). Much is still unknown about the relationship 

between breeding and mating of right whales. 

Predation is thought to be limited to calves and juvenile right whales. Killer whales and 

sharks are most likely to be responsible for this (Kenney 2009). There have been tooth rakes 

observed in NARWs and it has been proposed that seasonal migration to shallow, calving 

grounds is an evolutionary response to predation of great white sharks (Carcharadon 

carcharias, Klimley 1994). The greatest impact on populations of right whales has been 

historical whaling (Baker and Clapham 2004) and continued anthropogenic effects are 

thought to be a determining factor in the recovery of some populations (e.g. NARWs, Kraus et 

al. 2005).  

 

1.4 Whaling	  

Right whales were a desirable target for early whalers (Kenney et al. 1995, Greene and 

Pershing 2004). They were given the name ‘right whale’ because they were the ‘right’ whales 

to hunt due to their rich, plentiful oil, large amounts of baleen and behavioural traits that made 

them easier to hunt than other species. For example, females calve in shallow coastal waters 

making them accessible for onshore whaling stations. In addition, female right whales are 

known to stay with their young when they are harpooned and the carcasses float after death, 

making retrieval easy (Clapham and Baker 2009).  

By the end of the twentieth century, shore and pelagic whaling had reduced numbers of many 

large whale species, including all species of right whales, to less than 5% of their pre-

exploited population size (Walsh 1967, Allen 1980). An estimate of the total number of SRWs 

killed in the southern ocean was approximately 150,000 and the total SRW population after 

whaling may have been as low as 60 females (Baker and Clapham 2004). This estimate was 

reconstructed from ship logbooks, whaling catch records and export records. Reconstruction 

of these fragmented records has been attempted in several publications (Baker and Clapham 
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2004, Jackson et al. 2008, 2015, Carroll et al. 2014a). However, these historical resources are 

compromised by incorrect documentation of species type, hunting effort and strike rate.  

Within NZ waters the height of SRW hunting was between 1830 and 1850. More than 80% of 

the total number of NZ SRWs were killed in these two decades (Carroll et al. 2014a). At its 

peak there were well over 80 shore whaling stations throughout NZ, although most of these 

ceased operation within one or two years due to dwindling numbers of whales (Townsend 

1935, Richards 2002). The latest published estimate of the total number of SRWs removed 

from NZ and eastern Australian waters is between 53,000 and 58,000 (Carroll et al. 2014a). 

The International Agreement for the Regulation of Whaling was enacted in 1935 to protect 

right whales globally. The creation of the International Whaling Commission (IWC) in 1947 

continued this protection (IWC 2001) but this has not always followed. For example between 

1950 and 1971 at least 3,212 SRWs (of which only four were reported to the IWC) were taken 

by illegal Soviet whaling (Tormosov et al. 1998). 

 

1.5 Current	  right	  whale	  distribution	  and	  abundance	  

The understanding of worldwide right whale distribution (Figure 1.2) is based on a 

combination of whaling data and sighting records (IUCN 2015). Right whales are most 

commonly found between 20 and 60 degrees latitude (Kenney 2009). However, there is a lack 

of information on current summer feeding patterns of right whales and the majority of 

offshore data comes from historical records.  
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Figure 1.2. The overall range of all three species of right whale. The distribution was 
reconstructed from the International Union for Conservation of Nature (IUCN) red list 
of threatened species (IUCN 2015). 

 

Both the NPRW and NARW were expected to recover after commercial whaling but 

population numbers have failed to increase (Table 1.1, Fujiwara and Caswell 2001). Lack of 

population recovery for the NARW species is due to anthropogenic effects such as ship strike 

and entanglement in fishing gear (Kraus et al. 2005, 2007). The total population of SRWs was 

estimated to have recovered to 7,571 individuals in 1997 (IWC 2001).  

 

Table 1.1. Abundance estimates of right whales around the world. 95% CI = 95% 
confidence interval. Estimates of NARW represent minimum possible estimates and no 
estimate of precision is available for the SRW. 

Species Location Year Abundance Reference 

NARW Western Atlantic 1998 299 - 437, including 70 
mature females Kraus et al. 2001 

NPRW 
Eastern Pacific 2008 28 (95%  

CI 24-42) Wade et al. 2011 

Western Pacific 2008 922 (95%  
CI 404-2108) Wade et al. 2011 

SRW Southern Ocean 1997 7,571 IWC 2001 
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The NPRW is thought to consist of two populations geographically isolated from each other, 

with the eastern NPRW estimated to be the smallest whale population in the world (Wade et 

al. 2011). The western NPRW population is thought to be much larger (Table 1.1, Miyashita 

and Kato 1998). The NARW and NPRW are listed as Endangered by the International Union 

for Conservation of Nature (IUCN), with the SRW categorised as Least Concern (Reilly et al. 

2008, 2012, 2013). 

The principal calving grounds of SRWs are in South America, southern Africa, Australia and 

New Zealand’s sub-Antarctic islands (Figure 1.3, Kenney 2009). Many of these calving 

grounds are strongholds for remnant populations. High female site fidelity restricts gene flow 

among the calving grounds (Carroll et al. 2013). It is thought that calving grounds help to 

define the population structure within SRWs.  

 

 

Figure 1.3. The identified population range based on calving grounds of SRW. The main 
study populations are indicated in yellow. Red shaded areas represent hypothesised 
locations of SRW calving areas, for which very few research data are available. 

 

There does seem to be a small amount of genetic exchange between populations located 

around the same continents (e.g. Argentina and Brazil, Groch et al. 2005). However, the larger 

populations around South Africa, western Australia, Argentina and NZ display a much smaller 

amount of genetic exchange between land masses (e.g. Argentina and Tristan da Cunha, Best 

1993; NZ and Australia, Carroll et al. 2011b). The four main populations of SRW (Argentina, 

South Africa, western Australia and NZ) have been distinguished as being genetically isolated 

on the basis of mitochondrial DNA (Patenaude et al. 2007). 
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In addition to the genetic pattern of population structure, research done by Childerhouse et al. 

2010 used satellite tagging. This study only managed to successfully tag three individuals but 

all these individuals headed towards Australia at some time during the tagging period 

(Childerhouse et al. 2010). This has helped identify feeding grounds but the small sample size 

limits the generalisation of these observations. 

The total abundance estimate of SRWs in 1997 was 7,571 with an expected doubling of the 

total population by 2007 (Reilly et al. 2013). New estimates of isolated populations show that 

this could be a reasonable assumption (total of the four largest populations is >12,000). 

Abundance estimates show the Argentinian (4245, Cooke et al. 2003) and South African 

(4725, Brandão et al. 2012) populations are similar sizes. The NZ population (2169, Carroll et 

al. 2013) and Australian population (2900, Bannister et al. 2011) are similar sizes. 

  

Table 1.2. Abundance and growth rate estimated for the South African, Australian and 
Argentinian sub-populations of SRWs. SE = standard error, 95% CI = 95% confidence 
interval. Note: no estimates of precision are available for surveys from the Australian 
population (Bannister 2010) and growth rate for the NZ population is for females only 
(Carroll et al. 2013). 

Location Year Abundance Growth rate (𝛌) Reference 

Argentina 2010 4245 (SE 245) 1.068 (SE 0.005)  Cooke 2013 
Australia 2010 1197 (N/A) 1.075 (N/A) Bannister 2010 

South Africa 2010 4725 (SE 214) 1.068 (SE 0.0002) Brandao et al. 2012 

NZ 2009 2169 (95% CI 1836 
– 2563) 

1.05 (95% CI 0.98 
– 1.13) Carroll et al. 2013 

 

The growth rate for all monitored SRW populations show a recovering trend with estimated 

growth rates between 1.050 and 1.075 (Table 1.2). However, some of the smaller populations 

(e.g. Chile, Vernazzani et al. 2010) are data deficient. Growth rates and population level 

impacts are still unknown for many populations (Groch et al. 2005, Vermeulen and 

Cammareri 2011, Reilly et al. 2013). These disparities in data quality and recovery across the 

different SRW populations make it vital to understand the biology and history before 

modelling dynamics.  
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1.6 New	  Zealand	  southern	  right	  whale	  

Following commercial whaling it was feared that SRWs had been extirpated from NZ waters 

altogether (Gaskin 1964). However, sightings at Campbell Island and the Auckland Islands 

from 1957 onwards confirmed that a small remnant population remained around the sub-

Antarctic islands (Gaskin 1964). In 1992 and 1993 SRWs were sighted in the Auckland 

Islands by expeditions of the Royal NZ Air Force (RNZAF). These sightings included more 

than 70 whales in 1992, along with 42 whales and one calf in 1993 (Donoghue 1995). This led 

to the first dedicated study of SRWs in the Auckland Islands (Patenaude 2000). This study 

focused on the Port Ross harbour of the Auckland Islands (red area in Figure 1.4). 

 

Figure 1.4. Location of Port Ross, Auckland Islands, NZ. The red area represents the 
main NZ SRW calving ground (Rayment et al. 2012).  
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Since 1993 the NZ SRW has been the focus of three sets of annual surveys occurring between 

1995-1998, 2006-2009 and 2010-2012. This fieldwork, combined with historical research on 

NZ SRWs, has helped define population structure (Carroll 2011, Carroll et al. 2012), 

abundance, growth rate (Carroll et al. 2011a, 2011c, 2013), and gene flow (Carroll et al. 

2011b). During the first two survey periods both genetic and photo identification (photo-ID) 

data were collected. Since 2010 research has focused on acoustics (Webster 2015), photo-ID 

and distribution (Rayment et al. 2012, 2015). 

The growth rate for the NZ SRW has been estimated for 1998 (Carroll et al. 2011c) and 2009 

(Carroll et al. 2011a, 2013). Carroll et al. (2013) estimated growth rate for female NZ SRWs 

at 1.05 (95% CI 0.98 - 1.13) and for males at 1.07 (95% 1.05 - 1.09) using an open population 

model based on genetic mark-recapture data. Carroll et al. (2013)’s estimates of population 

growth rate are relatively imprecise, with a 95% confidence interval ranging from a 2% 

decline to 13% population growth.  

Population abundance was estimated from the same POPAN model (Carroll et al. 2013). This 

model structure estimates total population (“super-population”) and number of individuals 

alive using genetic sampling (N=314 males and N=388 females). The POPAN model 

produced estimates of population size for females (1162) and males (1007). The total super-

population is simply a combination of the two superpopulation estimates (2169, Table 1.2). 

For estimating current NZ SRW population size the current number of alive individuals has 

only been reported for females as 1074 (95% CI 812 – 1339; Carroll et al. 2013). 

More recent research has focused on reanalysing historical catch records (Carroll et al. 

2014a), re-colonisation of mainland NZ habitat (Carroll et al. 2014b), and habitat modelling 

(Rayment et al. 2015). To date there have been no estimates of fecundity for the NZ SRW. 

Fecundity drives the number of new recruits into the population. It is also a parameter that 

could show evidence of density dependence, as in orca populations (Ward et al. 2009), sperm 

whales in the Galapagos Islands (Kahn et al. 1993) and fin whales in North Atlantic 

(Balaenoptera physalus, Williams et al. 2013).  
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1.7 Study	  aims	  and	  objectives	  

The overall aims of this study are to provide the first fecundity estimate for NZ SRWs, and an 

estimate of population growth rate utilising new estimates of survival and reproduction from 

the NZ population.   

A team of researchers, which included me, collected field data for the New Zealand specific 

analysis used in Chapters Three, Four and Five. I was a co-author on one of the peer-reviewed 

publications that helped to confirm fine scale distribution of SRWs around the Auckland 

Islands, using data colleagues and I collected in 2011 (Appendix One). This was done by line-

transect surveys and photo-ID down the eastern coast of the Auckland Islands to identify 

mother calf groups outside of the main calving ground (Rayment et al. 2012). 

The structure of this thesis is based on the following specific objectives.                                                                                                                                                          

Demographic	  parameters	  (Chapter	  Two)	  

The first objective is to compile and review demographic parameter estimates from large 

whale populations around the world. This review will be used to provide parameter estimates 

that are not yet available for the NZ SRW, for the construction of the matrix population model 

in Chapter Four. 

Population	  specific	  reproductive	  rates	  (Chapter	  Three)	  

The second objective is to collect and analyse mark-recapture data from the main calving 

ground (Auckland Islands, NZ) to produce the first estimate of reproductive output for the NZ 

SRW.  

Population	  model	  (Chapter	  Four)	  

The objective of this section is to construct a population model for the NZ population of 

SRWs. A three-stage matrix population model includes survival, fecundity and transition 

probabilities. The aims are to estimate population growth rate, transient dynamics, a stable 

stage distribution and future abundance for the NZ SRW. 
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Perturbation	  analysis	  (Chapter	  Five)	  

A perturbation analysis is used to investigate the sensitivity and elasticity of the population 

growth rate to changes in the model’s input parameters. This type of perturbation analysis has 

not been carried out previously for the NZ population of SRWs.  
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CHAPTER	  TWO	  

POPULATION	   PARAMETERS	   FOR	   THE	   NEW	  

ZEALAND	  SOUTHERN	  RIGHT	  WHALE	  

 

2.1 Introduction	  

Population models require estimates of demographic parameters. The complexity of the 

model depicts the parameters needed but commonly these include reproductive rates, survival 

rates, age at first reproduction (AFR) and sex ratio. Age-specific, time varying estimates of 

reproduction and survival are not available for any right whale population, let alone sufficient 

information to construct an individual-based model. A stage-structured model represents an 

appropriate level of complexity and realism, given the available demographic estimates.  

Demographic parameters for the New Zealand southern right whale (NZ SRW) population 

model can be estimated in three ways: 

1. Parameters of interest are estimated directly from the NZ SRW population.  

2. Values from other SRW populations are used where estimates from NZ are not 

available. 

3. Parameter estimates for other, similar species are explored when no adequate estimates 

from SRW populations exist.  

This chapter reviews the key demographic parameters of large whales (survival, age at first 

reproduction, sex ratio, fecundity) required to construct a stage-based matrix population 

model. Knowledge gaps for the NZ SRW will be identified in this chapter and the 

demographic estimates collected will be used to supplement NZ estimates.  
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2.2 Survival	  rates	  

For some species, survival rate estimates are available for different age classes or life stages. 

In the case of right whales, most survival rate estimates are for adults, or for adults and 

juveniles combined. Very few right whale calves have distinguishing features from birth 

(Brandão et al. 2012). Therefore, very little information is available on calf survival. Annual 

survival of non-calf SRWs (i.e. juveniles and adults) in the NZ population has been estimated 

at 0.980 (SE 0.070; Rayment and Childerhouse, 2011). This estimate was derived using 

photo-ID capture-recapture data gathered in the Auckland Islands from 2006-2011. Robust 

design models were used to allow for temporary emigration because female right whales are 

not present on the calving ground every year (Carroll et al. 2013).  

More detailed information on survival rates for the different life stages are available for two 

populations of SRW. Research on the South African population commenced in 1979 

(Butterworth et al. 2011). Since then, estimates of calf, non-calf and adult survival have been 

generated. Precision of these estimates has improved as the length of study has increased 

(Table 2.1; Best et al. 2005, Brandão et al. 2010a, 2012). 

The Argentinian population has been studied since 1971, yielding estimates of survival to 

maturation and adult survival (Table 2.1; Cook et al. 2003). However, since 2000 there has 

been an observed change in reproductive and survival parameters (Rowntree et al. 2001), 

specifically a lower calf survival and calving interval (Cooke 2013, Crespo et al. 2013). 

Analyses incorporating the period with increased calf mortality have resulted in updated 

estimates of calf and non-calf survival (Cooke 2013, Cooke et al. 2015). Both these estimates 

are below the average estimates for other populations (Brandão et al. 2012) and previous 

estimates from this population (Cooke et al. 2001, 2003). These estimates show more 

variation since 2000 but no effect has been observed in the population growth rate yet (Cooke 

et al. 2015). The Argentinian population therefore appears to have depressed survival rates, 

possibly because of density dependent pressure (Crespo et al. 2013). So far, research on the 

Argentinian population has not provided separate calf and juvenile survival estimates. 

Estimates of survival are available for all four stages of the NARW life cycle (Table 2.1; 

Fujiwara and Caswell 2001). Only non-calf survival is available for the NPRW (Table 2.1; 

Wade et al 2011). These northern hemisphere populations are affected by anthropogenic and 

environmental impacts (Greene and Pershing 2004, Rolland and Shea 2008) which may mean 
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that estimates of survival rate are not comparable to SRWs in NZ .  

 

Table 2.1. Survival rate estimates and associated precision for right whale populations. 
SE = standard error, 95% CI = 95% confidence interval. 

Location Survival Precision Age group Author 

North 
Atlantic 

0.920 

Analysis done using 
point estimates and 

sensitivity alone 

Calf 

Fujiwara and Caswell 
2001 

0.960 Immature 

0.990 Adult 
(Mature) 

0.830 Post-
reproductive 

North 
Pacific 

0.970 95% CI 0.90 - 1.00 Non-calf 
(Photo-ID) Wade et al. 2011 

0.900 95% CI 0.64 - 0.98 Non-calf 
(Genetic-ID) 

South 
Africa 

0.914 SE 0.050 Calf 
Brandão et al. 2012 0.987 SE 0.001 Non-calf 

0.990 95% CI 0.983 - 0.997 Non-calf Best et al. 2005 

Argentina 

0.985 SE 0.091 Survival to  
maturation Cooke et al. 2003 

0.980 SE 0.004 Non-calf 
0.810 SE 0.027 Calf Cooke et al. 2015 0.974 SE 0.003 Non-calf 

New 
Zealand 0.980 SE 0.070 

93% CI 0.86 – 1.00 Non-calf Rayment and 
Childerhouse 2011 

 

Mean estimates of survival for other large whales are similar but slightly lower than estimates 

for right whales (Whitcher et al. 1996, Mizroch et al. 2004, Bradford et al. 2006, Ramp et al. 

2006). Estimated survival for the western population of grey whales (Eschrichtius robustus) is 

between 0.759 (95% CI 0.566 – 0.897) and 0.850 (95% CI 0.622 – 0.968; Bradford et al. 

2006). Estimates of survival rate for humpback whales (Megaptera novaeangliae) range from 

0.963 (95% CI 0.944– 0.976; Mizroch et al. 2004) to 0.992 (95% CI 0.985 – 0.999; Ramp et 

al. 2010), while survival rate of blue whales (Balaenoptera musculus) has been estimated at 

0.975 (95% CI 0.960-0.985; Ramp et al. 2006). However there are very few estimates for 

juvenile and calf survival and no estimates of age specific survival for baleen whales.       

The NZ estimate of non-calf survival (0.980) is higher than other baleen whale species but 
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similar to all right whale species. The standard error is reasonably similar to studies with a 

similar length (0.070). The wide confidence interval (0.86 – 1.00) encompasses all estimates 

of adult survival for baleen whales. There are no estimates of calf survival for the NZ SRW 

population. The calf survival for the Argentinian SRW and northern hemisphere populations 

are not appropriate because of the same issues associated with the adult survival explained 

above. The estimate of calf survival from the South African SRW population is expected to be 

similar to the NZ SRW estimate because other estimated parameters from these two 

populations are all similar (AFR, adult survival and reproduction, Brandão et al. 2011, 2012). 

The ratio of calf to non-calf survival could be used to estimate the NZ SRW calf survival. This 

ratio is !.!"#
!.!"#

  =   0.9260 for the South African population. The ratio can then be applied to the 

NZ SRW non-calf survival to estimate calf survival (0.98×0.9260 = 0.91). This is very 

similar to the actual South African SRW estimate of calf survival (0.914, Brandão et al. 2012). 

The estimated ratio of non-calf to calf survival is based on assuming that both the adult 

survival rate and the calf survival rate are correct. A better assumption is to use a uniform 

distribution that includes this ratio but accounts for the full range of estimated calf survival 

directly from the South African population. This range is between 0.837 and 0.914 (Brandão 

et al. 2012). 

 

2.3 Sex	  ratio	  

The sex ratio is the ratio of males to females in a population and defines the sex of individuals 

produced by reproduction in a matrix population model. This ratio can affect projection 

because it defines the number of individual females produced from the reproductive estimate. 

There is no evidence that the NZ SRW population has a biased sex ratio (Carroll et al. 2011b). 

The South African population is the only reported population of SRWs to show evidence of a 

skewed sex ratio (Brandão et al. 2012, Best 2013). Best (2013) concludes from biopsy data 

that an alternative to a 50:50 sex ratio would be a female-biased sex ratio of 54:46 for the 

South African population. This has been incorporated in South African population models to 

estimate growth rate and population size (Brandão et al. 2012).  
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2.4 Age	  at	  first	  reproduction	  	  

Age at first reproduction (AFR) is an important input parameter for a population model as it 

determines the cut off between the non-reproductive and reproductive stages (Caswell 2001). 

Estimates of AFR for right whales are based on data from known aged individuals with 

distinguishing marks at birth (Knowlton et al. 1994, Brandão et al. 2012). Estimates of AFR 

for right whale populations range from seven to nine years (Table 2.2).  

There are a range of AFR estimates for each species. For example AFR for NARWs has been 

estimated to be 7.57 (SE 0.63, Knowlton et al. 1994), 8.7 years and 9.6 years (SD 2.10 and 

2.33 respectively, Hamilton et al. 1998). The first estimate of 7.57 is biased due to the length 

of study and is not large enough to compare to other populations (Knowlton et al. 1994) and 

the range of estimates comes in part from an increase in sample size between the two 

publications.  

 

Table 2.2. Range of AFR (age at first reproduction) estimates for right whales with 
estimates of precision.  SE = standard error, SD = standard deviation, 95% CI = 95% 
confidence interval derived from hessian matrices. 

  AFR Precision Reference 

North Atlantic 
7.57 SE 0.63 Knowlton et al. 1994 
8.7 SD 2.1 Hamilton et al. 1998 9.6 SD 2.33 

Argentina 9.1 SE 0.4 Cooke et al. 2003 
7.58 SE 0.18 Cooke et al. 2015 

South Africa 7.67 95% CI 7.19-8.16 Brandão et al. 2011 
7.74 95% CI 7.15-8.33 Brandão et al. 2012 

 

There are no reported estimates of AFR for many right whale populations due to the 

difficultly of collecting age information and the relatively short duration of many studies. For 

example, there are no estimates of this parameter for the NPRW, or the Australian and NZ 

populations of SRW. The NZ SRW model will use the South African estimate of AFR, as this 

has been stable across multiple surveys and all other estimates (e.g. survival and reproductive 

rates) are similar between the NZ and South African populations. Estimation of reproductive 

output is discussed in Chapter Three.  
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2.5 Summary	  

The NZ SRW population is part of a wider group of right whales that have a well-studied life 

history. Key features of the right whale life cycle are high female site fidelity, late 

reproduction and high adult survival. Population-specific parameters available for the NZ 

SRW include adult survival and fecundity. The most influential input parameter for population 

models of long-lived species is thought to be adult survival (Musick 1999, Sæther and Øyvind 

2000).  

Table 2.3 summarises the demographic parameters most suitable for inclusion in a population 

model for NZ SRWs, including the precision associated with each parameter as discussed in 

this chapter. Suitable parameters have been selected from the South African population 

because they are the same species and both populations are expanded at similar rates. The 

population model in Chapter Four uses data on non-calf survival and calving interval from the 

NZ SRW population. It uses data on AFR, and calf survival from other right whale 

populations because no estimates of these are yet available for the NZ population. 

 

Table 2.3. A summary of the most appropriate demographic parameters for the NZ 
SRW population model based on SRW literature. SE = standard error, 95% CI = 95% 
confidence interval. 

Parameter Estimate Precision Reference 

Calf survival 0.914 SE 0.05 Brandao et al. 2012 

Non-calf survival 0.98 SE 0.07  Rayment and  
Childerhouse 2011 

AFR 7.74 95% CI 7.15-8.33 Brandao et al. 2012 
Sex Ratio 50:50 N/A Carroll et al. 2011 

 

2.6 Discussion	  

Photo-ID collection at calving grounds allows for the estimation of survival rates and 

reproductive rates, but is limiting when estimating age. Photo-ID of right whales relies on 

callosities that do not establish reliably for several years after birth (Payne et al. 1981). In 

some SRW populations it has been possible to estimate age by identifying newly born 

individuals by discolouration of skin and blazed body markings. This may not be possible for 
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the NZ population because of the lower population size and low prevalence of grey-blazed 

calves.  

Reproductive senescence is known to occur in marine mammals (Beauplet et al. 2006, Baker 

and Thompson 2007, Gamelon et al. 2014) and could be a life-history characteristic for many 

long-lived species such as right whales and other large mammals (e.g. Hamilton et al. 1998, 

Hayward et al. 2014). Previous research has suggested senescence reduces reproductive rates 

and therefore population growth.  

It is challenging to estimate senescence and maximum age for long-lived species (Hohn 

2002). There is evidence that maximum age of large whales may range from 70-200 years 

(Perrin et al. 2009) with one recorded bowhead whale living over 211 years (George et al. 

1999). Right whales are thought to live as long as bowhead whales (Kraus et al. 2007). There 

is evidence in the NARW database that one individual lived for at least 65 years and was 

reproducing for at least 29 years (Hamilton et al. 1998, Kraus et al. 2001) but there are no 

current estimates of maximum age for SRW.  

Due to the wide range of maximum age estimates, the development of senescence (animals 

that are alive but not contributing equally to reproduction) becomes hard to identify. However 

complex matrix population models allow for the framework needed to understand how much 

effect this may have on population dynamics using retrospective analysis and prospective 

analysis (Caswell 2000). 

The sex ratio can be affected by density dependence and other population level effects that 

have implications for different modelling exercises (Best 2013). Evidence from the 

Argentinian population indicates that density-dependent effects may be driving demographic 

changes in habitat selection, calving intervals, sex ratio and AFR (Cooke 2013, Cooke et al. 

2015). These parameters are hard to monitor for the NZ population but habitat surveys, 

genetic sampling, and estimation of juvenile survival and AFR would allow for a more 

complex model.  

NZ SRW research could investigate reproductive parameters (AFR) and sex ratio on feeding 

grounds. Rolland et al. (2005) used faecal matter to study hormone levels in NARWs in the 

Bay of Fundy. The Bay of Fundy is a prime summer feeding ground for NARWs. Data 

collected has been used to estimate sexual maturity (AFR), detect lactation, gender, and 

pregnancy. These estimates could strengthen assumptions about demographic closure of the 
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NZ and western Australian SRW population (Patenaude et al. 2007) and provide a population-

specific (NZ) estimate of AFR. 

Continued research is expected to provide more data on survival, reproduction and breeding 

females. However, gathering these data requires long-term data series. So far, these are 

available only for a few right whale populations. The small number of marked calves may 

make it impossible to estimate calf survival for NZ SRW, even in the long-term. The 

construction of population models using a combination of population and species-specific 

demographic parameters is very common in other studies (Caswell 2001, Fujiwara and 

Caswell 2001, Doak et al. 2006, Chiquet et al. 2013). The development of the matrix 

population model in Chapters Four and Five will help to focus future research.   
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CHAPTER	  THREE	  

REPRODUCTIVE	   RATE	   FOR	   THE	  NEW	  ZEALAND	  

SOUTHERN	  RIGHT	  WHALE	  

 

 

 

3.1 Introduction	  

A robust estimate of the reproductive rate is critical in reducing bias in a matrix population 

model and is especially important when estimating population growth (Link and Doherty 

2002). This chapter provides the first estimate of reproductive rate for the New Zealand 

southern right whale (NZ SRW).  

The locations of calving grounds are commonly known for large whales (e.g., Zerbini et al. 

2004, Rayment et al. 2012). These locations allow for estimating the calving interval of 

individuals because reproductively active adults are present with calves at these locations, e.g. 

for humpback whales (Baker et al. 1987) and SRW populations (Burnell 2001, Cooke et al. 

2003, Brandão et al. 2010b). The calving interval is the time between subsequent observed 

calving events for an individual.  

The reproductive cycle of right whales is thought to consist of a gestation, a weaning and a 

resting period. Each stage is assumed to last one year resulting in a three-year reproductive 

cycle (Kenney 2009). Estimates of mean calving intervals for right whales range from three to 

four years (Table 3.1). The longest estimate of calving interval is for the western Australian 

population (Burnell 2001), which also has the shortest study duration (eight years). The South 
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African population (Brandão et al. 2010b) has the longest study period (31 years) and also the 

shortest estimated calving interval. To date there have been no estimates of calving interval 

for the NZ SRW.  

 

Table 3.1. Estimates of mean calving interval for the South African, Argentinian and 
Australian populations of SRW. SE = standard error, 95% CI = 95% confidence 
interval. 

Location Calving 
Interval Precision Author 

South Africa 3.16 95% CI 3.13-3.19 Brandao et al. 2010 
Argentina 3.42 SE 0.11 Cooke et al. 2003 
Australia 3.63 SE 0.13 Burnell 2001 

 

The long adult life expectancy of right whales means that extensive research effort is required 

to study population dynamics. Conducting research in the remote Auckland Islands is 

logistically challenging and financially costly. Therefore, obtaining the long-term dataset 

required to gain robust estimates of calving interval is a significant challenge. The estimate of 

calving interval presented in this chapter comes from a seven-year photo identification 

(photo-ID) dataset of known individuals over multiple calving events.  

The estimate of calving interval is done using only high quality, left side images. Callosity 

patterns on a southern right whale’s head are not symmetrical, therefore individuals cannot 

necessary be matched if different sides are photographed. The convention of previous 

research used only left sided images and previous research catalogues consist of left sides 

only (2006-2009 data). This means that the catalogue of left sided images is much larger than 

right sided and is most likely to produce the most precise estimates of reproductive 

parameters (Pollock et al. 1990).  

In estimating calving interval it is important to correct for mothers that give birth after the 

research period and mothers that reproduce and leave before the research period begins. 

Calving intervals have been estimated for similar datasets by comparing the effects of missed 

calving events on the estimate of calving interval (e.g. sperm whales, Bradford et al. 2008). 

The average calving interval for the NZ SRW population will be estimated using the methods 

of Bradford et al. (2008). 
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The estimate will then be compared with calving interval estimates from other SRW 

populations using bootstrapping (Efron and Tibshirani 1993). The focus of this type of 

analysis is to remove the sampling bias of the short study period and to allow for the 

comparison of mean calving intervals across different modelling techniques (Efron and 

Tibshirani 1993). The aim of this chapter is to produce the first estimate of calving interval for 

the NZ SRW. 

 

3.2 Methods	  

The data for this chapter were collected as part of a long-term research project studying SRWs 

at the Auckland Islands. Research data were collected annually from 2006-2012 at the time 

and location of peak abundance (Figure 1.4; Patenaude 2002, Rayment et al. 2012). Two sets 

of surveys provided the continuous dataset (2006-2012) used in the estimation of the calving 

rate for the NZ SRW. Between 2006 and 2009, Dr. Simon Childerhouse led a research group 

that gathered demographic information using biopsy and photo-ID methods. The data from 

2010 to 2012 were collected under Marine Mammal Research Permit Per/NO/2010/05 led by 

Dr Will Rayment and Professor Steve Dawson (University of Otago).  

I contributed to fieldwork in the 2010, 2011 and 2012 seasons for this Masters project. The 

detailed research methods described below apply to this period of research. Photo-ID methods 

and data collection were virtually identical across the entire study period with some crew 

members contributing to fieldwork under both projects. 

Data	  collection	  (2010-‐2012)	  

Transport to and from the Auckland Islands was on R/V Polaris 2 (Figure 3.1), a 22 metre 

wooden vessel. This also served as the research base while in the sub-Antarctic. Two small 

boats less than six metres in length, R/V Nemo and R/V Plan B (Figure 3.1), were used as 

platforms for the collection of photo-ID data.  

Systematic surveys of Port Ross were conducted for a period of approximately 3 weeks in 

July and August 2010-2012. Decisions on where to survey were made at the start of each day 

based on current weather conditions and previous survey effort, while attempting to cover the 

survey area as uniformly as possible.  Right whales were approached at idle speed and 

information on time, group size, group composition and behaviour were documented. 
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Location was recorded every 30 seconds using GPS (Garmin GPS MAP78 or Garmin 

60CSX).  A calf was defined as a whale less than half the length of the accompanying adult 

(Rayment et al. 2012). Mature female SRWs were identified as individuals that had 

previously been observed with a calf. 

In photo-ID surveys, digital images of each observed whale’s callosities were taken with 

Nikon D3 or D90 DSLR cameras using Nikon 80-200 mm, 70-200 mm or 300 mm lenses. No 

longer than 20 minutes was spent photographing a group containing a calf and no longer than 

30 minutes for any other group of individuals. To reduce re-sampling the same individuals, no 

habitat was surveyed more than once in a day.  

 

 

Figure 3.1. Research vessels. Above (a) R/V Polaris 2 the transport and research station 
in the Auckland Islands, left image (b) is R/V Plan B research vessel, and right bottom 
image (c) is R/V Nemo research vessel. 
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Photo	  identification	  method	  

Photo-ID methods are well established for the collection of information about individuals and 

populations (Evans and Hammond 2004). Photo-ID of right whales has been used to estimate 

population size, movement patterns, reproductive biology, survival rates and developmental 

growth (Cooke et al. 2003, Bannister 2010, Brandão et al. 2012). The main distinguishing 

feature used for photo-ID in SRW research is the callosity pattern on the head (Figure 3.2). 

With the use of digital photography the quality and effectiveness of photo-ID in some marine 

mammals has dramatically increased, e.g. dusky dolphins, (Lagenorhynchus obscurus, 

Markowitz et al. 2003). 

Photographs were compared by experienced researchers using a custom database called 

BigFish (Microsoft Access 2013). Only images, which were in focus and correctly exposed, 

with the whale’s head approximately perpendicular to the photographer were used in analysis. 

Any new individuals were entered into the BigFish database after being confirmed by 

independent researchers (Carroll et al. 2014b). Figure 3.2 shows the distinct features of a 

standard photo-ID photograph of a SRW including the bonnet, rostral islands, lip callosity, 

coaming, and post blowhole callosity. Images were matched by examining the callosity 

pattern on each individual, between the bonnet and the post-blowhole callosity, as well as 

unique patterns in colouration and/or scarring (Payne et al. 1981).  

 

Figure 3.2. Callosity pattern of SRW with the key photo-ID features identified. 

 

The photo-ID data consisting of observed calving events were stored in an Excel spreadsheet 

containing the individual identification and sighting data. Calving intervals for each mature 

female observed with at least two calving events were then extracted from these data. 
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Statistical	  methods	  

Statistical methods from other SRW studies rely on long photo-ID datasets (20 + years of 

annual surveys, Cooke et al. 2003, Brandão et al. 2011). Comparatively simple but 

informative statistical methods were applied to the current reproductive data for the NZ SRW 

population. Simple summary statistics (mean, standard deviation) were estimated and data 

plotted to compare effects of additional years of data on the mean calving interval. The 

extended methods described below focus on the possible sampling errors associated with the 

relatively short NZ SRW dataset.  

The sampling error associated with missed calving events was analysed by accounting for 

possible missed calving events by modifying the raw data (Bradford et al. 2008). For 

example, if one female was seen with two calves, six years apart. It is possible that this female 

had one calf every three years and one of the calves was not observed. Likewise, the observed 

four-year calving intervals could in fact have been two two-year intervals (e.g. Cooke et al. 

2015). Modifying all calving intervals by including all possible missed calving events 

generated the shortest calving interval. A second, less extreme correction consisted of 

shortening intervals to three years, but not the two-year calving intervals. 

Sampling error generated by the short study length (seven years) and relatively small 

population size compared to other SRW datasets was accounted for by bootstrapping. The 

South African calving interval has been selected to compare with the NZ calving interval. It is 

the most recent published estimate (2008) and the longest continuous calving interval dataset 

(1979-2008, 29 years, Brandão et al. 2011). This population does not appear to have the same 

issues with density dependence as the Argentinian population (Cooke 2013, Rowntree et al. 

2013, Cooke et al. 2015). Information for other populations (e.g. the Australian population) 

was limited to informal reports and unpublished data (Burnell 2001, Bannister 2010).  

The observed South African dataset includes 2270 calving intervals with an arithmetic mean 

of 3.91 (no standard deviation reported) and a range between 2-23 years (Brandão et al. 2011). 

The NZ survey period was seven years long and the South African period spanned twenty-

nine years. The South African data were reduced by removing all calving intervals over seven 

years long, leaving the comparable calving interval distribution ranging from two to seven 

years.  

This modified distribution was still not comparable to the NZ SRW population due to the 
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larger sample size, so bootstrapping was used to compare the two distributions. A random 

sample of 28 calving intervals was taken with replacement from the ‘modified South African’ 

dataset and the New Zealand data. The mean was recorded and the sampling process repeated 

10,000 times for each distribution. The mean of each sub-set of 28 calving intervals is directly 

comparable because study duration was explicitly accounted for.  

 

3.3 Results	  

Over seven winter field seasons of photo-ID research effort the number of survey days per 

year ranged from 11 to 21 days. During this time there were 528 sightings of mature female 

SRWs. The photo-ID catalogue consists of 192 unique mature females at the end of the 2012 

season (Table 3.1) and 28 females who had at least two calves observed during the study 

period.  

 

 

Table 3.1. Summary of photo ID data collected at the Auckland Islands calving ground 
between 2006- 2012. 

Year Survey 
Days 

Catalogued 
Sightings Individuals Mature Females  Ide

ntified Per Yr 

2006 11 42 37 1 
2007 16 85 64 8 
2008 15 163 110 30 
2009 11 91 74 13 
2010 16 296 176 42 
2011 17 267 153 56 
2012 21 459 261 61 

 

 

The observed calving intervals ranged from two years to six years, during the seven-year 

study period. Figure 3.3 shows the distribution of calving intervals observed in this study over 

an increasing number of years. This provides a visual description of the sampling bias 
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affecting the smaller sample sizes. During 2006-2009 no reproductive intervals were 

observed. The mean observed calving interval between 2006 and 2010 was 2.00 (n=2), 

between 2006 and 2011 the mean was 2.83 (95 % CI 2.58-3.09, n=18), and the full-

unmodified data set (2006-2012) has a mean of 3.14 (95% CI 2.83-3.45, n=28).  

 

 

 

Figure 3.3. Calving intervals observed after five years (a), (2006-2010), six years (b), 
(2006-2011) and seven years (c), (2006-2012) of data collection in Port Ross, Auckland 
Islands, NZ. N = sample size. 

 

 

Missed	  calving	  events	  

The full data set includes eight females for whom the calving interval may have been over-

estimated (highlighted in red in Table 3.2). The shortest possible mean calving interval after 

correcting all possible missed calving events by changing all four- and six-year intervals into 

two year intervals was 2.59 (95% CI 2.56-2.62). When only the six-year interval was reduced 

to two three-year calving intervals the mean was 3.03 years (95% CI 2.99-3.07). 
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Table 3.2. Annual records of mature female NZ SRWs observed at the Auckland Islands 
calving ground (n=28). C = identified with a calf, 1 = observed without a calf, 0 = not 
observed in research season. Red highlighted entries indicate possible missed calving 
events and grey intervals represent unmodified intervals. 

ID 2006 2007 2008 2009 2010 2011 2012 
Calving 
interval 
(yrs) 

AI06022 C 0 0 0 0 0 C 6 
AI08340 0 0 C 0 0 C 0 3 
AI08341 0 0 C 0 0 C 0 3 
AI08355 0 0 C 0 0 C 0 3 
AI08359 0 0 C 0 0 C 0 3 
AI08362 0 0 C 0 0 C 0 3 
AI08364 0 0 C 0 0 0 C 4 
AI08365 0 0 C 0 0 C 0 3 
AI08372 0 0 C 0 0 C 0 3 
AI08379 0 0 C 0 0 C 0 3 
AI08383 0 0 C 0 0 C 0 3 
AI08386 0 0 C 0 0 0 C 4 
AI08387 0 0 C 0 0 0 C 4 
AI08390 0 0 C 0 0 0 C 4 
AI08395 0 0 C 0 0 C 0 3 
AI08403 0 0 C 0 0 C 0 3 
AI09216 0 1 0 C 0 C 0 2 
AI09217 0 0 0 C 0 0 C 3 
AI09224 0 0 0 C 0 0 C 3 
AI09225 0 0 0 C 0 0 C 3 
AI09247 0 0 0 C 0 0 C 3 
AI10056 0 0 C 0 C 0 0 2 
AI10070 0 0 C 0 C 0 0 2 
AI10086 0 C 0 0 C 0 0 3 
AI10106 0 C 0 0 1 C 0 4 
AI10124 0 C 0 0 C 0 0 3 
AI10179 0 1 0 C 1 C 1 2 
AI11408 0 0 C 0 0 C 0 3 

 

Bootstrap	  results	  

Figure 3.4 displays the resulting estimates of mean calving interval for the modified South 

African population (3.58 yrs; 95% CI 3.07-4.18, red lines) and NZ population (3.11 yrs; 95% 

CI 2.79-3.43; blue lines) using bootstrapping. Dashed lines represent confidence intervals and 

solid lines are mean estimates. 
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Figure 3.4 Mean distributions for the NZ (blue) and South African (red) calving 
intervals. Solid lines represent the mean of the distributions and dashed lines are the 
95% confidence limits.  

 

There was no evidence for a significant difference at the 95% level between the two estimates 

of calving interval because the two confidence intervals overlap (p-value > 0.05). The mean 

calving interval of the modified South African dataset (3.58) is higher than the estimate given 

in Table 2.3 and the New Zealand bootstrapping estimate (3.11). This was because the 

reported South African estimate explicitly accounts for the female breeding cycle and missed 

calving events (Brandão et al. 2012). The New Zealand dataset was not large enough to do 

this. By taking the raw means of each population and then using the above bootstrapping 

techniques the estimates are comparable. 
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3.4 Discussion	  

High quality mark-recapture data has been obtained for this analysis. The 2006-2012 field 

methods have been consistent, photographic quality has been high and all matching and 

database management has been carried out by one group of researchers. This has reduced the 

possibility of observer error and miss-identification of individuals within the database. The 

calving interval estimate is based on a catalogue of left hand sided images (LHS). The 

catalogue of LHS images has a much larger sample size than the right hand sided catalogue 

and will therefore produce a more precise estimate of calving interval. 

This chapter has produced the first estimate of reproduction for the NZ SRW. The mean 

calving interval for NZ SRW population is 3.14 (95% CI 2.83-3.45). This estimate is very 

similar to other right whale populations, including the South African population which is the 

most comparable SRW population (3.16, 95% CI 3.13-3.19), Brandão et al. 2012). 

The larger sample size (larger number of whales in the database) and longer study period of 

the South African study is associated with increased precision (smaller confidence interval) as 

would be expected. To account for the low numbers of individuals I compared the NZ SRW 

data to the South African data using bootstrapping. The analysis in this chapter indicated that 

shorter datasets (e.g. the first five years of data) would have been too short to result in a 

robust estimate of calving interval.  

All other SRW research applies a model to estimate calving interval based on the generic 

SRW reproductive cycle (Payne et al. 1990).  This method requires more data than is currently 

available for the NZ SRW population. It directly models the reproductive cycle and takes into 

account missed and unobserved calving intervals. This method would be a good next step for 

the NZ SRW population once the data became available. It will in turn have increased 

precision of this calving interval but was not comparable to the observed calving interval. 

This thesis applied two different methods to attempt to account for this. 

Correcting for calving intervals in cases where calves may have been missed was used to 

produce a minimum, most likely and maximum (observed) calving interval, following the 

methods of Bradford et al. (2008). This range of calving intervals is used in the model to 

explore the effect of parameter uncertainty on the distribution of the population growth rate 

estimate. 
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The mean calving interval for the NZ SRW population was not significantly different from 

calving intervals in other similar SRW populations. This analysis also shows that estimation 

of a calving interval for the NZ SRW needed at least seven years of data. Further research 

should focus on monitoring this parameter and increasing the study duration. 

Future	  research	  

The NZ calving interval is collected in such a way that no estimate of age is needed. If 

methods of aging became available for individuals on the calving ground many more 

reproductive parameters would become estimable. As these methods become available 

investigation of age structure, AFR, reproductive senescence and other age specific 

parameters will allow for increased model complexity. 

To increase the quantity of data with the current methods further research should continue the 

focus on photo-ID annually. Additional years of research, and longer periods of fieldwork 

each year, will help to determine to what extent missed calving events affect the estimate of 

calving interval. Additional research will also provide more data for mark-recapture estimates 

of survival and abundance.  

If the survey time were extended to cover the duration of the reproductive season this would 

provide more information on individual presence (e.g. maybe some whales are only present at 

the beginning of every season). This combined with the acoustic monitoring (Webster 2015) 

and regular overall calving ground surveys (Rayment et al. 2012) would provide more 

information on the reproductive biology of NZ SRW.  

With a larger dataset (extended length of the study), sampling error can be explicitly modelled 

using methods that have already been applied to other SRW populations (e.g. Payne et al. 

1990, Cooke et al. 2003, Best et al. 2005, Brandão et al. 2012). These studies used 16 or more 

years of annual surveys. The estimate of calving interval for the NZ SRW provides evidence 

that the population has similar reproductive rates to other large whales and SRW populations. 

Increased annual surveys and increased study length are two steps that will increase data 

quality and quantity. 
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CHAPTER	  FOUR	  

POPULATION	   GROWTH	   FOR	   THE	   NEW	  

ZEALAND	  SOUTHERN	  RIGHT	  WHALE	  

 

4.1 	  Introduction	  

Estimating the population growth rate (lambda, λ) for the New Zealand southern right whale 

(NZ SRW) is of particular interest for conservation management (Carroll et al. 2013, 2014b) 

and for defining future research objectives. Lambda is a numerical measure of whether the 

population is increasing, stable or declining. The population is declining if the value of 

lambda is less than one (λ < 1), stable if lambda is equal to one (λ = 1) and the population is 

increasing if lambda is greater than one (λ > 1). 

The two main ways of estimating lambda are:  

1. Analysing a series of survey data. For example; through mark-recapture analysis or 

abundance estimates.  

2. Population modelling, using data on survival and reproductive rates from the 

population and/or from other, similar populations. 

Survey data (mark-recapture) have been used to estimate lambda for the NZ SRW population 

in 1998 and 2009 (Carroll et al. 2011c, 2013). Both studies have shown evidence of an 

increasing trend in abundance over the past two decades. The current estimate of lambda for 

females is 1.05 (95% CI 0.98 - 1.13) using a modified POPAN model (Carroll et al. 2013). 

This confidence interval includes a possible decline of 2% to a possible maximum increase of 

13% (see Chapter One for more details). In an attempt to gain a more precise estimate of 

population growth and therefore reduce uncertainty in the status of the population, this thesis 
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will use a matrix population model to estimate lambda for NZ SRW.  

The life cycle diagram for a matrix population model (e.g. Figure 4.1) depicts a reconstruction 

of the average pattern an individual goes through in its expected lifetime. The structure of a 

matrix population model is directly linked to the life cycle of the focal species but can be 

adjusted according to the availability of demographic parameters (Caswell 2001). It visually 

displays the number and length of each of the stages that are affected by the same 

demographic rates. In Chapters One, Two and Three the estimates of the parameters needed to 

construct a population model for NZ SRW have been presented. Applying these demographic 

parameters to a life cycle graph and a matrix population model allows for the estimation of 

lambda. 

It is important to distinguish the difference between projection and prediction/forecasting 

when estimating lambda from a population model (e.g. Keyfitz 1972, Caswell 2001, 

Barnthouse et al. 2007). This thesis contains a set of population projections by modelling 

what would happen if the current conditions continue for the next 30 years (Caswell 2001). 

This is important because models that approach a problem from a forecast point of view (e.g. 

“how many animals will there be in 30 years?” or “what is the extinction risk?”) will have a 

potential bias if constant (time-invariant) models are used for long-term prediction (Engen et 

al. 1998). To minimise any potential bias, projections are limited to a relatively short time 

frame. This provides guidance for managers, with a lower risk of potential bias.  

Confidence intervals for the current population growth include parameter uncertainty based 

on data from the NZ SRW and other right whale populations by sampling from distributions 

for survival and reproductive rates. Explicit decomposition of the parameter uncertainty into 

the other forms of stochasticity is not possible for the NZ SRW data because the demographic 

estimates include sampling error (from data collection) as well as process noise (e.g. 

demographic and environmental stochasticity; Cooch and White 2015). Therefore, the 

estimate of current population growth includes all three forms of uncertainty.  

The stochastic models (accounting for year to year variability), samples its input parameters 

from these distributions. In each of 10,000 runs of the model, a new set of survival and 

reproductive rates is chosen from the distributions of these input parameters (based on field 

data). The potential effect of year to year variability is investigated by estimating different 

input parameters for each year of projection based on a range of different standard deviations. 
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Estimates of future population growth rate and population size in 30 years will be produced 

by using three different levels of year to year variability.  

The aim of this chapter is to estimate the current population growth of NZ SRW by using 

population-specific matrix modelling techniques. A matrix population model can estimate 

parameters such as lambda, stable stage distribution (SSD), and transient dynamics (Caswell 

2001, 2010). This chapter provides a basic methodology (Caswell 2001) and model structure 

that allows for population projection, and subsequently for the estimation of the 

responsiveness of lambda to changes in demographic parameters in Chapter Five (e.g. 

Chiquet et al. 2013).  

Notation	  

Notation and methods for this thesis follow Caswell’s (2001) text on Matrix Population 

Models. References made to notation and formulae throughout the thesis are defined such 

that; capital letters in bold script are matrices (e.g. A), lowercase bold script (e.g.  𝐧) are 

vectors, lowercase scripts are matrix or vector entries (e.g. a!" or a! respectively), and sub-

scripts (e.g. !", !) refer to the location of the vector or matrix entries.  

 

 

 

4.2 Methods	  

The estimate of lambda is determined by the demographic rates that influence the number of 

individuals that remain in a life stage and the number that leave (Nichols et al. 2000). A life 

cycle graph (Fig. 4.1) shows these relationships diagrammatically. A three-stage model with a 

female only life cycle was used for the NZ SRW population. A female-only model was 

appropriate because there is no evidence of a biased sex ratio and right whale reproduction is 

driven by female dynamics (Chapter Two). 
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Figure 4.1. The stage-based life cycle for the NZ SRW population model. Each circle 
represents a life stage and the arrows represent “transition”, “persistence” and 
reproduction probabilities between and within stages. 

 

The circles in Figure 4.1 represent a group of individuals within the same life stage (e.g. calf, 

juvenile or adult). The arrows between stages represent model pathways. The number of 

individuals that stay within a stage for several years or time steps is represented by 

“Persistence” (𝑃!) and individuals that make the transition from one stage to another are 

represented as “Transition” (𝑇!). “Reproduction” (𝑅!) produces new individuals that enter the 

first stage. The overall assumptions for the life cycle structure are that an individual can not 

make more than one transition in the interval between one time-step and the next, and 

individuals cannot revert to a previous stage (Caswell 2001). In other words, a calf can 

become a juvenile and a juvenile can become an adult, but a calf cannot become an adult. 

Figure 4.2 shows the specific demographic rates affecting each stage. Each stage in the NZ 

SRW model is influenced by the demographic rates of survival (𝜎!), transition probability (𝛾!) 

and fecundity (𝐹!). By applying this life cycle to a set of linear equations it is possible to 

project population size in the different stages in the next year (see Equations 4.1 to 4.3).  
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Figure 4.2. Demographic rates affecting each stage of the NZ SRW population model: 
survival (𝝈𝒊), transition probability (𝜸𝒊) and fecundity (𝑭𝒊). 

 

 C!!! = A!F!	   (Equation 4.1) 

 J!!! = C! σ!γ! + J!σ!(1 − γ!)	   (Equation 4.2) 

 A!!! = A!σ! +    J! σ!γ! 	   (Equation 4.3) 

 

The number of calves in the next year (𝐶!!!, Equation 4.1) consists of the number of new 

individuals produced by the adults in the population (𝐴! ∗ F!). The length of the calf stage is 

one year. Therefore, there is no need to consider individuals staying in the calf stage.  
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The juvenile stage (𝐽!!!) is composed of the number of calves from the previous year 

(𝐶! ∗ σ!γ!) and the number of juveniles remaining in this stage (𝐽! ∗ σ!(1− γ!), Equation 

4.2). 

The number of adults in the population (𝐴!!!) includes individuals entering the adult stage 

(𝐽! ∗ σ!γ! ) and individuals staying in the adult stage (𝐴! ∗ σ!(1− γ!) = 𝐴! ∗ σ! ). All 

individuals in the adult stage either stay in the adult stage or die. Therefore, adult persistence 

is simply adult survival (σ!, Equation 4.3, Figure 4.2). 

Population projection from the life cycle is done using matrix algebra (Caswell 2001). This is 

a computationally powerful and easily implemented step used for projection (Equation 4.1 to 

4.3). The projection matrix (A, Equation 4.4) represents the different transition and 

persistence probabilities between stages. A can now be used to estimate lambda (𝜆) and the 

expected population size by repeating Equation 4.5 over multiple time steps (t+1, t+2, t+3, 

t+i).  

 

 A = 
0 0 F!
σ! σ!(1 − γ!) 0
0 σ!γ! σ!

  and  𝑁! =
𝑛!
𝑛!
𝑛!

 (Equation 4.4) 

   
𝑛!
𝑛!
𝑛!

×
0 0 σ!F!
σ! σ!(1 − γ!) 0
0 σ!γ! σ!

=   
𝑛!!!
𝑛!!!
𝑛!!!

 (Equation 4.5) 

 

The deterministic projection matrix (A) was used to estimate the asymptotic population 

growth rate, the stable stage distribution, and transient dynamics (e.g. Caswell 2001, Morris 

and Doak 2002, Jongejans and de Kroon 2012).  
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4.3 Input	  parameters	  

This section uses information from previous chapters and fits the demographic estimates to 

the NZ SRW life cycle (Figure 4.2). 

Survival	  (𝝈𝒊)	  

The NZ SRW model is a three-stage model, which needs survival estimates for each stage 

(𝜎! ,𝜎!,𝜎!). Adult and juvenile survival was estimated for NZ SRW population using mark-

recapture data of non-calf individuals. It is not possible to reliably distinguish juveniles from 

adults in the field. In addition, juvenile and adult survival rates tend to be similar in other 

SRW studies (Cooke et al. 2003). The estimate was 0.98 (SE 0.070, Rayment and 

Childerhouse 2011) and this is applied for both juvenile and adult survival for the NZ SRW 

model. Survival rates for the stochastic model are sampled from log-transformed distributions 

for adult and juvenile survival (Figure 4.3). 

The best available estimate for calf survival was 0.914 (SE 0.05) from the South African SRW 

population (Brandão et al. 2012). All other SRW populations have similar non-calf survival 

rates and similar levels of parameter uncertainty (Table 2.1, Chapter Two). Calf survival for 

the stochastic projections was modelled as a uniform distribution between the estimates of 

calf survival from the South African population (0.837 and 0.914, Brandão et al. 2012). 

 

 

Figure 4.3. Sampling distributions for the survival estimates used in the stochastic NZ 
SRW model. 
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Fecundity	  (𝑭𝒊)	  

Fecundity describes the production of new individuals in time t to t+1. Right whales have a 

birth-pulse reproduction cycle (Caswell 2001). For this model, the NZ SRW calving interval 

has been estimated in Chapter Three (3.14 years, 95% CI 2.83-3.45). So on average, in any 

given year each mature female has a 0.3185 probability of giving birth to a calf. Therefore, 

after accounting for the sex ratio (the percentage of females produced for a 50:50 sex ratio is 

0.5) the average number of female calves born, per adult female, per year is 0.1592. 

The fecundity parameter for the matrix model is notated as 𝐹! and is derived as follows from 

the generic equation for a birth pulse population (Equation 4.6). It is a special case of a 

standard size-classified matrix model (Caswell 2001). Persistence (𝑃!) and transition (𝑇!) 

parameters affect fecundity because of the timing of individuals leaving or entering the stage 

at the time of reproduction. There is only one reproductive group in the NZ SRW model 

(adults). Therefore fecundity in the next stage after adult fecundity (𝑚!) is equal to zero 

(𝑚!!! = 0). Persistence is defined as the number of individuals that stay within a stage. 𝑃! is 

equal to the persistence for the adult stage. For the adult stage this is simply the adult survival 

rate (Figure 4.2). 

 

The mean estimate of fecundity (𝐹!) for the NZ SRW model is 0.1561 (Figure 4.4). For the 

stochastic model a distribution representing the uncertainty in fecundity is required. The 

uncertainty around the calving interval was normally distributed and this distribution is 

applied to Equation 4.6 and 4.7 to produce the distribution for fecundity (𝐹!, Figure 4.4).  

 

 𝐹! = 𝑃!𝑚! + 𝑇!𝑚!!! (Equation 4.6) 

 

𝐹! = 𝑃!𝑚! + 0 

  = 0.98×0.1592  

= 0.1561 

(Equation 4.7) 
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Figure 4.4. The sampling distributions of the reproductive estimates (calving interval on 
the left, and matrix entry on the right) used in the stochastic model for NZ SRW. 

 

Transition	  (𝜸𝒊)	  

The transition parameters (𝛾! ) of a stage-based matrix model affect the proportion of 

individuals that remain in or leave a stage. The transition parameters for an age-based model 

are equal to one because all individuals can only be in one age group and are forced to either 

transition to the next stage or be removed from projection (die). The transition probability is 

also equal to one for stages in a matrix population model with a length of only one year and 

the final stage of the life cycle in a stage-based model (Caswell 2001).  

The NZ SRW model has three stages. A transition probability is required only for the juvenile 

stage. Age at first reproduction (AFR) was used in the model to estimate the length of the 

juvenile stage. The estimates for this parameter have been investigated in Chapter Two. AFR 

for SRWs is estimated at 7.67 years (95% CI 7.19-8.18, Brandão et al. 2011) with likely 

maximum and minimum AFRs at seven and nine years respectively (Brandão et al. 2012). All 

estimates of average AFR for right whales fall between these minimum and maximum 

estimates (Hamilton et al. 1998, Cooke et al. 2003, Brandão et al. 2012). 

There are three main methods of estimating the transition probabilities in matrix population 

models (geometric, fixed stage and iterative methods, Caswell 2001). All three methods are 

linked by methodology and increase in complexity. The geometric method becomes biased  
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over long stage lengths and the fixed-stage method relies on a single fixed value for lambda 

(λ). The iterative method uses simulation to get around these two issues (Caswell 2001). The 

methodology has been described by Morris and Doak (2002) and applied to marine mammals 

(e.g. Crouse et al. 1987), including large whales (e.g. Chiquet et al. 2013).  

Equation 4.8 is used to estimate a transition parameter (𝛾!) by taking the starting value for λ!, 

a survival rate for the juvenile stage (𝜎!) and a stage duration defined as AFR for the NZ SRW 

(𝑇!"#). The new projection matrix was then used to estimate another lambda, which can then 

be used to estimate the next projection matrix until the estimates of lambda from the 

projection matrix converge. This provides an estimate of the transition parameter of the matrix 

(Equation 4.8).  

 

 

  𝛾! =   

𝜎!
λ!

!!"#
−

𝜎!
λ!

!!"#!!

𝜎!
λ!

!!"#
− 1

	   (Equation 4.8) 

 

 

The initial starting value for lambda was chosen to be λ = 1.05 (Carroll et al. 2013) and 

juvenile survival is the same as the projection matrix A (𝜎! = 0.98). The estimated transition 

probability from the juvenile stage to the adult stage, based on the iterative method is 0.0991. 

Figure 4.5 displays the convergence of lambda during the iterative method.  
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Figure 4.5. The convergence of lambda (left hand graph), for the iterative process of 
estimating the transition probability from the juvenile to adult stage (right hand graph). 

 

To account for uncertainty in estimates of transition a uniform distribution was created to 

account for parameter uncertainty. The maximum and minimum values for AFR (7 and 9) are 

entered into Equation 4.8 and the corresponding transition parameters are calculated. The 

effects of different estimation methods (geometric, fixed, and iterative) is unknown (Caswell 

2001).   

Abundance	  

Female super-population abundance is estimated as 1162 (95% CI 921-1467) for the study 

period (1995-2009). The estimated number of females alive in 2009 from the same study is 

1074 (95% CI 812-1339). The later point estimate (1074) will be used as the starting point for 

the population projection because the super-population does not account for mortality over the 

study period (15 years, Carroll et al. 2013).  
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4.4 Matrix	  algebra	  methods	  

Asymptotic population growth (𝜆!) is the population growth rate (lambda, 𝜆) once the 

population has met the stable stage distribution (SSD). This means 𝜆! is the population 

increase when all stages within the model are increasing at the same rate (Caswell 2001). To 

calculate 𝜆!  from the time-invariant projection matrix (A), the characteristic equation 

(Equation 4.6) is set to zero and the eigenvalues are found.  

 

 𝑑𝑒𝑡 𝐀 − λ!𝐈 = 0 (Equation 4.9) 

 

The dominant eigenvalue (λ!) is equivalent to the 𝜆! under the ergodic and Perron-Frobenius 

theorems. The Perron-Frobenius theorems show how non-negative and positive matrices 

react. Ergodic theorems describe the tendency for population dynamics to become 

independent of initial conditions. In a constant environment, these theorems show that an 

initial population will converge to a stable stage structure (Caswell 2001). Notation is 

simplified from here on by applying lambda (λ) when referring to population growth rate, 

dominant eigenvalue or asymptotic growth rate.  

Stable	  stage	  distribution	  

The stable stage distribution (SSD) is the expected number of individuals in each of the stages 

assuming that the current demographic rates remain constant. This is important in the 

projection of stage-based population models because the composition of the initial population 

sizes and parameters in the model are dependent on this distribution of individuals to estimate 

lambda. 

 

 𝐀𝒘 = λ𝒘 (Equation 4.10) 
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Lambda (λ, Equation 4.7) has a corresponding vector called the primary right eigenvector, 

and the numbers of this vector (𝒘, Equation 4.10) give the relative numbers of individuals in 

each stage once asymptotic dynamics have been reached. This is then scaled to equal one and 

renamed the SSD (Caswell 2001). This equation is robust to many different values of the right 

eigenvector, since only the relative numbers are important.  

Transient	  dynamics	  

If there is only one dominant eigenvalue (λ!) then the population will grow at this rate as long 

as environmental conditions and demographic rates stay constant (as described above). 

However, this is not always the only large eigenvalue and this creates transient dynamics that 

are important to analyse (Koons et al. 2005, Ezard et al. 2010).  

The damping ratio (Equation 4.11) provides the rate at which the population reaches the SSD 

and the oscillations produced by the subdominant eigenvalues during convergence. This rate 

of convergence is governed by the magnitude of the second eigenvalue (λ!) in relation to the 

first. The bigger the difference between the λ!  and λ! , the quicker the population will 

converge to its SSD (Caswell 2001).  

 

 𝑑𝑎𝑚𝑝𝑖𝑛𝑔  𝑟𝑎𝑡𝑖𝑜(𝝆) =
λ!
λ!

 (Equation 4.11) 

 

Transient dynamics were investigated by simulating a full range of stage distributions. This 

was done by starting with an arbitrary SSD and observing how long the population took to 

converge. This process was then repeated for a random sample of 100 different combinations 

of the SSD. This was then compared to the time since the latest population disturbance to 

assess whether it is reasonable to assume the NZ SRW population currently has a SSD. 

Adding	  stochasticity	  to	  the	  model	  

A stochastic version of this model is presented in this section. It is important for models used 

in conservation management to include stochasticity (e.g. Beissinger et al. 1998, Brook et al. 

2000, Morris et al. 2013). The stochastic model was constructed to estimate the uncertainty 
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around lambda, and to compare the observed uncertainty in demographic parameters and the 

possible stochastic year to year variability for future abundance and population growth for the 

NZ SRW (see input parameters below).  

Parameter uncertainty is defined in this thesis as the uncertainty in the estimates of the 

demographic input parameters of the model. For each of the demographic parameters used in 

the NZ SRW model a mean and confidence interval (or similar measure of measurement 

uncertainty) is available. To estimate future population growth and abundance, year to year 

variation needs to be accounted for.  

It is currently not possible to separate the uncertainty in the input parameters into process 

variation (e.g. environmental stochasticity) and sampling variation (e.g. observation error; 

Cooch and White 2015). A longer time series of survival and reproductive rates would be 

needed to estimate year to year variability in the survival and reproductive rates. Different 

types of stochasticity are reviewed in Fieberg and Ellner (2001), Nelson et al. (2010); and 

further development in the context of the NZ SRW model in the discussion of this chapter.  

Parameter uncertainty was included by taking a random sample from each of the input 

parameter distributions in order to create a new projection matrix and estimate a new value of 

lambda. This process was repeated for 10,000 runs of the model. For most of the input 

parameters, normal or lognormal distributions were available to sample from. For some 

parameters (e.g. calf survival) very little information was available. In these cases, uniform 

distributions were used to account for parameter uncertainty (also see Caswell 2001, Bradford 

et al 2008, Chiquet et al 2012). 

A further step was taken to explore the sensitivity of the model to year to year variability in 

parameters, by exploring a range of values in the survival and reproductive estimates between 

years within each model run. Year to year variation in the model represents both demographic 

and environmental stochasticity (process error). Three scenarios were modelled, from low 

variability between years (SD = 0.1), medium (SD = 0.5) and high year to year variability 

(SD=1). Each different level of year to year variability was run 10,000 times. The estimates of 

lambda and population size after 30 years are compared with the projection of parameter 

uncertainty to understand to what extent year to year variability in estimates of demographic 

rates affects population dynamics.  
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Software	  and	  implementation	  

Data were collated in Microsoft Excel 2010 and analyses of matrix components and outputs 

were constructed in the statistical program ‘R 3.1.2’ (R Core Team 2015) using the “RStudio” 

development environment. A ysis was done using packages “popbio” (Stubben et al. 2011) 

and using code written by hand using the core R packages (R Core Team 2015) to make 

collecting output data and plotting figures simpler. 

 

4.5 Results	  

The population growth rate (lambda) was estimated to be 5.6%, based on the dominant 

eigenvalue  (𝜆!= 1.0560) and the projection matrix (A).  The stable stage distribution and 

transient dynamics are analysed with the same deterministic assumptions. 

Stable	  stage	  distribution	  

The SSD for the NZ SRW is shown in Figure 4.6. The largest group of individuals was in the 

adult stage (52.0%), fewer individuals in the juvenile stage (40.3%) and the lowest number of 

individuals was in the calf stage (7.7%).  
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Figure 4.6. Stable stage distribution from the NZ SRW population model. 

 

Transient	  dynamics	  

The damping ratio of the NZ SRW model was 1.3387. The full range of 10,000 different 

starting distributions all converged by 20 years of projection. Figure 4.7 is a visual 

interpretation of six different starting stage distributions. This shows the convergence of the 

starting population to the SSD given the most extreme starting stage distributions (all 

individuals within one group and equal numbers within only two stages). Even these extreme 

simulations converge to the SSD before 20 years of population projection (Figure 4.7).  
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Figure 4.7. Convergence of six of the most extreme starting stage distributions from 
equal numbers of two stages in the life cycle (a), (b), (c), as well as only calves (d), only 
juveniles (e), and only adults (f).  
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Stochastic	  model	  

Ten thousand runs of the stochastic population model, sampling from the distributions of the 

input parameters, resulted in a mean population growth rate of 4.8% (95% CI 2.5% - 6.4%, 

Figure 4.8). 

 

Figure 4.8. Estimated population growth rate including parameter uncertainty for the 
NZ SRW. The red lines indicate the 95% confidence interval. 

 

Year	  to	  year	  varying	  projections	  

The next step was to add year to year variability in all matrix entries (Figure 4.9). As year to 

year variability increases the mean estimates of population growth decrease.  
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Figure 4.9. Distributions of population growth rate from the stochastic model, including 
parameter uncertainty (SD=0) and year to year variability (SD=0.1, SD=0.5 and SD=1).  

 

The mean growth rate and 95% confidence intervals for the three stochastic projections are 

displayed in Table 4.1. The mean and 95% confidence interval all decreased. The most 

variable projection (SD=1) includes a population decline (95% CI -0.12% to 5.5%). 

 

Table 4.1. Mean and 95% confidence intervals for the range of stochastic projections. 

Variability Mean Lower Limit Upper Limit 
Parameter uncertainty (PU; SD=0) 4.8% 2.5% 6.4% 

PU plus Low year to year variation (SD=0.1) 4.8% 2.6% 6.3% 
PU plus medium year to year variation (SD=0.5) 4.5% 2.0% 6.1% 

PU plus high year to year variation (SD=1) 3.3% -0.12% 5.5% 

 

As the year to year variability increases from none (parameter uncertainty, SD=0) to the 

maximum year to year variability (SD=1) the mean population size decreases. The 

upper/lower limits of potential population sizes also decline (Figure 4.10, Table 4.2). 
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Figure 4.10. Total population size after 30 years of projection (2039).  Each distribution 
shows the results of 10,000 runs of the model, including parameter uncertainty and 
different levels of year to year variability in survival and reproductive rates (ranging 
from none, SD = 0 to high year to year variability, SD = 1). 

 

Estimated population size in 2039 was lowest for scenarios with high year to year variability 

(SD=1). All 95% confidence intervals overlap (Figure 4.10, Table 4.2), and the most notable 

change was observed in the highest variability (Figure 4.11). Very few projections and only in 

the most extreme case of year to year variability include a population decline (1030 – 5065) 

but the mean still increases from the starting population (1074 in 2009 to 2992 in 2039) in the 

most extreme between year variation (SD = 1).  

 

Table 4.2. Mean and 95% confidence intervals for the total population size after 30 
years of projection (2039) for the range of stochastic projections. 

Variability Mean Lower Limit Upper Limit 
Parameter uncertainty (PU; SD=0) 4333 2217 6428 

PU plus Low year to year variation (SD=0.1) 4315 2255 6223 
PU plus medium year to year variation (SD=0.5) 3966 1891 5941 

PU plus high year to year variation (SD=1) 2992 1030 5065 
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Figure 4.11. Sample of 30 runs from the 10,000 future projections of population size, 
including parameter uncertainty only (year to year variability SD=0) or parameter 
uncertainty plus year to year variability in survival and reproduction (SD=0.1, 0.5, 1). 
Green lines represent the mean population trajectory and red dashed lines represent 
95% confidence intervals. 
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4.6 Discussion	  	  

Building a population model for the NZ SRW involves incorporating information on life-

cycle traits, demographic parameters and previously observed population dynamics. Matrix 

population modelling is a technique used in many demographic studies encompassing both 

plants and animals (Oli and Dobson 2003, Crone et al. 2011).  

The choice of model structure has been driven by the available data and the biology of SRWs. 

The input parameters were generated from field research (Chapter Three) and for the few 

parameters where no NZ data were available, demographic parameters from a similar SRW 

population were used (Brandão et al. 2011, 2012). This is consistent with other population 

models for marine mammals (Fujiwara and Caswell 2001, Gormley 2009, Chiquet et al. 

2013). 

The deterministic population growth rate is 5.6%. This is very similar to the previous estimate 

of population growth rate for the NZ SRW (5%, Carroll et al. 2013). But deterministic 

population models do not take into account parameter uncertainty and/or year to year 

variability to predict future population growth. Mean estimates of population growth for the 

three main SRW populations (South Africa, Argentina and Australia) are similar but all 

slightly higher (Table 1.2).  

The stochastic model, incorporating parameter uncertainty in survival and reproductive rates 

resulted in a more realistic estimate of the population growth rate by incorporating the 

estimated distributions of each input parameter in the matrix (A). While the mean of 4.8% 

was lower than the 5.6% from the deterministic model, the 95% confidence interval still 

includes the deterministic estimate (95% CI 2.4% - 6.4%). After accounting for parameter 

uncertainty the population growth rate presented in this thesis is much more precise than the 

previous estimate of population growth (5.6%, 95% CI -2% to 13%, Carroll et al. 2013).  

When projecting population growth or abundance into the future, year to year variability 

should also be accounted for (Biessinger et al. 1998). A longer time series of data would be 

required to estimate year to year variability in survival and reproduction is available yet for 

the NZ SRW. Instead, a range of different possible year to year variability was modelled 

(SD=0.1, 0.5 and 1) to explore the effect of stochasticity on population growth and future 

population size. This generated a range of mean population growth rates (4.8% - 3.3%) and 

abundance estimates (4333 – 2992). As expected, increased stochasticity resulted in lower and 
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less certain estimates of population abundance and growth over time (e.g. Wade 1998). The 

stochastic model provided a confidence interval for population growth and future population 

size.  

The stochastic projections highlight the uncertainty caused by parameter estimation 

(observation error) and the possible year to year fluctuations in demographic parameters 

(process error). For example, if demographic rates vary greatly between years (SD=1) the 

population declines in a small proportion of the simulation runs. In order to resolve this 

uncertainty, the NZ SRW research would need to continue for a longer period, in order to 

obtain more precise estimates of demographic parameters.  

Accounting for stochasticity and parameter uncertainty has lead to 95% confidence estimates 

of population growth that are slightly lower than other SRW population growth rates 

(Bannister 2010, Brandão et al. 2012, Cooke 2013). Estimates of population growth for other 

SRW populations are based on much longer datasets and the confidence intervals are very 

tight (e.g. South African population, S.E.=0.0002, Brandão et al. 2012). This precision is 

unrealistic for the current amount of data available for the NZ SRW. 

Model	  structure	  

The SRW life history traits (long lived, high adult survival, slow reproduction) are reflected in 

the life cycle and support the use of a female-only, three-stage population model used in this 

thesis. A female-only model was chosen because the SRW reproductive cycle is driven by 

female availability. This is a common assumption in population models for right whales 

(Cooke et al. 2003, Brandão et al. 2010a) and other species (Brault and Caswell 1993, Heppell 

et al. 1996).  

Population models can be used to estimate demographics using a range of population based, 

stage-based or individual based techniques. A stage-based model treats groups of individuals 

(stages) as discrete states in discrete time. This type of model should be applied to a structured 

population where differences in demographic parameters (survival, fecundity, etc.) differ 

across sizes, ages or life stages (Caswell 2001).  

A stage-based model is used to represent an appropriate level of biological realism, given the 

life history data for SRWs. For the NZ SRW, survival and reproductive rates are different for 

calves, juveniles and adults. So far, only simple population models have been constructed, 
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treating the entire population as one number (e.g. Jackson et al. 2008). The population model 

constructed in this thesis is much more biologically realistic and results in a more credible 

estimate of population growth.  

Insufficient data are available to estimate all the parameters needed for an age-structured or 

individual-based model (refer to Chapters One, Two and Three). A much longer period of 

field research would be required to estimate age-based or individual-based demographic rates. 

An additional issue with more complex models is the propagation of error. For example, a 3x3 

matrix like the NZ SRW projection matrix (A) compared to a much larger matrix has few 

parameters to estimate, and will therefore minimize the error propagated by repeated 

multiplication of parameters during projection (Crouse et al. 1987). This issue will become 

greater as the projection length increases (Biessinger et al. 1998). 

Three stages adequately represent the different survival and reproductive rates for the NZ 

SRW. Calf survival is expected to be much lower than juvenile survival, due to higher 

predation risk in the first year of life (Elwen and Best 2004). The average length of a new 

born calf is 4.2 metres and in the first year calves can grow up to three quarters of the 

asymptotic size (Best and Schell 1996, Fortune et al. 2012). The length of the calf stage is one 

year to reflect this quick growth. The model includes a separate adult and juvenile stage 

because only the adults breed. 

The model does not include individuals entering or leaving the population, other than through 

birth and death. Individual movement in and out of the NZ SRW population is unlikely 

(Carroll et al. 2011b). Migration could also be driven by competition but there is little 

evidence to suggest this in the NZ SRW population and there are no reports of predation. Prey 

availability may also affect interspecific and intraspecific competition. Global climate has 

been shown to drive prey abundance and affect breeding success in NARWs and SRWs but 

translating this into input data (prey abundance index) is difficult (Leaper et al. 2006). 

Intraspecific competition is unlikely to affect this population currently as population size is 

very low compared to pre-exploitation numbers (Richards 2009, Carroll et al. 2014).  

The overall pattern of SRW populations show very high site fidelity (Cooke et al. 2003, 

Valenzuela et al. 2009, Brandão et al. 2012), with individuals returning to give birth at the 

same calving ground where they were born themselves. Recent research on the NZ SRW 

population indicates that this population’s range is generally limited to mainland NZ and the 
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Auckland Islands (Carroll et al. 2014b).  

The NZ SRW population model was constructed using data from the Auckland Islands calving 

ground. There is evidence that the NZ SRW population is reproductively autonomous on a 

generation and evolutionary scale (Carroll et al. 2012). Therefore, the model includes all 

female SRWs in NZ waters including the Auckland Islands which is distinct from other 

populations of SRW (Carroll et al. 2011b). 

If more data become available on the potential level of immigration and emigration this could 

be added to the population model presented in this thesis. Other potential future extensions 

include building Bayesian hierarchical models (King 2012) and multi-state mark-recapture 

models (Fujiwara and Caswell 2002). These provide platforms for more complex model 

development and can be directly linked to matrix population models (Caswell and Fujiwara 

2004).  

Density	  dependence	  

It is also important to consider the potential effect of environmental carrying capacity because 

other larger population of SRWs may be experiencing these effects (e.g. Rowntree et al. 2001, 

Cooke 2013, Cooke et al. 2015). Baker and Clapham (2004) and Jackson et al. (2008) used a 

Bayesian framework to estimate a total pre-exploited abundance (carrying capacity, K) of the 

total SRW population. Results from this analysis indicate a population size of between 55,000 

and 102,000 before exploitation using different growth rates (Rmax) and catch series (using 

IWC catch data). The authors conclude that the most likely estimate of K for SRWs before 

exploitation was 61,351 (95% posterior probability; 53,466-75,882). Jackson and colleagues 

then used the estimate of 60,000 to estimate the population maximum and 20,000 for a 

population minimum.  

Some caution is required in using these estimates of K because the models are very sensitive 

to changes in Rmax and current abundance in producing these estimates (Baker and Clapham 

2004). It should also be noted that estimates generated for grey whales using these models 

have now led to the population exceeding their estimates of carrying capacity by 200-300% 

(Baker and Clapham 2004). Carroll et al. (2014a) re-evaluated whaling records and estimated 

the number of whales removed was greater than previously thought. They estimated that 

between 53,000 and 56,000 SRWs were taken from Australian and NZ waters alone. This 

estimated change in whaling catches would affect previously published estimates of K. 
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The NZ SRW population is unlikely to be affected by density dependence in the foreseeable 

future. All estimates of carrying capacity are much higher than the estimates of population 

size in 30 years presented in this thesis. Research should monitor demographic parameters 

that are likely to be affected by density dependence (AFR, calf survival and habitat use) to test 

for indications of density dependence.  

Stochasticity	  

It would be useful for future research to explore the effect of stochasticity in more detail, and 

in particular environmental and demographic stochasticity (Engen et al. 1998). Estimates of 

parameter uncertainty from the demographic parameters use to estimate the current growth 

rate cannot be used to estimate year to year variability in projections because these estimates 

include observation error (e.g. imprecision in estimating the survival rate). More data from the 

NZ SRW population would be required to separately estimate these different types of 

stochasticity. At this stage, we have estimates of average survival and calving interval, which 

include parameter uncertainty, environmental and demographic stochasticity. 

A wide range of methods for handling uncertainty have been applied in fisheries (e.g. 

Harwood and Stokes 2003), conservation (e.g. Fieberg and Ellner 2001, Regan et al. 2005, 

2008) and management (e.g. Ascough II et al. 2008). Once a longer time series of data 

become available for the NZ SRW population, it may be possible to estimate environmental 

and demographic stochasticity directly from the data. This could be done using an integrated 

modelling approach (e.g. Gimenez et al. 2012) as carried out recently for the New Zealand sea 

lion population at the Auckland Islands (Meyer et al. 2015b). Alternatively, data from other 

right whale populations could be used to estimate distributions for environmental and 

demographic stochasticity (e.g. Slooten et al. 2000).  

Conclusion	  

A robust and simple model is most helpful for management purposes. The model presented in 

this thesis provides the building blocks for future conservation-based modelling for the NZ 

SRW. At this stage, a more complex modelling approach would risk over-parameterization. A 

simple, robust approach is most useful for providing simple indicators for management of NZ 

SRW. This model provides a general indication of expected population growth and the 

population size to be expected in the foreseeable future.  
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This is critical for conservation planning (providing safe habitats for a recovering population 

of NZ SRWs) and research planning (ensuring that the most important population parameters 

are monitored). This is developed in the following two chapters by identifying the most 

important demographic groups for research focus (Chapter Five) and then applying this to 

current management and research goals (Chapter Six).  
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CHAPTER	  FIVE	  

PERTURBATION	  ANALYSIS:	  	  

WHAT	   ARE	   THE	   KEY	   DEMOGRAPHIC	  

PARAMETERS	   THAT	   DRIVE	   POPULATION	  

GROWTH?	  

 

5.1 Introduction	  

When conducting conservation research the identification of research priorities is important to 

ensure that the allocation of resources maximises results and research quality. The current 

population growth rate (lambda, λ) for the New Zealand southern right whale (NZ SRW) was 

estimated at 4.8% per year (95% CI 2.5% - 6.4%, Chapter Four). Although the NZ SRW 

population is increasing, like many baleen whales the population is still below 10% of its 

estimated pre-exploited population size (Jackson et al. 2015).  

Identification of demographic parameters that have the greatest effect on lambda provides a 

focus for both research and conservation (Caswell 2001). Perturbation analysis explores the 

effects of changes in input data on the outcome variable of interest (Tuljapurkar and Caswell 

1997). Perturbation analysis is a common tool when assessing matrix population models 

(Mills et al. 1998) and is often used to answer questions using retrospective and/or 

prospective approach.  



 

 

61 

Retrospective analysis attempts to ask the question, “what are the causes of past changes in 

the population growth rate?” by identifying patterns in demographic rates that correlate with 

changes in lambda. These types of analysis do not necessarily identify potential management 

targets (Caswell 2000). 

Prospective perturbation analysis (sensitivity and elasticity) on the other hand asks the 

question, “what effect will changes in parameter values have on the population growth rate?” 

by investigating the direct effects of small changes in parameter entries on lambda through 

mathematical relationships. These results are independent of any previously observed patterns 

in the year by year variability of input parameters (Caswell 2000).  

Prospective sensitivity of the NZ SRW population projection matrix (A, Equation 5.1) is 

modelled to address the question, “what are the key life stages and demographic parameters 

for the NZ SRW?” This is important for both researchers and conservation managers because 

the demographic parameters that the population growth rate is most sensitive to should be the 

focus of research time and resources. This will provide more accurate and precise estimates of 

population dynamics. In addition, managers should focus on reducing and avoiding 

conservation impacts that have the highest potential to impact population growth.  

The most common analytical approach is to carry out sensitivity and elasticity analysis 

(Stubben et al. 2011). Sensitivity analysis is the study of how the uncertainty in the output of a 

mathematical model can be apportioned to different sources of uncertainty in its inputs 

(Saltelli 2002). The simplest approach involves calculating the partial derivatives of 

population growth rate, with respect to each entry of the projection matrix (Caswell 2001).  

It is important to note that demographic rates such as survival and reproduction are often 

measured on different scales. This means it can be hard to identify true ecological patterns in 

sensitivity analysis. For example a 0.01 change in reproduction is not necessarily equal to a 

0.01 change in survival. To account for this, the proportional sensitivity (or elasticity) can 

provide comparable insight between parameters on different scales, models, and species. 

The elasticity of each matrix element is simply the sensitivity, rescaled to account for the 

magnitude of both population growth and the matrix element. Elasticities predict the 

proportional change in population growth, given a small proportional change in the matrix 

element, while all other model inputs remain constant. For example if the elasticities for 

reproduction and adult survival are 0.045 and 0.560 respectively then a 1% increase in 



 

 

62 

reproduction will result in a 0.045% increase in lambda in comparison to a 0.560% increase if 

adult survival was increased by 1% (Benton and Grant 1999).  Elasticities can therefore be 

interpreted as the relative contributions of matrix entries to the population growth rate 

(Benton and Grant 1999). 

This sensitivity and elasticity approach is further extended, by exploring the full range of each 

input parameters: survival (σ!), reproduction (F! ) and transition (𝛾! ) probabilities. The 

biological ranges of parameter estimates are presented as a guide to the possible maximum 

and minimum values to be expected (Chapter Two).  

This chapter addresses questions about the effects of demographic parameters on population 

growth rate by analysing the elasticity and sensitivity of matrix entries (𝑃!, 𝑇!,  𝑅!) and the 

lower level demographic parameters (σ!, 𝛾! , F!). This research alongside previous studies of 

population dynamics (e.g. Pirzl et al. 2009, Carroll et al. 2013) will provide a strong basis for 

conservation management by identifying the key biological parameters that will affect 

population growth. 

 

5.2 Methods	  

The sensitivities and elasticities correspond to the matrix entries and demographic entries of 

the projection matrix (A, Equation 5.1). 

 

 A	  =	  
0 0 R!
𝑇! 𝑃! 0
0 𝑇! 𝑃!

	  =	  
0 0 F!
σ! σ!(1 − γ!) 0
0 σ!γ! σ!

	  	   (Equation 5.1) 

 

Sensitivity and elasticity techniques have been described in many entry-level population 

modelling texts (e.g. Morris and Doak 2002, Jongejans and de Kroon 2012). A simple set of 

methods and interpretations exist to describe sensitivity/elasticity analysis in stage structured 

models (Benton and Grant 1999). Caswell (2001) provides a concise step-by step guide to 

perturbations of matrix elements. 
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Sensitivity	  and	  elasticity	  

Estimates of sensitivity (𝒔𝒊𝒋) for each of the matrix entries (𝑨𝒊𝒋) were estimated using 

Equation 5.2 in the “popbio” package (Stubben et al. 2011). Sensitivities (𝒔𝒊𝒋) are computed 

for all matrix entries and represent the absolute change in each element of the projection 

matrix (A) with respect to lambda (Caswell 2001). 

 

 

𝒔𝒊𝒋 =
𝜕𝜆
𝜕𝑨𝒊𝒋

 (Equation 5.2) 

 

Elasticities have been calculated by taking each of the estimated sensitivities (𝒔𝒊𝒋) and 

multiplying it by the sum of all the sensitivities (
𝑨𝒊𝒋
!
) in “popbio” (Stubben et al. 2011). 

 

 

𝒆𝒊𝒋 =
∂𝜆
𝜕𝑨𝒊𝒋

𝑨𝒊𝒋
𝜆

	   (Equation 5.3) 

 

Parameter	  level	  sensitivity	  and	  elasticity	  

The matrix sensitivity and elasticity of the “lower-level” parameters was also directly 

calculated using the “popbio” package (Stubben et al. 2011) following the same analytical 

methods as overall sensitivities/elasticities but the “lower-level” elasticities do not add to one 

(Caswell 2001).  

Sensitivity was also investigated by changing each lower level parameter across the range of 

biologically plausible estimates (Chapter Two). This was done using custom-written R code 

(Appendix Three) that modified one parameter in increments of 0.001 across the parameter 

range and each estimate of lambda was saved using the “popbio” package (Stubben et al. 

2011).  
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Software	  and	  implementation	  

All analysis was carried out in the statistical program ‘R 3.1.2’ (R Core Team 2015) using the 

“RStudio” development environment.  

 

5.3 Results	  

The elasticity analysis indicates that adult persistence (𝑃!) has a much stronger effect on 

lambda than any of the other input parameters. An increase in the persistence (𝑃!) of the adult 

stage has a greater effect on the population growth rate than any other parameter entry 

(0.6627) followed by the probability of making the transition from the juvenile stage to the 

adult stage (0.5145; Equation 5.4).  

 

 𝒔𝑨 =
0 0 0.3228

0.0551 0.2896 0
0 0.5145 0.6627

 (Equation 5.4) 

 

 𝒆𝑨 =
0 0 0.0477

0.0477 0.2419 0
0 0.0477 0.6149

 (Equation 5.5) 

 

In the following section, a sensitivity and elasticity analysis for the survival rates (𝜎!), 

reproductive rate (𝐹!) and transition probability (𝛾!) is presented.  
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Sensitivity	  and	  elasticity	  of	  demographic	  parameters	  

The sensitivities and elasticities for the separate survival rates, reproductive rates and 

transition probabilities predict that the largest change in lambda will be generated by adult 

survival (𝜎!, Table 5.1). Sensitivity of lower level parameters was similar for juvenile survival 

(𝜎!) and reproduction (0.3121 and 0.3164 respectively). Elasticities show a far more defined 

relationship where survival of adults (𝜎! ) and juveniles (𝜎! ) are more important than 

reproduction (𝑀!). The estimates of transition probability (𝛾!) and calf survival (𝜎!) have 

opposite ranking when comparing sensitivity and elasticity. 

 

 

Table 5.1. Parameter level sensitivity and elasticity derived from the “popbio” package 
(Stubben et al. 2011).  

 

 

 

 

The visual display of sensitivities across the biological range of demographic parameters 

confirms this trend (Figure 5.2). Adult survival also has the steepest slope indicating that 

small changes in this parameter will have the biggest effect on lambda when all other 

parameters are held constant. 

Parameter Sensitivity Elasticity 
Calf survival (𝝈𝑪) 0.0551 0.0477 

Juvenile survival (𝝈𝑱) 0.3121 0.2896 
Juvenile transition (𝜸𝑱) 0.2204 0.0209 

Adult survival (𝝈𝑨) 0.7141 0.6627 
Fecundity (𝑴𝒙) 0.3164 0.0477 
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Figure 5.1. The sensitivity of lower-level parameters for the range of biologically 
realistic estimates (red lines). The grey line is the current estimate for population 
growth. ` 
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5.4 Discussion	  

Perturbation analysis is an important tool for conservation management (Mills et al. 1998, 

Benton and Grant 1999). In particular, sensitivity/elasticity have become popular tools in 

population ecology (Mills et al. 1998). They are analytically simple and a well supported first 

step in identifying key life history traits (Benton and Grant 1999). The results of the 

perturbation analyses are helpful in assessing the potential effect of survival and reproductive 

rates on lambda in particular.  

This perturbation analysis indicates the importance of adult survival (σ! ) across both 

sensitivity and elasticity analysis. Sensitivities show a smaller difference between 

reproduction and survival. Elasticities should be compared to understand relative effects of 

parameter entries. The low-level importance of reproduction (𝐹!) and juvenile survival (σ!) 

are comparable with elasticities. Survival parameters appear to have the greatest effect on 

lambda. The demographic parameters needed for a population model have been identified for 

the NZ SRW population (Chapters One to Three). The parameters with the least impact on 

lambda were the only parameters estimated from other populations (AFR and calf survival, 

Brandão et al. 2011, 2012). 

Elasticity analysis can be used to identify those parts of a population’s life cycle that research 

and management should focus on. The elasticities of life history traits for different species can 

be compared because the total elasticity sums to one allowing for direct comparisons (e.g. Oli 

and Dobson 2003, Stahl and Oli 2006). The elasticities of the NZ SRW projection matrix 

predict that adult survival is the key parameter that drives population growth for the NZ SRW. 

High adult survival is also a key factor in other matrix population models of mammals that 

have late reproduction and a low reproductive rate (Oli and Dobson 2003). This suggests that 

the pattern observed in the NZ SRW model is consistent with other species with a similar life-

history.  

However patterns in elasticity may not be as obvious as first thought (Mills et al. 1998, 2001, 

Ehrlén et al. 2001). Recent theoretical work has highlighted some issues with this approach as 

well as overcome other problems and identified situations where the outputs are robust to 

violations of the assumptions (Benton and Grant 1999).  
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Limitations	  

The effects of changes in matrix entries were investigated through sensitivity and elasticity 

analysis but these are a combination of the underlying demographic rates. Within this thesis 

the lower level demographic parameters (survival and reproduction) have been decomposed, 

but the estimate of fecundity has not been broken down into AFR and sex ratio.  

Environmental variability is thought to have effects on population growth and this variance 

may not be uniform for all stages (e.g. Rotella et al. 2012). There are methods for estimating 

elasticity from stochastic models (Tuljapurkar 1997). The current lack of data on demographic 

rates limits the ability to estimate environmental variability in models. Once these models are 

created then sensitivity and elasticity analysis can be investigated with more confidence.  

Mills et al. (1998) investigated elasticities and the effects of potential conflicts in the 

mathematical basis of the technique. Elasticities can be misleading because changes in a 

single demographic parameter can change the qualitative ranking of all other elasticity values 

of the projection matrix. Secondly, classical elasticity analysis only changes one parameter at 

a time and does not account for correlation between demographic parameters. 

There is still much debate about sensitivity/elasticity research and there are currently no field 

based examples (Ehrlén et al. 2001, Mills et al. 2001). It is hard to find examples of 

successful management actions generated from elasticity analysis. Research needs to guide 

management in a way that allows for quantitative results to be produced by continued 

research that identifies these outcomes. The NZ SRW population would be a good model to 

show this because as the population expands results of different areas of protection could be 

monitored. 

Future	  modelling	  

Three main advances could be made to the perturbation analysis presented in this chapter. 

Loop analysis can be investigated to understand the underlying parameter effects of transition 

probability and reproduction (Caswell 2001). In the NZ SRW model reproduction was a 

combination of sex ratio and reproductive output. Evidence has been found in another SRW 

population of a skewed sex ratio (Best 2013). Investigation of this using loop analysis would 

allow the potential effects of a different sex ratio to be modelled. The transition probability 

can also be broken down into AFR and the other parameters affecting this transition rate. 
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Secondly, results could be accounted for in a multidimensional space by modelling the 

sensitivity of the elasticities to changes in demographic rates. This would provide an 

understanding of the point at which vastly different elasticities would be produced. It could 

answer the question, “how wrong does a particular demographic parameter have to be for the 

elasticity to produce a different management recommendation?”  

Stochastic elasticity should be modelled once population specific stochastic processes are 

identified. The perturbation analysis presented in this thesis supports the life history theory of 

long lived, slow reproducing mammals (Oli and Dobson 2003). Additional research on time 

varying parameters will allow for population specific stochastic models to be created and 

more complex perturbation analysis (e.g. Tuljapurkar 1997). 
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CHAPTER	  SIX	  

 

DISCUSSION	  AND	  FUTURE	  RESEARCH	  OPTIONS	  

 

 

6.1 Introduction	  

Although southern right whales (SRW) used to be abundant throughout New Zealand’s (NZ) 

sheltered bays and inlets in the winter months, this is no longer the case (Carroll et al. 2014b). 

Heavy whaling pressure has reduced SRWs to very low numbers in NZ waters (Baker and 

Clapham 2004). This pattern was the same for all right whale populations (IWC 2001).  

The North Atlantic right whale (NARW) has failed to recover from the impact of commercial 

whaling. The population was thought to consist of at least 465 animals in 2011 (National 

Oceanic and Atmospheric Administration 2015) and may already be functionally extinct 

(Fujiwara and Caswell 2001). Less information is available for the North Pacific right whale 

(NPRW), but the pattern is similar (Wade et al. 2011). Both populations are listed as 

“Endangered” by the IUCN (Reilly et al. 2012, 2013). 

In contrast to the northern hemisphere species, the total population of SRWs is thought to be 

increasing (IWC 2001). The IUCN conservation status of the total SRW population is listed as 

“Least Concern” (Reilly et al. 2013) and under the New Zealand Threat Classification System 

the NZ population is “Nationally Endangered” (Townsend et al. 2008, Baker et al. 2010). The 

NZ SRW and total SRW populations could still be less than 10% of their respective historical 

population sizes (IWC 2001). The species listing is not the highest rating on the threat 

classification systems but the NZ SRW population is still categorized as being at risk of 
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decline/threatened.  

The IUCN list implies that the total population is widespread and abundant. This is not the 

case for the NZ population. A good way to help understand what is needed to provide 

continued protection is to apply a population model to demographic data. This model can then 

be used to predict future trends and identify stages within the life cycle that are important in 

determining population growth. 

However, the only previous study of the population growth rate of SRWs in NZ produced an 

estimate with very poor precision (the 95% CI ranged from a decline of 2% to a population 

increase of 13%; Carroll et al. 2013). This thesis presents a more precise estimate of 

population trend as well as addressing some challenging questions for conservation research 

and ecological modelling.  

Matrix population models provide a method of assessing population trends using data on 

survival and reproductive rates (Caswell 2001). The applied research into matrix algebra for 

population modelling has led to its application for many species (e.g. Oli and Dobson 2003, 

Crone et al. 2011) including large whales (Chiquet et al. 2013). Matrix population modelling 

can provide additional information on population dynamics (e.g. stable stage distribution and 

transient dynamics) and can be useful for refining future research and conservation goals with 

perturbation analysis (Brault and Caswell 1993, Heppell 1998, Kraus et al. 2005). 

 

6.2 Major	  Findings	  

This thesis has produced the first estimate of calving interval, new estimates of the current 

population growth rate and projects future trends in abundance for SRWs in NZ. Estimating 

the calving interval was an important step in furthering knowledge of NZ SRW population 

dynamics. The mean calving interval of 3.14 years (95% CI 2.83-3.45) was similar to calving 

intervals for other right whale populations and baleen whales in general (Cooke et al. 2003, 

Brandão et al. 2012). Species specific estimation of reproduction is crucial for identifying the 

true dynamics of SRW populations because there is evidence that this parameter could have 

an affect on density dependence for SRWs (Crespo et al. 2013).  

A three-stage matrix population model for female SRWs was constructed including NZ 

specific estimates of survival and reproduction. A stage-based matrix population model allows 
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biological traits to be directly modelled and can be modified depending on the amount of data 

available. This is not always possible for more complex methods. Many other studies have 

used fewer data to generate similar conclusions about population growth and management 

options (e.g. Chiquet et al. 2013).  

The estimated deterministic population growth rate was 5.6%. When accounting for parameter 

uncertainty the current population growth rate was estimated to be 4.8% (95% CI 2.5% - 

6.4%). This confidence interval is much more precise than the other estimates of NZ SRW 

population growth (Carroll et al. 2013).  

The stable stage distribution (SSD) was an important output of a population model because it 

can be assumed that if the population is at its SSD then the asymptotic growth rate will be 

equivalent to the current population growth rate (Caswell 2001). For the NZ SRW model, the 

SSD had the highest number of individuals in the adult stage, followed by juveniles and then 

calves (52%, 40.3% and 7.7% respectively). Other populations of right whales and other large 

whale have similar stage distributions (Taylor et al. 2007).  

Transient dynamics of the model were then investigated to estimate the time of convergence 

to the SSD. The NZ SRW population model reached SSD and asymptotic population growth 

between 15 and 20 years. Given that the last known exploitation of the NZ SRW was in 1971 

(Tormosov et al. 1998), the stable stage convergence was outside the time-frame of this 

disturbance to the population structure. 

Stochastic projections of the model incorporating year to year variability of the input 

parameters were conducted for a range of variation. As year to year variation increased, the 

output parameters of interest (population growth and future abundance) became less precise 

and the average estimates decreased. Mean abundance after 30 years was estimated at 4347 in 

the deterministic model, and 3012 for the stochastic model with the highest year to year 

stochasticity (SD=1). The population growth rate showed a similar pattern in the stochastic 

results, the mean decreased from 4.8% to 3.3%. 

The NZ SRW population model presented in this thesis predicts that if current conditions 

continue then the total population size in thirty years will be below 5000 females. This 

projection allows for conservation managers to investigate the possible threats that the 

increasing population of NZ SRWs may encounter. Currently there are few anthropogenic 

impacts that affect this population, however as the population expands this situation may 
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change. Interactions with shipping, aquaculture and other fishing impacts have affected other 

right whale populations (Fujiwara and Caswell 2001, Doucette et al. 2012, Hoop et al. 2015, 

Robbins et al. 2015).  

Perturbation analysis was conducted to assess which stage within the model, and which 

specific input parameters (e.g. survival or reproduction), had the greatest effect on current 

population growth. Perturbations identified adult survival as the most important parameter in 

determining population growth of the NZ SRW. This has also been found to be the case for 

many long-lived mammals (Oli and Dobson 2003). 

Estimates of population growth and future population size were lower in scenarios with high 

year to year variability. This is partly because adult survival is very close to one (0.98) and the 

corresponding probability distribution is bound between zero and one. This statistical property 

contributes to the lower population growth rate and lower future population estimates with 

increasing variability. Higher variability in adult survival will lead to a relatively larger 

number of low survival rates being selected, resulting in lower estimates of population growth 

as variability increases. The distribution has a longer “tail” of lower survival rates as year to 

year variability increases. 

 

6.3 Limitations	  of	  findings	  

The types of questions that can be asked in demographic studies depend on the biology of the 

species, available data and environmental challenges. SRWs are long-lived, slow reproducing 

marine mammals (Kenney 2009). This is a challenge for research because it demands 

intensive field effort for a long period, in order to capture long-term population dynamics. 

This thesis uses the relatively sparse data available to take a new step for NZ SRW research.  

Limitations of simple models for estimating population dynamics have been the key 

discussion topic of many studies (e.g. Crout et al. 2009, Lele 2010). The NZ SRW model is 

not immune to these issues. A key issue of simple models that do not include stochasticity is 

that estimates become less reliable when forecasting population sizes over long time periods 

(e.g. 50-100 years, Ellner et al. 2002, Reed et al. 2002). These types of forecasting are prone 

to errors in the assumptions about stochastic processes and environmental interactions. To 

avoid these problems, a relatively short projection time (30 years) is modelled and stochastic 
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projections are investigated.  

The population growth and abundance projections in this thesis do not take into account 

density dependence. Within the projection time it is unlikely that the NZ SRW population size 

will be affected by density dependence (Baker and Clapham 2004). Carrying capacity (K) is 

difficult to estimate but could be as low as 10,000 females for the NZ population of SRWs 

(Jackson et al. 2015). At this lowest estimate of K, the population is predicted to still only be 

at half of this size in 30 years time.  

It needs to be noted however that there is little known about the feeding grounds of this SRW 

population (Patenaude et al. 2007). There is some evidence that mixing between the New 

Zealand and Australian populations. This has been documented using satellite tagging and 

photo-ID but the effects of this are unknown (Pirzl et al. 2009, Childerhouse et al. 2010). 

There could be density dependence and other factors (e.g. competition) affecting food 

availability in these areas. SRWs are known to skip breeding if the conditions are not optimal 

(Brandão et al. 2012) and this would affect reproductive output, as in North Atlantic fin 

whales (Williams et al. 2013). There is also evidence that humpback whales that use the 

Californian current respond to ecosystem conditions affected by environmental and 

anthropological actions (Fleming et al. 2015). Projections further into the future should 

account for density dependence and investigate feeding ground dynamics. 

Little evidence has been produced to demonstrate whether predictions from theoretical 

perturbation analysis of models (such as matrix population models) have been observed in 

wild populations (Benton and Grant 1999). This is a field of research that should be 

developed further. The recent and on going construction of databases containing demographic 

parameters of a range of plant and animal species will facilitate this (Salguero-Gómez et al. 

2015). This will allow for the meta-analysis required to quantify the results of previous 

predictions in the light of current management outcomes across multiple species. The NZ 

SRW is a possible case study for this type of analysis in the future. 

The estimates of population growth and abundance from the stochastic models may represent 

a lower bound for the NZ SRW population. In marine populations without human impacts, 

high adult survival is thought to be relatively insensitive to year to year variability (Bjørkvoll 

et al. 2015). This factor is thought to buffer long-lived species from environmental conditions, 

compared to shorter-lived species. This has been shown to occur in Weddell seals 
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(Leptonychtes weddellii, Rotella et al. 2012). Continued research will help to estimate year to 

year variability of survival and reproductive rates for the NZ SRW. 

Population projections assume that the current survival and reproductive rates will continue 

for the next few decades. The estimate of current population growth depends on the 

assumptions that the population is currently at the SSD and experiencing asymptotic 

population growth. If these assumptions were met conservation measures ensuring high levels 

of female adult SRWs would have the greatest effect on the estimated population growth.  

 

6.4 Future	  research	  

Monitoring for changes in population dynamics and for estimating trends will also be 

important to increase understanding of the NZ SRW population dynamics. Fundamental 

research (Simmonds and Hutchinson 1996) on demographic parameters such as survival and 

reproductive estimates for the NZ SRW will help to provide additional information and 

increase the precision of demographic rates. Both reproductive and survival estimates used in 

the NZ SRW population model are based on a seven-year dataset.  

Continued monitoring of adult survival will be critical in terms of improving the input data 

for population models. Continued research will increase the precision (Pollock et al. 1990) of 

the adult survival (non-calf) estimate, which currently has a wide confidence interval (0.86-

1.00, Rayment and Childerhouse 2011). Population growth depends strongly on adult 

survival. If current research methods are continued for a longer time period as for other SRW 

populations (10 to 20 years) more complex Bayesian hierarchical models could be used to 

model demographic rates from the mark-recapture data (King 2012).  

Given the duration of the reproductive cycle of SRWs, the current estimate of calving interval 

has been obtained from a relatively short data series. As sample size and study length 

increases the precision of this estimate will likely increase. Continued reproduction will allow 

for the identification of density dependent effects and other possible impacts on the 

population if they occur (such as anthropogenic effects). Such effects could be occurring 

currently in other SRW populations but the causes are still unknown (Best 2013, Cooke et al. 

2015). 
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Age at first reproduction (AFR) and calf survival are required parameters for a population 

model, but are not yet available for the NZ SRW population. Continued identification of 

blazed calves (Brandão et al. 2012) will help to provide an estimate of calf survival and AFR 

for NZ SRWs in the longer term.  

Further applied research should focus on mainland NZ, including the possible effects of 

human interactions. A spatially structured population model could be used to assess 

movement among the Auckland Islands, the NZ mainland and other areas such as Australia 

(Schaub and Abadi 2011). This model could be used to understand the effects of fragmented 

conservation measures (between the NZ mainland and Auckland Islands) as the population 

increases. It could also estimate how many NZ SRWs are likely to appear around the 

mainland of NZ under a series of possible meta-population models.  

 

6.5 Current	  management	  and	  recommendations	  

The Auckland Islands are a critical habitat for a broad range of unique species. These include 

endangered species (e.g. New Zealand sea lion, Phocarctos hookeri, Meyer et al. 2015b), 

endemic species (e.g. Auckland Islands teal, Anas aucklandica, Williams 2005) and key 

breeding grounds for species recovering from human impacts (e.g. NZ SRW, Rayment et al. 

2012). To protect species it is important to ensure whole ecosystems are protected (Hooker 

and Gerber 2004). The current protection at the Auckland Islands is shown in Figure 6.1.  

The Auckland Islands became a marine mammal sanctuary in 1993. Further protection was 

added in 2003 with the Motu Maha Marine Reserve. The marine reserve covers about 484,000 

ha around the Auckland Islands. The reserve stretches for 12 nautical miles offshore from the 

island group. The terrestrial environments are protected as National Nature Reserves, which 

provide New Zealand’s highest possible conservation protection. The Auckland Islands are 

recognised as a World Heritage site (World Heritage Convention 2013).  

The NZ mainland used to be frequently visited by SRWs (Richards 2002). The NZ SRW 

matrix model presented in this thesis has confirmed an increasing population trend and as the 

population expands there will be opportunity to recolonize previous habitats. Many shore 

whaling stations where established on the mainland of NZ to hunt SRWs over the winter 

calving months (Richards 2002). Recolonisation of the mainland has been suggested from a 
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increase in observed sightings and individuals returning to give birth around the mainland 

(Carroll et al. 2014b). 

 

 

Figure 6.1. The current Auckland Islands marine protection. Map from Department of 
Conservation (2015). 

 

Although there are currently few human threats within the Auckland Islands, as the population 

expands into former habitat (NZ mainland) these interactions are likely to increase. Other 

populations of right whale have shown little sign of recovery (Fujiwara and Caswell 2001). 

The driving factors for this are thought to be related to anthropogenic effects, specifically ship 

strike, fishing gear entanglement and pollutants (Kraus et al. 2007). Interactions of NARWs 

with shipping and/or fishing gear causing serious injury or death are recorded. The highest 

percentage of confirmed deaths of NARWs are from ship strikes but overall entanglement of 

individuals in fishing gear is thought to be higher (Knowlton and Kraus 2001)..  

Observed entanglement rates for the NARW have been assessed from the photo-ID “Catalog” 



 

 

78 

curated by the New England Aquarium (Kraus et al. 2007) for multiple studies (Kraus 1990, 

Knowlton and Kraus 2001, Kraus et al. 2007, Knowlton et al. 2012). Data show that 

entanglement contributes greatly to long term deterioration in health and survival (Knowlton 

and Kraus 2001, Knowlton et al. 2012). In the current publication (Knowlton et al. 2012) all 

the photos in the “Catalog” between 1980 and 2009 were assessed by; 1. Fishing gear on the 

whale that was recorded in the “Catalog”, or 2. Scarring from past entanglements defined as a 

wrapping scar (Kraus 1990). 82.9% of the photographs assessed had evidence of at least one 

entanglement event and 59.0% of whales had been entangled more than once (Knowlton et al. 

2012). Both ship strike and entanglement are thought to be the leading causes for the lack of 

recovery of the NARW population (Kraus et al. 2005). 

Recent conservation efforts directed at improving survival of NARWs have led to modified 

shipping lanes to reduce ship-strike (Nowacek et al. 2004, Vanderlaan and Taggart 2009) and 

entanglement mitigation has been implemented by changing gear types (Robbins et al. 2015). 

Additional volunteer shipping speed reductions have failed to show a significant reduction in 

this impact (Kraus et al. 2005, Hoop et al. 2015). It should be noted that these studies are 

based on a short time series (four years) and coverage does not include all NARW habitat. 

Hoop et al. (2015) suggest that the current shipping restrictions should be expanded to 

increase the effectiveness for protection of NARWs. Techniques used in these mitigation 

measures could be a first step if anthropogenic impacts increase in the NZ SRW population. 

There is an increasing trend of SRW sightings around mainland NZ (Gaskin 1964, Carroll et 

al. 2014b). Historical records indicate that there were key calving grounds in the Otago 

Harbour and Banks Peninsula (Richards 2002). These locations are now used for shipping and 

commercial fishing ventures. Lyttelton Port (Banks Peninsula) and Port Otago are the two 

largest ports in the South Island in terms of commercial shipping traffic (Ministry of Transport 

2011) . Fishing effort is likely to affect NZ SRWs because of entanglement in fixed lines. The 

types of fishing gear that are likely to have these sorts of entanglement hazards are identified 

for the NARW (Knowlton et al. 2012). Around the Otago coastline in 2014 there was a total 

of 350 commercial vessel days (Ministry of Fisheries 2015).  

Providing safe areas for female calving most easily protects important previous habitat. 

Habitat modelling has identified key spatial parameters for the NZ SRW (Rayment et al. 

2015). The combination of habitat modelling and population estimates produced in this thesis 

will allow for the identification of key areas for future SRW abundance.  
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Combining this information with a confirmed population increase will allow for future 

ecological modelling and management to focus on ensuring that these areas have limited 

anthropogenic effects as the population expands to recolonize former habitats. The results of 

this thesis suggest that protection of adult females, for example by continued protection of 

current calving areas and implementing protection in areas that may be recolonized in the 

future, will help ensure on-going recovery. 
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APPENDIX	  

A.1	   Research	  publication	  
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A.2	   R-‐code	  for	  lower-‐level	  sensitivities	  

#Vital rate sensitivities 
#################packages needed############### 
library(popbio) 
#################fixed parameters############## 
#stage length 
C<-1 
J<-7.67 
A<-65 
#Survival  
Sc<-0.914 
Sj<-0.98 
Sa<-0.98 
#transition 
Tj<-0.1002 
#reproduction 
Ma<-(1/3.14)/2 
Fa<-(Sa*Ma) 
############Constructing matrix############### 
whale.el<-expression( 
  0,  0,   Ma*Sa, 
  Sc, Sj*(1-Tj),   0, 
  0,  Sj*Tj,   Sa) 
###########Length and names of variables for matrix estimates##### 
whale.vr<-list(Sc = Sc,Sj=Sj, Tj=Tj , Sa=Sa , Ma=Ma)  #names of variables 
n<-length(whale.vr) #size of matrix 
vr<-seq(0,1,0.001)  #range of matrix entries 
###########Vectors used to save output#########################  
vrsen<-matrix(numeric(n*length(vr)), ncol=n, dimnames=list(vr, names(whale.vr))) 
############Loop analysis##################### 
for (h in 1:n) 
{ 
  whale.vr2<-list(Sc = Sc,Sj=Sj, Tj=Tj , Sa=Sa , Ma=Ma) 
  for (i in 1:length(vr)) 
  { 
    whale.vr2[[h]]<-vr[i] 
    A<-matrix(sapply(whale.el, eval,whale.vr2 , NULL),  
              nrow=sqrt(length(whale.el)), byrow=TRUE) 
        vrsen[i,h] <- max(Re(eigen(A)$values))    #saves estimates of growth rate 
 
    }   #inter loop 
  }  #outer loop 
###################Final plot for sensitivities#################### 
sens<-data.frame(vrsen) 
par(mfrow=c(1,2)) 
######Calf Survival############## 
plot(vr,sens$Sc, type='l', lwd=2, las=1,ylim=c(0.8,1.2),xlim=c(0.796,1),lty=3, 
     col=2, cex=0.9,xlab="",ylab="") 
title(main=expression(paste("Calf Survival"," " ,(sigma[c]))),cex.main=2.1) 
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title(ylab=expression(paste("Population growth rate"," ",(lambda[infinity]))),cex.lab=1.1) 
title(xlab="Value of demographic rate",cex.lab=1.1) 
abline(h = 1.056, col = "gray60") 
abline(h = 0, v = 0.834,col = "red") 
abline(h = 0, v = 0.964, col = "red") 
###########Juvenile Survival############ 
plot(vr,sens$Sj, type='l', lwd=2, las=1,ylim=c(0.8,1.2),xlim=c(0.87,1),lty=2, col=3, cex=0.9, 
     ylab="", xlab="") 
title(main=expression(paste("Juvenile Survival"," " ,(sigma[j]))),cex.main=2.1) 
title(ylab=expression(paste("Population growth rate"," ",(lambda[infinity]))),cex.lab=1.2) 
title(xlab="Value of demographic rate",cex.lab=1.2) 
abline(h = 1.056, col = "gray60") 
abline(h = 0, v = 0.91,col = "red") 
abline(h = 0, v = 1, col = "red") 
#abline(h = 0, v = 0, col = "gray60") 
#############Adult Survival############## 
par(mfrow=c(1,2)) 
plot(vr,sens$Sa, type='l', lwd=2, las=1,ylim=c(0.8,1.2),xlim=c(0.87,1),lty=5, col=3, cex=0.9, 
     ylab="",  xlab="") 
title(main=expression(paste("Adult Survival"," " ,(sigma[a]))),cex.main=2.1) 
title(ylab=expression(paste("Population growth rate"," ",(lambda[infinity]))),cex.lab=1.1) 
title(xlab="Value of demographic rate",cex.lab=1.1) 
abline(h = 1.056, col = "gray60") 
abline(h = 0, v = 0.91,col = "red") 
abline(h = 0, v = 1, col = "red") 
#abline(h = 0, v = 0, col = "gray60") 
########Juvenile Transition################ 
 
plot(vr,sens$Tj,type='l', lwd=2, las=1,ylim=c(0.8,1.2),xlim=c(0.04,0.16),lty=4, col=65, 
cex=0.9, 
     , ylab="", xlab="") 
title(main=expression(paste("Juvenile Transition"," " ,(gamma[j]))),cex.main=2.1) 
title(ylab=expression(paste("Population growth rate"," ",(lambda[infinity]))),cex.lab=1.1) 
title(xlab="Value of demographic rate",cex.lab=1.1) 
abline(h = 1.056, col = "gray60") 
abline(h = 0, v = 0.12,col = "red") 
abline(h = 0, v = 0.08, col = "red") 
################Fecundity############## 
par(mfrow=c(1,1)) 
plot(vr,sens$Ma, type='l', lwd=2, las=1,ylim=c(0.8,1.2),lty=9, col=34, cex=0.9, 
     ylab="",xlab="", main="",xlim=c(0.09,0.22)) 
title(main=expression(paste("Fecundity"," ","(Mx)")),cex.main=2.1) 
title(ylab=expression(paste("Population growth rate"," ",(lambda[infinity]))),cex.lab=1.2) 
title(xlab="Value of demographic rate",cex.lab=1.2) 
abline(h = 1.056, col = "gray60") 
abline(h = 0, v = 0.13,col = "red") 
abline(h = 0, v = 0.18, col = "red") 
 


