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Abstract
Conservation monitoring of highly mobile species in relatively inaccessible habitats 
presents a considerable challenge to wildlife biologists. Effective conservation strategies 
require knowledge of cetacean ecology that is often challenging and expensive to obtain. 
Despite their caveats, stranding data represent an underused resource to study the long-term 
dynamics of cetacean populations. Using long-finned pilot whale (LFPW; Globicephala 
melas edwardii) strandings on the New Zealand coast as a case study, we present a novel 
approach to demonstrate how stranding data can inform conservation management of  
data-poor species. A total of 8571 LFPWs stranded on the New Zealand coast within a 
40-year period between January 1978 and December 2017. Overall, where sex was 
recorded, mass stranded adults were significantly biased towards females, while a 
significant male bias was observed in juveniles. Strandings occurred in all months, 
though significant seasonal variation was evident, with 66% of stranding events reported 
during austral spring and summer months (October–February). Hot spot analysis 
(ArcGIS) identified the majority of LFPWs stranded at Golden Bay, Great Barrier Island, 
Stewart Island and the Chatham Islands, with emerging hot spot analysis (ArcGIS) used to 
identify spatiotemporal trends. While emerging hot  spot analysis revealed no significant 
temporal trend in the annual frequency of stranding events or numbers of individuals 
stranded, it did reveal a significant  spatiotemporal trend, with the numbers of stranded 
individuals declining in areas of the Far North, Coromandel, Canterbury, Otago and the 
Chatham Islands, and increasing in Golden Bay and Stewart Island. When combined 
with other contextual information, such trends help identify the most significant clusters 
of LFPW strandings on the New Zealand coast, provide baseline ecological data on a 
poorly understood subspecies, and can be used to guide conservation management of G. m. 
edwardii in New Zealand waters.
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Introduction

Conservation management of highly mobile species that cover vast areas, or are rarely 
encountered, is often hindered by a lack of accurate data on their ecology, life history 
parameters, abundance, distribution, and population status (Magera et  al. 2013). Marine 
mammals often fit this description yet have been identified as useful indicators of ecosys-
tem change (Bossart 2011; Moore 2008) and a priority for sustained conservation effort 
(Kaschner et al. 2011; Schipper et al. 2008). While marine mammals are sentinel species 
that can reflect cumulative impacts of stressors and facilitate our overall understanding of 
ocean health (Evans et al. 2005; Moore 2008; Wells et al. 2004), monitoring marine mam-
mal populations long-term, and at fine-scale, is financially prohibitive (Peltier et al. 2013). 
As a consequence, information on significant threats and estimates of abundance and dis-
tribution are, for many pelagic species at least, generally unavailable in most geographic 
regions (ten Doeschate et al. 2018). However, long-term opportunistically collected sight-
ing and stranding records are often available and can be of significant conservation benefit 
if explored with robust analytical tools.

In recent years, it has been increasingly recognised that opportunistic data collected 
from cetacean strandings can offer a relatively low-cost monitoring method. Stranding 
records have the potential to provide critical insights into species distribution (Maldini 
et al. 2005), demography (Mannocci et al. 2012), and population structure (Bilgmann et al. 
2011; Stockin et al. 2014), particularly if they cover a large area and are collected over long 
time periods (Leeney et al. 2008; Meager and Sumpton 2016; Pikesley et al. 2011). Strand-
ing data have helped establish historical distribution and declines of common dolphin (Del-
phinus delphis) in various Mediterranean Sea areas (Bearzi et al. 2003), and proven value 
as an early warning system for identifying fisheries impacts in species such as the common 
bottlenose dolphin (Tursiops truncatus; Byrd et al. 2008). Analyses of cetacean stranding 
data have also identified changes in cetacean communities attributed to increased sea tem-
perature (MacLeod et  al. 2005) and provided information on species that are otherwise 
rarely encountered (Thompson et al. 2013). Over long time series (> 100 years), stranding 
records have further revealed higher species richness than line transect survey methods for 
a given area (Pyenson 2010). Stranding records have also exhibited the potential to detect 
population declines sooner than survey data (Gerrodette 1987; Gulland 2006). For exam-
ple, an increase in gray whale (Eschrichtius robustus) strandings was observed along the 
west coast of the U.S. and Mexico in 1999, but a decline in the population was not detected 
by survey effort until 2001 (Gulland et al. 2005).

Monitoring of cetacean strandings is encouraged by multiple intergovernmental organi-
sations and agreements (e.g. International Whaling Commission, and various agreements 
under the Convention for Migratory Species). Despite this, stranding data remain relatively 
underused as an indicator to assess cetacean population status or broader marine ecosys-
tem conservation (ten Doeschate et al. 2018). This is, in part, due to uncertainty around 
the relationship between the stranding record and the at-sea population, which can be con-
founded by the complexity of stranding events including unusual mortality events (e.g. 
epizootics or mass strandings; Williams et al. 2011), environmental variation (Evans et al. 
2005), carcass drift (Peltier et al. 2012), or reporting effort.

Periodicity in cetacean strandings has been linked to large-scale climate events, resulting 
from long-term shifts in sea-pressure gradients (Evans et al. 2005; Pierce et al. 2007). The 
biological signal, however, can be confounded by physical and social factors which influence 
stranding events (Peltier et  al. 2012), complicating the interpretation of stranding data at a 
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population level. For example, physical factors such as oceanography and coastal topography 
have been linked to the occurrence of stranding events (Hamilton 2018), and tight social cohe-
sion of mass stranding cetaceans (e.g. pilot whales) is thought to be a significant contributing 
factor for groups stranding and re-stranding after being refloated by human-initiated efforts 
(Perrin and Geraci 2002; Sergeant 1982). Nonetheless, long-term stranding records permit 
analysis of historical patterns and trends, providing a means to define baseline stranding rates 
in addition to biological and ecological metrics (ten Doeschate et  al. 2018). These include 
cause of death (e.g. Gulland 2006; Jepson et al. 2013; Stockin et al. 2009), nutritional condi-
tion (e.g. Gómez-Campos et al. 2011; Lockyer 1995), disease burden (e.g. Arbelo et al. 2013; 
Gulland and Hall 2007; Sierra et al. 2016), diet (e.g. Beasley et al. 2019; Beatson and O’Shea 
2009; Santos et al. 2014), life history (e.g. Betty 2019; Jefferson et al. 2012; Murphy et al. 
2009) and environmental contaminant levels (e.g. Jepson et  al. 2016; Murphy et  al. 2015, 
2018; Stockin et al. 2010). These metrics serve as important conservation tools by identifying 
change, pressures and threats; in terms of both acute effects and long-term loss of population 
viability (Leeney et al. 2008).

Long-finned pilot whales (LFPWs; Globicephala melas) are known for stranding in large 
numbers of mixed ages and sexes, and mass stranding events (MSEs) often recur in a specific 
geographic location e.g., Cape Cod, Massachusetts, USA (McFee 1990; Sweeney et al. 2005; 
Wiley et al. 2001); Tasmania, southern Australia (Beasley et al. 2019; Evans et al. 2005; Gales 
et al. 2012); and Farewell Spit, Golden Bay, New Zealand (Baker 1981; Brabyn 1991; Gaskin 
1968). Information collected from MSEs are the primary data available for LFPWs through-
out most of their range. However, despite the value to conservation management, few analyses 
of pilot whale stranding patterns have been conducted (e.g. Brabyn and Frew 1994; Brabyn 
and McLean 1992; Hamilton 2018). Although the global International Union for the Con-
servation of Nature (IUCN) threat classification listing for LFPWs has recently been updated 
from ‘Data Deficient’ to ‘Least Concern’, many populations, especially in the Southern Hemi-
sphere, remain data-poor (Minton et al. 2018). Such paucity of data hinders effective conser-
vation of species, populations, and stocks, hence why the exploration of any available oppor-
tunistic data is so valuable.

Using LFPW stranding data as a case study, we present a novel approach—emerging 
hot  spot analysis (ArcGIS)—to demonstrate how examination of stranding data can inform 
conservation management of a data-poor species. While emerging hot spot analysis has been 
used to investigate malaria outbreaks (Chihanga et  al. 2016), fatal landslides (Haque et  al. 
2016), and forest loss (Harris et  al. 2017), it has not yet been applied to cetacean strand-
ing records. Here, stranding records held in the New Zealand Whale Stranding Database 
(NZWSDB) were used to assess spatiotemporal patterns in the incidence of LFPW strandings 
on the New Zealand coast, with emphasis placed on strandings between January 1978 and 
December 2017. Specifically, we examine (1) the sex and maturity composition of stranded 
individuals, (2) if the incidence of LFPW MSEs has increased over time, (3) if MSEs are more 
likely to occur at certain times of the year, (4) if there are geographic hot spots of MSEs, and 
(5) if there have been temporal shifts in hot spot locations. We discuss how improved under-
standing of emerging spatiotemporal trends in the stranding record can aid conservation man-
agers with resource prioritization.
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Methods

Data collection

All data presented here on LFPW stranding locations, dates, and composition of 
stranded pods held in the NZWSDB to December 2017, have been collated, checked for 
transcription errors, and verified against original sources if they were accessible. Sam-
pling units used are (1) the number of stranding events and (2) the number of stranded 
individuals. Stranding events were not further categorised by cause of stranding. Accu-
rately identifying causation of a stranding event is often not possible, for example, dis-
ease or poor health may lead to navigational errors and subsequent stranding (MacLeod 
et al. 2004) but necropsies to determine the health status of stranded individuals are not 
routinely undertaken. There was also no separation of records into live or dead strand-
ings. There are regions of New Zealand with very remote coastlines, such as the far end 
of Farewell Spit and most of Stewart and Chatham Islands, where strandings may not 
be detected for several days post-event. Therefore, although the condition of the animal 
when it was first observed is known, it can not always be confirmed if it live-stranded. 
No attempt was made to address the influence of carcass drift in this study. However, 
given the majority of individuals in the dataset actively mass stranded, the effect of car-
cass drift is likely negligible.

An MSE was defined as two or more animals stranded together, excluding mother-calf 
pairs (Geraci and Lounsbury 2005). Following MacLeod et al. (2004), unless individuals 
were known to have stranded together at the same place and time, they were considered 
separate records to avoid any possible difficulties in trying to ascertain whether individuals 
who stranded nearby in space and/or time were related in any way. There is a chance that 
some stranding events have been counted twice, but the number of such possible double 
counts was low (< 5% of all cases). Finally, although LFPW records in the NZWSDB date 
back to 1874, stranding events were not consistently reported until the introduction of the 
Marine Mammal Protection Act in 1978 (when it became government policy to record all 
cetacean stranding events). The distribution of all New Zealand LFPW stranding records 
(January 1874–December 2017) were mapped by stranding event using geographical map-
ping software, ArcMap 10.6.1 (Esri Inc., Redlands, CA), however, only stranding records 
from 1978 onwards (January 1978–December 2017) are included in the following analyses.

Sex and maturity composition

Whenever possible, individuals were classified as calves (≤ 1 year), juveniles (> 1 year but 
sexually immature) or adults (sexually mature). Individuals were considered calves if they 
had a total body length (TBL) ≤ the estimated length at 1 year of age using sex-specific 
growth curves for LFPWs in New Zealand waters, i.e. 237  cm for females and 248  cm 
for males (Betty 2019). Juveniles were classified as individuals with a TBL greater than 
calves, but less than adults; defined using estimated length at sexual maturity (LSM) val-
ues of 472 and 356 cm for males and females, respectively (Betty 2019). Sex ratios were 
estimated for the dataset (1978–2017), using maturity groups: calves, juveniles, adults. Sex 
ratios were estimated using the empirical logistic transform method (Murphy 2004). Exact 
binomial tests (two-tailed) were used to test for significant departure from the expected sex 
ratio of unity, i.e. the ratio of males to females 1:1.
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Temporal patterns

Trends in the annual and monthly frequency of occurrence of stranding events, and num-
bers of animals involved in each event, were examined. First, the Mann–Kendall trend 
test (Kendall and Gibbons 1990; Mann 1945) was applied using the ‘Create Space-Time 
Cube’ geo-processing tool in ArcMap 10.6.1 (Esri Inc., Redlands, CA) to test whether sta-
tistically significant temporal trends in strandings exist throughout the 40-year time series 
(1978–2017). A negative binomial generalised linear model with a log link was used to 
compare the likelihood of stranding events on the New Zealand coast by month of the year 
(1978–2017), with statistical significance defined as p ≤ 0.05.

Spatial patterns

To investigate spatial patterns in strandings (1978–2017), a 15 km (linearly spaced in X and 
Y) grid was placed over the New Zealand coastline, and kernel density analysis in ArcMap 
10.6.1 (Esri Inc., Redlands, CA) was used to investigate the density of LFPWs stranded 
within each grid square. Spatial statistics tools in ArcMap 10.6.1 (Esri Inc., Redlands, CA) 
were used to further analyse spatial patterns in the stranding data. First, Global Moran’s I 
(Ord and Getis 1995) was applied to compute spatial autocorrelation in numbers of LFPWs 
stranded on the New Zealand coast between 1978 and 2017. Using the distance, location 
and values of cells, Moran’s Index was calculated with values ranging between − 1 (dis-
persed pattern) and + 1 (clustered pattern), and values near zero indicating random dis-
tribution. Several distance classes (including 5, 15, 50, 100, 150 and 200 km) were tested 
to determine the distance band where autocorrelation and clustering patterns occur within 
LFPW stranding distribution. This approach evaluates whether strandings across New Zea-
land occur non-randomly and if so, then whether they are dispersed or clustered. Fixed 
distance band and Euclidean distance were used for the autocorrelation analysis.

Once the stranding patterns across New Zealand were determined, we conducted 
a spatial cluster analysis to determine whether there were spatial hot spots in strand-
ings between 1978 and 2017. The term ‘hot spot’ has been used across many disci-
plines to describe a region or value that is generally higher relative to its surround-
ings (Aben et  al. 2012; Isobe et  al. 2015; Lepers et  al. 2005). Here, we define a hot 
spot as a location that exhibits statistically significant clustering (local autocorrelation) 
in the spatial pattern of strandings. Using the ‘Hot Spot Analysis’ geoprocessing tool 
in ArcMap 10.6.1 (Esri Inc., Redlands, CA), we computed the Getis-Ord Gi* statis-
tic (Getis and Ord 1992) for each stranding location to determine areas where non-
random concentrations of high and low numbers of LFPWs stranded along the New 
Zealand coast. We used a fixed distance band of 50 km for calculating neighbourhood 
statistics following the analysis of Moran’s autocorrelation where this distance band 
resulted in high z-score values as an indication of clustering patterns in the stranding 
data. The Getis-Ord Gi* statistic returned for each stranding location in the dataset is 
a z-score (standard deviation) with an associated p value (statistical probability) and 
Gi_Bin (confidence level bin). For statistically significant positive z-scores, the larger 
the z-score is, the more intense the clustering of high values (hot spot). For statisti-
cally significant negative z-scores, the smaller the z-score is, the more intense the clus-
tering of low values (cold spot). Hot spots (higher numbers of stranded LFPWs than 
expected by chance) were identified as locations with an associated Gi_Bin > 1 (90% 



www.manaraa.com

648	 Biodiversity and Conservation (2020) 29:643–665

1 3

confidence level), > 2 (95% confidence level), or > 3 (99% confidence level) while cold 
spots (lower numbers of stranded LFPWs than expected by chance), were identified as 
locations with an associated Gi_Bin < − 1 (90% confidence level), < − 2 (95% confi-
dence level), or < − 3 (99% confidence level).

Spatiotemporal patterns

We extended the spatial cluster analysis (described above) to incorporate information 
about the temporal dimension of the data using the ‘Emerging Hot Spot Analysis’ geo-
processing tool in ArcMap 10.6.1 (ESRI Inc. Redlands, CA). The emerging hot spot 
analysis tool was used to evaluate spatiotemporal patterns of LFPW strandings on the 
New Zealand coast using a combination of two statistical measures: (1) the Getis-Ord 
Gi* statistic to identify the location and size of stranding events (as above), and (2) the 
Mann–Kendall trend test to detect temporal trends at each location.

Before statistical analysis, data were transformed into netCDF (network com-
mon data form) ‘space–time cube’ structure by aggregating stranding locations 
in space–time ‘bins’ with a spatial resolution of 15  km. The value of each bin was 
assigned as the number of individuals stranded in a given year. The netCDF structure 
stores space as latitude and longitude (X, Y) coordinates and time (Z), i.e. year the 
stranding occurred, as another dimension. The decision to aggregate data into 15 km 
bins was made after empirically testing bin sizes ranging from 1 to 50 km; the final 
selection of 15  km preserved a varied frequency distribution of numbers of whales 
stranded. Small adjustments to bin size did not significantly impact the final results.

In the first stage of the statistical analysis, the emerging hot spot analysis tool uses 
the Getis-Ord Gi* statistic to measure the intensity of clustering of high or low values 
(i.e. numbers of stranded whales) in a bin relative to its neighbouring bins in the data 
cube. The sum for a bin and its neighbours is compared proportionally to the sum of 
all bins. When the sum of a bin is different than expected, and that difference is too 
large to be the result of random chance, the result is a statistically significant z-score 
(as described above for the hot spot analysis). A z-score above 1.96 or below -1.96 
means that there is a statistically significant hot spot or a significantly significant cold 
spot of strandings at a significance level of p < 0.05. Due to the cube structure of the 
data, neighbouring bins exist both in time and in space. A fixed distance band of 50 km 
was used to define neighbourhood size in space, and temporal neighbours were defined 
using a time-step interval of 1 year.

Secondly, the Mann–Kendall statistic was used to test whether a statistically sig-
nificant temporal trend exists throughout each bin’s 40-year time series of z-scores 
resulting from the Getis-Ord Gi* statistic. To evaluate temporal trends for each bin, 
each time-step (i.e. year) was compared to the one directly after it. If the z-score in 
the second time-step was larger than the first, the result was +1 (an increasing trend). 
If the z-score in the second time-step was smaller than the first, the result was -1 (a 
decreasing trend). Each pair of time-steps was compared over the 40-year time series, 
generating the Mann–Kendall statistic with an associated z-score and p-value for each 
bin. The expected sum is zero, indicating no temporal trend. Based on the variance 
for the values in the bin time series and the number of time-steps, the observed sum is 
compared to the expected sum (zero) to determine if the difference is statistically sig-
nificant (p < 0.05).
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Results

12,592 LFPWs stranded in 351 independent events (including 168 MSEs) on the New Zea-
land coast between 1874 and 2017 (Fig. 1). The spatial distribution of all G. m. edwardii 
strandings recorded in the NZWSDB over the 144 years between 1874 and 2017 is shown 
in Fig. 2a–e. The largest MSE recorded on the New Zealand coast occurred on Chatham 
Island in 1918 and involved (an  estimated) 1000 individuals (Fig.  2a, d). Other size-
able MSEs comprised 450 individuals stranded on Great Barrier Island in August 1985 
(Figs. 2a, b), and more recently, c. 600 LFPWs stranded on Farewell Spit, Golden Bay in 
February 2017 (Fig. 2a, c). 

Sex and maturity composition

Between 1978 and 2017, records indicate that 8571 LFPWs stranded along the New Zea-
land coastline during 285 independent events (Fig. 3a). Data on sex and length were avail-
able for a subset of the LFPWs stranded between 1978 and 2017 (Table  1). Significant 
female bias (0.68 male: 1 female) was noted in the 1407 individuals for which sex informa-
tion was reported (p < 0.001; Table 1). Data on the maturity class (estimated from TBL, see 
Methods) were available for 1467 stranded animals. Overall, the number of adult LFPWs 
stranded (65.2%) exceeded that of juveniles and calves combined (34.8%; Table 1). Calves 
did not significantly depart from a sex ratio of unity (1:1; p = 1), while males dominated the 
juvenile class (sex ratio 2.16 males: 1 female, p < 0.001, Table 1) and the adult class was 
significantly biased towards females (sex ratio 0.39 male: 1 female, p < 0.001, Table  1). 
For further information on age and sex-specific survivorship and mortality rates, see Betty 
(2019). 
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Fig. 1   Total number of long-finned pilot whale (Globicephala melas edwardii) stranding events (n = 351), 
and total number of stranded individuals (n = 12,592) recorded in the New Zealand Whale and Dolphin 
Stranding Database (1874–2017)
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(b)

(a)

Fig. 2   a Spatial distribution of all New Zealand long-finned pilot whale (Globicephala melas edwardii) 
stranding events recorded in the New Zealand Whale and Dolphin Stranding Database (1874–2017). Pro-
portional symbols represent the number of individual pilot whales in each stranding event. Boxes indicate 
areas with frequent, recurrent stranding events: b northern North Island, c Golden Bay, d the Chatham 
Islands, e Stewart Island
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Temporal patterns

Of the 285 reported stranding events between 1978 and 2017, 42.1% (n = 120) were MSEs 
comprising 98% (n = 8404) of all LFPWs stranded during this time period (Fig. 3a). The 
median number of individuals involved in MSEs was 46 (range 2–600). Of the 8404 
LFPWs that stranded in 120 MSEs, at least 5559 individuals (66%) died. On average, 

(c)

(d)

Fig. 2   (continued)
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approximately 46 LFPWs died per MSE (range 0–310). Stranding events were recorded 
every year but with considerable annual variation in both the number of events and the total 
number of individuals stranded (Fig. 3a). Data from 1978 to 2017 suggest that, on aver-
age, three independent LFPW MSEs involving 210 individuals are reported each year in 
New Zealand. Neither increasing nor decreasing trends in the annual frequency of strand-
ing events (Mann–Kendall statistic = − 0.32, p = 0.75), or numbers of individuals stranded 
(Mann–Kendall statistic = − 0.43, p = 0.67) on the New Zealand coast between 1978 and 
2017 were detected.

During the 40-year period (1978–2017), strandings of LFPWs were recorded on the New 
Zealand coast in all months, with the highest number of stranding events (16.5%, n = 47, 
x̄ = 1.18 ± 0.35 SE) reported in January and the highest number of individuals (21.8%, 
n = 1872, x̄ = 46.80 ± 18.44 SE) stranded in February (Fig. 3b). A significantly higher fre-
quency of stranding events occurred in the austral (late) spring and summer months from 
October through to February (66%, n = 189) when compared with other months of the 
year (p < 0.01). The lowest number of stranding events (1.8%, n = 5, x̄ = 0.13 ± 0.07 SE) 
and lowest number of stranded individuals (0.2%, n = 16 individuals from a single MSE, 
x̄ = 0.13 ± 0.07 SE) were recorded in June and May, respectively (Fig. 3b).

Spatial patterns

The spatial distribution of all LFPWs stranded on the New Zealand coast between 1978 
and 2017 reveals the highest density on the north-east coast of the North Island (between 
Cape Reinga and East Cape), Golden Bay, Stewart Island and the Chatham Islands (Fig. 4). 
Strandings on the New Zealand coast are spatially aggregated, with high clustering 
observed at the 50 km distance band (z = 7.4, p < 0.01). 50 km was therefore used to fix the 

(e)

Fig. 2   (continued)
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distance band in the subsequent hot spot analysis. The observed clustering patterns or hot 
spots of LFPW strandings were caused by the frequency of stranding events involving high 
numbers of stranded individuals in the following regions, in order of importance: Golden 
Bay (p < 0.01), Great Barrier Island (p < 0.01), Chatham Islands (p < 0.05), Stewart Island 
(p < 0.05; Fig. 5). 

Spatiotemporal patterns

While there was no indication of an increasing or decreasing trend in the overall number of 
LFPW stranding events or number of individuals stranded on the New Zealand between 1978 
and 2017, the emerging hot spot analysis (Getis-Ord Gi* and Mann–Kendall statistics) did 
identify locally significant temporal trends throughout the 40-year time series (Fig. 6). Statisti-
cally significant increasing trends in numbers of stranded LFPWs were identified in Golden 
Bay and Stewart Island (z > 2, p < 0.05), while statistically significant decreasing trends were 
identified in the Far North, Coromandel, Canterbury, Otago and the Chatham Islands (z < − 2, 
p < 0.05; Fig. 6).
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Fig. 3   a Annual and b monthly variation in the mean number of long-finned pilot whale (Globicephala 
melas edwardii) stranding events (n = 285), mass stranding events (MSEs) (n = 120), individuals stranded 
(n = 8571), and individuals stranded in MSEs (n = 8404) on the New Zealand coastline between 1978 and 
2017. Error bars represent + 1 SE
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Table 1   Demographic data on stranded long-finned pilot whales on the New Zealand coast (1978–2017) 
and results of exact binomial tests comparing the number of males to females overall, and in all maturity 
classes (*p < 0.001)

Demographic Number (% of reported) Total reported Sex ratio (SE)

Sex 1407 0.68 (0.003)
 Female 840 (59.7)*
 Male 567 (40.3)*

Maturity category 1467
 Calf 126 (8.6) 0.98 (0.037)
 Juvenile 384 (26.2) 2.16 (0.013)
 Adult 957 (65.2) 0.39 (0.005)

Sex-maturity category 1407
 Female calf 54 (3.8)
 Male calf 53 (3.8)
 Female juvenile 116 (8.2)*
 Male juvenile 251 (17.8)*
 Female adult 670 (47.6)*
 Male adult 263 (18.7)*

Median total body length 425 cm (range 165–622) 1519

Fig. 4   Kernel density analysis of long-finned pilot whales (Globicephala melas edwardii) stranded per 
square kilometre on the New Zealand coast, 1978–2017. Cell size: 1 km, search radius: 15 km, geodesic 
method (ArcGIS 10.6.1)
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Discussion

Concern regarding the conservation status of marine mammals has resulted in the growth 
of citizen science-based recording schemes for strandings, supported by government-spon-
sored investigations into the causes of mortality (see Chan et al. 2017 for a review). Our 
analysis of this long-term dataset, comprising 40  years of public records, has identified 
clear spatiotemporal trends, indicating a change in the pattern of LFPW strandings on the 
New Zealand coast. Such shifts offer first insights to possible changes in distribution and 
habitat use of LFPWS, and can be used to identify potential causative parameters such as 
climate change and anthropogenic activities.

Sex and maturity composition

The value and utility of a long-term marine mammal stranding database are strengthened 
considerably by the addition of life history data. In this study, where sex was recorded, 
mass stranded adults were significantly biased towards females, while a significant male 
bias was observed in juveniles. Although the mating strategy of pilot whales is unknown, 
limited genetic evidence indicates that male LFPWs remain in their natal group, but do 
not father calves in that group (Amos et  al. 1993). Therefore, mating must occur when 
two or more groups meet, or when adult males visit other groups (Desportes et al. 1993). 

Fig. 5   Hot spot analysis of New Zealand long-finned pilot whale (Globicephala melas edwardii) stranding 
events, 1978–2017. Distribution of statistically significant spatial clusters of high (hot spot) numbers of 
stranded individuals, using the Getis-Ord Gi*statistic (ArcGIS 10.6.1). No statistically significant spatial 
clusters of low (cold spot) numbers of stranded individuals were identified
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There is some evidence from the North Atlantic, that maturing and young mature males 
may, at least temporarily, move away from their natal groups to aggregate in other groups 
and/or form non-breeding groups (Desportes et al. 1993). Formation of such non-breeding 
groups could potentially explain some of the bias towards females in the sex ratio of adult 
animals observed within groups of both captured (North Atlantic) and mass stranded (this 
study) whales but is probably less important than the higher male mortality described for 
both G. m. melas (Bloch et al. 1993; Desportes et al. 1994; Martin et al. 1987) and G. m. 
edwardii (Betty 2019). At a minimum, it is recommended that collection of sex and total 
body length data from entire mass stranded groups be prioritised by conservation managers 
in future stranding events. When combined with information on growth and reproductive 
parameters, such data would allow ontogenetic variation in mortality and survival rates to 
be assessed.

Temporal patterns

Globally, cetacean stranding patterns suggest that broad changes in prey availability result-
ing from variations in climate and oceanography may cause these animals to follow prey 
close to land, increasing their probability of stranding (Bradshaw et al. 2006; Evans et al. 
2005; Hamilton 2018). In the western North Atlantic, for example, LFPWs have been 
shown to exhibit some inshore movement in summer and autumn when they follow their 
target prey into continental shelf waters and coastal areas (Taylor et  al. 2008). While 
strandings of the species occur on the New Zealand coast year-round, the examination 

Fig. 6   Emerging hot spot analysis of New Zealand long-finned pilot whale (Globicephala melas edwardii) 
stranding events, 1978–2017 identifies spatiotemporal trends in numbers of stranded individuals. Locations 
of up trends and down trends (> 90% confidence) are identified using the Getis-Ord Gi*statistic and Mann–
Kendall trend test (ArcGIS 10.6.1). Bin size: 15 km. Neighbourhood distance: 50 km
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of 40  years of stranding data has identified a strong seasonal peak during austral sum-
mer months (Fig. 3b). Similarly, the highest number of LFPW strandings in nearby Tas-
mania are recorded during austral spring and summer (September–December), while no 
events have been recorded in the austral autumn/winter months of May and June (DPIPWE 
unpublished data cited in Beasley et  al. 2019). This apparent seasonality of strandings 
could be a result of long-distance or inshore migration during summer, and/or reflect sea-
sonal changes in prey distribution (Beasley et al. 2019). Seasonal changes in phytoplankton 
are known to occur during early summer on the continental shelf adjacent to north-east 
New Zealand, where strong upwelling significantly enriches coastal productivity within 
this area (Chang et al. 2003). Although pilot whales are not generally encountered in shal-
lower waters (Berkenbusch et al. 2013), the observed summer peak in strandings may be a 
result of more frequent mixing of the water column and increased temperatures resulting 
in these animals following their prey closer to shore, increasing the number available to 
strand.

The peak stranding season for LFPWs (austral summer) also coincides with the peak 
calving season for the species in New Zealand waters (Betty 2019), implying groups with 
calves may be using habitat closer to shore during this time. This potential inshore move-
ment may relate to foraging behaviour or prey preferences of groups with young calves. 
For example, an observed foraging behaviour of deep-diving cetaceans is to leave calves at 
the surface for the duration of foraging dives (Gero et al. 2009; Whitehead 1996). Female 
pilot whales caring for young calves may prefer to make shallower and less time-consum-
ing dives in nearshore waters, with the presence of young calves expected to peak in austral 
summer months (Betty 2019).

Knowledge of stranding seasonality may be used to guide resource allocation and 
stranding response efforts (Barbieri et al. 2013) and is also crucial to detect any unusual 
event in the short term. However, understanding potential multi-decadal trends is equally 
important to enable detection and interpretation of possible long-term changes in the pop-
ulation (ten Doeschate et  al. 2018). Recent MSEs of several cetacean species, including 
LFPWs, in the Northern Hemisphere, have been linked to anthropogenic activities includ-
ing military sonar (Bernaldo de Quirós et  al. 2019; Brownlow et  al. 2015; Jepson et  al. 
2013; Parsons et al. 2008). Despite anecdotal public perceptions that MSEs are more fre-
quent in the Anthropocene, results from this study show that while there were fluctuations 
in total stranding numbers per year, no increasing trend in LFPW strandings on the New 
Zealand coast during the 40-year study period was evident.

Spatial patterns

Sightings of pilot whales in New Zealand waters are reported from northern to southern 
waters, including offshore areas and subantarctic islands (Berkenbusch et  al. 2013). The 
density of New Zealand LFPW strandings (strandings per km) was highest on the north-
eastern coast of the North Island, Golden Bay, the Chatham Islands, and Stewart Island. 
Insufficient data are available to infer that this represents a higher relative abundance of 
LFPWs in these areas, but it does suggest that the offshore waters to the northeast of the 
North Island, and waters off Golden Bay, the Chatham Islands, and Stewart Island repre-
sent (or have historically represented) important habitats for the species.

The primary prey species of LFPWs in New Zealand waters are the commercially 
targeted ‘arrow squid’ (Nototodarus spp.) of the family Ommastrephidae (Beatson 
and O’Shea 2009; Beatson et  al. 2007a, b). Both species of Nototodarus occur over the 
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continental shelf in water up to 500  m depth but are most prevalent in water less than 
300 m (Fisheries New Zealand 2018). Catch and effort data from the mainland New Zea-
land arrow squid fishery (SQU1T) show that the catch has been taken from the Snares shelf 
on the south coast of the South Island through to the Mernoo Bank off the east coast of 
the South Island and extending out to the Chatham Islands (Fisheries New Zealand 2018). 
The SQU1T catch data also reveal that the fishery operates between December and May, 
with peak harvest from January to April (Fisheries New Zealand 2018), coinciding with 
the peak stranding season for LFPWs in the austral summer months.

In the eastern North Atlantic, tracking studies have shown LFPWs have a preference 
for areas along the edge of the continental shelf (Bloch et al. 2003). The main prey items 
of LFPWs in the North Atlantic are cephalopods of the families Octopodidae and Ommas-
trephidae (Desportes and Mouritsen 1993; Santos et al. 2014). The examination of LFPW 
whaling data from the Faroe Islands (Bloch et al. 2003; Desportes and Mouritsen 1993) 
and Newfoundland (Rumage 1983) has shown a positive correlation between good squid 
years and years with high LFPW catch rates in the drive fishery, suggesting a relation-
ship between squid and pilot whale numbers. Moreover, there is a correlation between the 
annual position of the polar front in the Faroese area and the occurrence of LFPWs and 
blue whiting (Micromesistius poutassou), another main prey species of the whales (Bloch 
and Lastein 1995; Desportes and Mouritsen 1993; Hoydal and Lastein 1993; Zachari-
assen 1993). While the abundance and seasonal movements of LFPWs in New Zealand 
waters are currently unknown, presumably their movements are in some way linked to their 
pelagic prey resources (Bloch et al. 2003).

Spatiotemporal patterns

Although no overall long-term trend in numbers of LFPWs stranded on the New Zea-
land coast was evident, local increases were identified in Golden Bay and Stewart Island, 
while decreases were identified in the Far North, Coromandel, Canterbury, Otago and the 
Chatham Islands. Such trends could reflect shifts in the distribution of LFPWs in New 
Zealand waters, potentially as a consequence of prey availability. Predator demography is 
expected to be affected by prey, with changes in prey distribution or abundance preced-
ing shifts or declines in predator populations (Simmonds and Issac 2007). Thus, preda-
tor–prey dynamics offer useful insights to how populations may be affected by anthropo-
genic impacts such as climate change or overfishing.

As described previously, pilot whales feed mostly on pelagic cephalopods (Beasley 
et  al. 2019; Beatson and O’Shea 2009; Santos et  al. 2014) and the distribution of pilot 
whales is known to be strongly affected by the distribution of their prey (Desportes and 
Mouritsen 1993; Würsig et  al. 2001). For example, in the El Niño year of 1982, short-
finned pilot whales (Globicephala macrorhynchus) left the southern California area follow-
ing the departure of their primary prey species; ‘market squid’ (Loligo opalescens; Würsig 
et al. 2001). Similarly, strandings data have suggested a change in sperm whale (Physeter 
macrocephalus) distribution in the north-east Atlantic, and this has been related to shifts in 
the North Atlantic Oscillation possibly affecting cephalopod prey species (Robinson et al. 
2005). Except for (highly variable) annual catch data for ‘arrow squid’ (Nototodarus spp.; 
Fisheries New Zealand 2018), very little is known about the distribution and movements of 
cephalopod prey species in New Zealand waters.

Golden Bay is the primary, increasingly prevalent, hot spot for LFPW strandings in 
New Zealand, and is located immediately adjacent to the South Taranaki Bight. The 
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South Taranaki Bight is New Zealand’s most industrialised marine region, with active 
oil and gas extraction and exploration, potential seabed mining, heavy vessel traf-
fic, and commercial fishing (Torres et  al. 2017). For centuries, people have generated 
sounds to induce mass strandings of otherwise healthy small cetaceans in drive fisheries 
(Brownell et  al. 2008). Furthermore, a growing number of cetacean MSEs have been 
linked, though not always casually, to acoustic disturbance from anthropogenic activi-
ties (e.g. Brownlow et al. 2015; Jepson et al. 2013; Southall et al. 2006). These include 
145 LFPWs which died in a series of three stranding events in the Marion Bay region, 
south-eastern Tasmania, 25 to 27 October 2005 (Department of the Environment and 
Heritage 2005) and a mass stranding of 39 LFPWs in the Kyle of Durness, northern 
Scotland, 22 July 2011 (Brownlow et al. 2015). Given the potential importance of the 
Golden Bay region to LFPWs, and the proximity to direct (e.g. auditory damage from 
seismic operations, toxicity from oil spills) and indirect (e.g. lost foraging opportuni-
ties, acoustic masking) threats associated with industrial activity, stranding data offer 
opportunities to assess the potential impacts of increasing anthropogenic activities in 
the South Taranaki Bight.

Conclusions

Here, we highlight the value of establishing long-term infrastructure that facilitates 
opportunistic data collection for data-poor species. In addition, we present a novel and 
low-cost tool—emerging hot spot analysis (ArcGIS)—to demonstrate how spatiotem-
poral analysis of stranding records can be maximised by conservation managers to aid 
in resource allocation. In this study, the NZWSDB has provided baseline ecological 
data on a poorly understood cetacean species in New Zealand waters, G. m. edwardii. 
Where sex was recorded, a female bias was observed in mass stranded adults, while 
juveniles were significantly biased towards males. The east coast of the North Island, 
Golden Bay, Chatham Islands and Stewart Island were identified as stranding hot spots 
and likely areas of importance for pilot whales in New Zealand waters, especially dur-
ing the summer months. Notably, no overall long-term trend in the annual frequency of 
LFPW stranding events, or numbers of LFPWs stranded on the New Zealand coast was 
evident. However, spatiotemporal analyses indicate the number of individuals stranded 
on Golden Bay and Stewart Island have increased in recent years, while numbers have 
declined in areas such as the Far North, Otago and the Chatham Islands.

In this study, bias from increased public reporting was minimised by restricting the 
dataset to records from 1978 onwards. Following the introduction of the Marine Mam-
mal Protection Act (1978) it became government policy to record all cetacean stranding 
events. Further, although coastal coverage is not uniform throughout New Zealand, the 
majority of stranding hot spots identified in this study were, notably, some of the more 
remote areas of New Zealand (i.e. Farewell Spit, Stewart Island, Chatham Islands), sug-
gesting the significance of these hot spots may actually be underestimated.

Despite difficulties in working with opportunistic stranding data, information derived 
from cetacean strandings usually cannot be gathered by other means. Thus, tools to 
improve and expand the utility of these data, such as emerging hot spot analysis pre-
sented here, offer significant benefit to both conservation biologists and managers. A 
more detailed baseline with regards to the composition of the stranded population would 
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further enable detection of substantial variations in the biological components of the 
wild population such as mortality and survival rates, life history, genetics, and threats 
to the species (e.g. incidental capture in fisheries, contaminant exposure, infectious dis-
ease). These variables, obtained from stranding data, can be used as state and pressure 
indicators for the species, providing information on changes in the status and health of 
a population. Thus, their assessment will improve the qualitative and quantitative appli-
cability of stranding records for monitoring data-poor cetacean species. Collectively, the 
diversity of information gathered from stranded cetaceans is essential in guiding conser-
vation and population management.
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