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Abstract: Hector’s dolphin is endemic to New Zealand, and listed as endangered on the IUCN Red List and equivalent 

New Zealand list of threatened species. The main threat to the species is entanglement in fishing gear, in particular gill-

nets. The Potential Biological Removal (PBR) method developed by the US National Marine Fisheries Service is a com-

monly used standard for determining a level of bycatch for marine mammal populations which, if exceeded, is likely to 

cause population decline. For Hector’s dolphin, PBRs are less than one individual per year for most populations and the 

total for the whole species is less than 10 per year. Current estimated bycatch is on the order of 10-35 times higher than 

these PBRs. This is consistent with several Population Viability Analyses indicating that under current management Hec-

tor’s dolphin populations are declining rapidly. 

INTRODUCTION  

 Hector’s dolphin Cephalorhynchus hectori is endemic to 
New Zealand and is classified as Endangered [1]. The North 
Island population, recently designated a separate subspecies 
Cephalorhynchus hectori maui [2] is listed as Critically En-
dangered. Like many other coastal cetaceans [3] the most 
serious threat to the species is entanglement in fishing gear 
[4]. Hector’s dolphin populations have been seriously de-
pleted, to less than a third of original population size, with 
the North Island population worst affected at less than 10% 
of original size [5]. This decline started in the early 1970s 
with the introduction of monofilament gillnets and the con-
sequent expansion of the gillnet fishery in New Zealand. 
Previous gillnetting, using nets made of cotton, hemp and 
other natural materials had been relatively small scale. 

 The New Zealand Government has recently released a 
draft Threat Management Plan (TMP) for the species [4]. 
Proposed protection measures include protected areas and 
changing to more selective fishing methods that do not catch 
dolphins. Three options were presented to the public for con-
sideration. Option 1: Current management with minor 
changes in voluntary codes of practice and monitoring. Op-
tion 2: Closing inshore areas to gillnetting (out to 2 or 4 nau-
tical miles offshore, depending on the area) and trawling (out 
to 2 nautical miles, with exceptions for some target species), 
either year-round or seasonally. This option comprises a mix 
of protection measures with some area closures, some sea-
sonal, some areas left unprotected. It includes regulations 
and voluntary measures. Option 3: Protection from bycatch 
in gillnets for most of the range of the species, out to 6, 12 or 
18 nautical miles offshore (depending on the area) and re-
strictions on trawling (within 2 or 4 nautical miles, depend-
ing on the area). The draft plan discusses the concept of Po-
tential Biological Removal (PBR) [6] as a guide to how 
much protection would be required to avoid further popula- 
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tion declines. Here, we explain the method, discuss its appli-
cation and calculate PBRs for Hector’s dolphin populations. 

MATERIALS AND METHODOLOGY 

 The PBR method [6] aims to ensure that human-caused 
mortality is below levels that could lead to population deple-
tion. It is based on a logistic model of population growth 
(Fig. 1a) in which maximum net productivity level (MNPL) 
is at 0.5K (Fig. 1b). In this model population growth rate 
will be zero at K and greatest at very small population sizes 
(Fig. 1c). MNPL is the population size that results in the 
maximum number of individuals being added to the popula-
tion per year (births minus deaths; Fig. 1b). For marine 
mammals this level is thought to be between 0.5 K and 0.85 
K (i.e. a skewed, theta-logistic distribution if MNPL>0.5) 
[7]. 

 The method explicitly takes into account uncertainty and 
potential biases in the available information. A PBR is calcu-
lated using using the following simple formula: 

PBR = Nmin x 0.5 Rmax x Fr 

Where: 

Nmin = 20
th

 percentile of the population size estimate 

Rmax = Maximum annual population growth rate 

Fr = Recovery factor 

 In the design of the PBR method, a range of mortality 
limits were evaluated based on whether at least 95% of the 
simulated populations met two criteria: (1) populations start-
ing at the maximum net productivity level (MNPL) stayed 
there or above after 20 yr, and (2) populations starting at 0.3 
of carrying capacity (K) recovered to at least MNPL after 
100 yr [6]. Simulations indicated that using the 20

th
 percen-

tile of the population size estimate (lower 60% log-normal 
confidence limit) met those criteria for both cetaceans and 
pinnipeds [6]. Nmin estimates for Hector’s dolphin popula-
tions came from a recent series of line-transect surveys [8-
10]. 

 At a population size 0.5 K one would expect the popula-
tion growth rate to be approximately 0.5 Rmax (Fig. 1c). As 
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the goal is to ensure populations stay at or above MNPL (i.e. 
above 0.5 K) the population growth rate used in the PBR 
calculation is 0.5 Rmax. 

 Default values for Rmax (0.04 for cetaceans and 0.12 for 
pinnipeds) can be used if no estimates of population growth 
rates are available for the species in question. When data on 
productivity are available it is recommended that they be 
used [6]. Estimates of survival and reproductive rates for 
Hector’s dolphin are available from a long-term research 
programme that began in 1984 and is ongoing. Rmax has 
been estimated at 0.018 based on marine mammal survival 
rate curves and the most optimistic reproductive parameters 
(age at first reproduction and calving interval) estimated in 
the field [11]. Rmax values of around 0.04 would be achiev-
able only with survival rate schedules from human studies 
(excluding predation). Here we calculate PBRs using the 
Rmax estimate for Hector’s dolphin (0.018). PBRs based on 
the much higher default value for cetaceans in general (0.04) 
are also included for comparison. 

 Bias trials (simulations that included plausible levels of 
bias in the available information) indicated that Fr needs to 
be  0.5 to meet performance criteria (1) and (2) above. Tay-
lor and Wade [12] showed that using N (rather than Nmin) 
and Fr 1.0 resulted in many of the simulated populations 
being depleted below 0.5 K. They also carried out robustness 
trials, similar to those used by the Scientific Committee of 
the International Whaling Commission in testing its Revised 
Management Procedure [13]. Two plausible flaws in the data 
or assumptions were explored, based on biases (e.g. in abun-
dance and mortality estimates) similar to those observed in 

the management of marine mammal bycatch [12]. Additional 
simulation trials were carried out by Wade [6]. For endan-
gered species an Fr of 0.1 is recommended [6, 14]. For ex-
ample, North Atlantic right whale with a population of about 
300 individuals, would have a PBR of < 1 individual per 
year. With a PBR this low, managers decided that the PBR 
was essentially zero and set the goal of reducing fisheries 
mortality to levels as close to zero as practicable. In the dis-
cussion, below, we consider examples of similar decisions 
and provide a more detailed discussion of the design features 
of the PBR method, including setting Fr. 

RESULTS  

 PBRs for individual areas are presented in Table 1, with 
the area boundaries shown in Fig. (2). 

 It is obviously important to ensure that the areas used in 
the PBR calculations are of an appropriate size. This means 
that the scale over which bycatch occurs must match the area 
used for abundance calculation. If these areas are too large, 
the abundance of the impacted population will be over-
estimated, resulting in population depletion [14-17]. For ex-
ample, if a PBR were calculated for the entire east coast of 
the South Island of New Zealand but gillnet fishing were 
carried out only in part of this area, then fishing to the limit 
of the PBR would result in depletion of the population in the 
area where the fishery is operating. Scientists involved in the 
design of the PBR method recommend starting with man-
agement areas based on the smallest groupings which are 
biologically reasonable and practical from a management 
perspective [15-17]. Many sources of data can be used to 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Plots showing the relationships among components used in the PBR equation. 
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elucidate population structure, including distribution and 
movements, morphological differences, genetics, contami-
nants and natural isotope loads and parasite differences [16]. 
In the absence of biological data that allows populations to 
be subdivided into local subpopulations, a management area 
should be defined simply as the area from which marine 
mammals are taken (i.e., the area in which the fishery is op-
erating) [16]. If human-caused mortality occurs in only a 
portion of a population’s geographic range, care should be 
taken to avoid lumping areas, leading to the depletion and 
potentially extirpation of some populations. Clearly, situa-
tions where human impact is likely to hit certain segments of 
the population much harder than others should be avoided. 
Splitting is preferred in situations where incorrectly lumping 
could lead to the depletion of a population [16] with small 
management areas only "lumped" when there is compelling 
evidence to do so (e.g. data on distribution, movements, ge-
netics, pollutant loads, etc.). Barlow et al. [16] have shown 
that populations can be depleted under the PBR scheme if 
subpopulations with low mixing (<2% per year) are mistak-
enly managed as a single unit. When mixing rates are uncer-
tain, management should therefore include assessment of 
whether the population differentiation technique has suffi-
cient power to detect the population structure relevant to the 
PBR management scheme. Large, panmictic populations are 
rare. To define a small area as a management unit does not 

require statistical evidence of population differentiation. In 
general, in the absence of data, this is likely the most effec-
tive conservation strategy. 

 We were asked by the Department of Conservation to 
calculate Nmin and PBRs for Hector’s dolphins in eight areas 
on the west coast of the South Island [18] and these are the 
areas shown in Fig. (2). We have extended this work to in-
clude all areas where Hector’s dolphins are found. The areas 
for which PBRs were calculated followed the advice above 
in being sufficiently small that it is unlikely that more than 
one discrete population or more than one discrete fishery is 
present in any one of the areas. The boundaries of the areas 
were based on genetic differences, gaps in distribution 
and/or obvious changes in population density. The only ex-
ception is the North Island population which is dealt with as 
a whole, despite the possibility that it may comprise more 
than one discrete population. It did not seem worthwhile to 
further subdivide the North Island population, given that 
abundance is very low (111, CV 0.44) [10]. This and the 
existence of a protected area mean that the PBR for the 
North Island is essentially zero [e.g. 4]. Nevertheless, the 
North Island has been included in Table 1 for completeness 
and for comparison with PBRs for other Hector’s dolphin 
populations around the South Island. Area E includes the 
Banks Peninsula Marine Mammal Sanctuary. The individu-
als inside this protected area have been excluded from the 
PBR calculation. Including the individuals in the sanctuary 
increases the PBR for the Area E to 0.84 or 1.87 depending 
on whether the Rmax for Hector’s dolphin or the default Rmax 
is used. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). Area boundaries used in Table 1. 

 

 Actual catches are much higher than these PBRs. Area E 
has had the best observer coverage. Based on dolphin 
catches observed by independent observers on fishing boats 
it has been estimated that an average of 28 Hector’s dolphins 
per year were caught in this area during 2000-2006 [20]. 
This is on the order of 60-140 times the PBR for this area. 

Table 1. Estimated Population Size (N), 20
th

 Percentile of 

Population Size (Nmin) and PBRs Calculated Using 

the Rmax Default for Cetaceans (0.04) and Rmax Es-

timate for Hector’s Dolphin (0.018). Fr = 0.1 Given 

the Endangered Status of the Species 

 N Nmin PBR PBR 

Rmax   0.04 0.018 

Area     

A 111 78 0.16 0.07 

B 20 10 0.02 0.01 

C 162 105 0.21 0.09 

D 102 65 0.13 0.06 

E 300 223 0.45 0.20 

F 310 245 0.49 0.22 

G 89 68 0.14 0.06 

H 74 38 0.08 0.03 

I 400 312 0.62 0.28 

J 1195 728 1.46 0.66 

K 695 569 1.14 0.51 

L 1343 1024 2.05 0.92 

M 1481 1192 2.38 1.07 

N 86 49 0.10 0.04 

O  84 40 0.08 0.04 
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Even if dolphins inside the Banks Peninsula Marine Mam-
mal Sanctuary are included in the PBR calculation, bycatch 
is still 15-33 times higher than the PBR. This ratio is similar 
for the country as a whole, with current total bycatch around 
NZ estimated at 110-150 Hector’s dolphins per year [20], 
12-35 times higher than the total of the PBRs in Table 1. (4.3 
or 9.5 depending on which Rmax is used). Past dolphin 
catches were even higher. For example, in the mid 1980s, 
catches in Area E alone were estimated via interviews with 
fishers at on average at least 57 per year [19] and based on 
observer data at around 100 individuals per year [20]. 

DISCUSSION 

 PBRs for Hector’s dolphins are very low at less than 1 
individual per year for most areas. Current estimated bycatch 
is on the order of 10-35 times higher than these PBRs. This 
is consistent with several Population Viability Analyses in-
dicating that under current management populations are 
declining rapidly [e.g. 5, 20]. 

 The PBR method helps to determine levels of human-
caused mortality that are likely to lead to population decline. 
Most people would agree that an activity could be consid-
ered acceptable if it only rarely causes marine mammal 
deaths (e.g. one animal in 20 yr) [6]. For example, vessel 
collisions with dolphins and whales are a relatively rare oc-
currence in areas with light shipping traffic. Hector’s dol-
phins are from time to time struck by vessels and injured or 
killed [21]. Currently, these events appear to be rare and with 
existing shipping levels are probably sustainable for the spe-
cies. On the other hand, speedboat races or fast-ferries could 
be a serious risk in areas where Hector’s dolphins are found. 
The PBR method helps to determine at what point a human 
impact is likely to lead to population depletion [6]. 

 By the mid 1990s management methods relying on direct 
detection of population declines or population status relative 
to K or MNPL had proven inadequate and the PBR method 
had been developed to replace them [e.g. 6, 12, 36]. The 
variance typically associated with population estimates 
means that statistical power to detect declines is low, and in 
many cases even a decline of 50% would not be detectable 
statistically. Therefore, the time required to detect population 
declines (e.g. by aerial or boat surveys) is so long that man-
agement action based on such detection would not be initi-
ated until populations have been seriously depleted. Like-
wise, estimates of population size relative to K or MNPL 
(e.g. by back-calculation) [5, 22] tend to be relatively uncer-
tain or at least open to challenge [e.g. 5, 23, 24]. For these 
reasons, NMFS decided to develop a management method 
based not on detecting population depletion but on calculat-
ing a mortality level likely to lead to depletion. This new 
approach is part of a broader trend in developing manage-
ment procedures that use data that can be readily and reliably 
obtained using best-practice research methods. For example, 
the International Whaling Commission has also re-focussed 
its management procedure to be based on the most reliable 
scientific data available. 

 The PBR method has two major strengths: (1) The 
method is simple to apply and easily explained to a wide 
range of stakeholders and (2) can be applied with a range of 
available data. For example, if extensive data are available 
on population size, level of depletion compared to K and 

MNPL, population growth rates, levels of human impact, etc. 
these can all be used in setting Nmin, Rmax and Fr and in de-
termining whether current impacts exceed the PBR. Even if 
very little information is available for the species, it is possi-
ble to use the PBR method to estimate a level of human im-
pact that is unlikely to cause population decline. For exam-
ple, if all that is available is a rough estimate of population 
size, this can be used to determine Nmin. Rmax can be set at 
the default value and Fr can be set conservatively. An esti-
mate of population size is a basic requirement for any con-
servation management. However, if all that is available is an 
estimate of the number of dolphins killed each year it is still 
possible to use the PBR method to estimate the population 
size required to sustain this level of impact. For example, the 
estimated 28 Hector’s dolphins per year caught in the Area E 
during 2000-2006 [20] can be used in the PBR equation to 
solve for Nmin (using the default Rmax for cetaceans of 0.04, 
and an Fr of 0.1 given the species’ Endangered status). This 
would indicate that Nmin would need to be at least 14,000 
individuals. Even if a robust population estimate for Area E 
were not available it would be obvious that 14,000 far ex-
ceeds the number of dolphins there. In fact, the population 
would need to be considerably larger than 14,000 individuals 
for several reasons, including: (a) Dolphin mortalities also 
occur in the trawl fishery and recreational gillnet fishery, 
neither of which have quantitative estimates of bycatch (it 
has not been possible to include these sources of mortality in 
risk analyses to date), (b) Other human impacts include boat 
strikes, pollution, aquaculture, marine mining etc. (c) Part of 
the local population is legally protected by the Banks Penin-
sula Marine Mammal Sanctuary, therefore the Nmin estimate 
of 14,000 should apply to the population north, south and 
offshore of that protected area, (d) 14,000 is an estimate of 
the Nmin (20

th
 percentile) required to ensure that the 28 hu-

man-caused deaths do not cause population depletion. There-
fore the point estimate for population size (N) would need to 
be considerably higher. [Assuming a CV of 0.3 (an excellent 
achievement for a dolphin survey), the population estimate 
would need to be 17,920]. 

 The PBR method explicitly takes into account uncer-
tainty caused by imprecision and potential biases in the 
available information as well as any information gaps. With 
perfect knowledge, the product of N and 0.5 Rmax would 
exactly maintain populations at 0.5 K. Small populations 
would increase and large populations would decrease in size 
until they reached 0.5 K. Using Nmin instead of N accounts 
for imprecision in the abundance estimate, as quantified in 
the Coefficient of Variation (CV) or similar measure of vari-
ability for N. 

 Taylor and Wade [12] used the analogy of target shoot-
ing. Instead of aiming for the centre of a bullseye the goal is 
to shoot above a horizontal line, symbolising the goal of 
maintaining populations above MNPL. The goal is to ensure 
that 95% of your shots hit above the line and you have a 
choice of two guns. One is an old-style musket and the other 
a sniper’s rifle. The rifle shoots with great precision and is 
equivalent to a very precise abundance estimate (with a very 
low CV). Even an expert at target shooting will be much less 
precise with the musket. Repeated shots with the musket 
produce a more scattered pattern of bullet holes than the ri-
fle. To ensure a high proportion of the shots hit above the 
line, one would need to deliberately aim the musket higher 
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than the rifle. Using Nmin in the PBR equation is analagous 
to raising the aiming point to adjust for poorer precision. 
How high above the line one needs to aim was determined 
by simulation trials to simulate management of marine 
mammal bycatch, resulting in Nmin being set at the 20

th
 per-

centile of the abundance estimate [6, 12]. 

 The PBR method also takes account of bias and other 
forms of uncertainty which can’t be readily estimated. Fr 
takes account of potential biases in input data, as well as 
uncertainty caused by a lack of data on important factors 
such as population boundaries. Fr also ensures that popula-
tion recovery occurs at an acceptable rate. For very small or 
Endangered populations Fr is usually set at 0.1. The goal for 
these populations is recovery towards 0.5 K as quickly as 
possible. Reducing the time spent at very small population 
size is important because such small populations are highly 
vulnerable to environmental and demographic stochasticity, 
and inbreeding [25]. Put simply, small population size is a 
risk in itself, and reducing the amount of time spent at very 
small population sizes significantly improves the probability 
of recovery. For example, in the United States, most large 
whales were listed as Endangered because they had been 
reduced to low population levels by commercial whaling. 
Therefore, an Fr of 0.1 was used, to help ensure that there 
would be no more than a 10% increase in the time to recov-
ery [16]. For some populations, even an Fr of 0.1 is consid-
ered insufficiently cautious, and the PBR has been set to zero 
for several populations. For example, North Atlantic right 
whales number only about 300 individuals and are subject to 
several human impacts, including ship strikes and entangle-
ment in fishing gear. It has been estimated that preventing 
the deaths of two or three adult females per year would sub-
stantially reduce extinction risk [26]. Taking these factors 
into account, managers have decided that setting a PBR 
would be insufficiently precautionary and fisheries bycatch 
should be reduced as close to zero as is practicable, essen-
tially setting the PBR to zero [27]. Following similar logic, 
PBRs for Hector’s dolphin populations on the North Island 
west coast and South Island south coast have been set to zero 
[4]. 

 These decisions reflect the fact that managing very small 
populations involves additional considerations and the PBR 
method on its own is not sufficiently cautious [6, 27, 28]. 
The model used in testing the PBR method does not include 
an Allee Effect (reduced population growth at small popula-
tion sizes) which can dramatically increase probability of 
extinction and is likely to delay recovery [6]. For very small 
marine mammal populations, any impacts may be biologi-
cally significant. For such populations, the effect of human 
impacts needs to be evaluated in the context of how much it 
might increase the risk of extinction for the population [6, 
28-30] taking into account factors such as environmental 
stochasticity, demographic stochasticity and the Allee Effect 
[31]. 

 Methods developed to calculate quotas for whaling [e.g. 
32-36] and limits for marine mammal bycatch in fisheries [6] 
aim to maintain relatively large populations at or above the 
level at which they are most productive. However, these 
models do not take into account the increased threat of ex-
tinction that could be caused by human impacts nor do they 
consider the population dynamics of very small populations. 

Wade and Slooten [28] present a method for quantifying the 
increased risk of extinction caused by deliberate or uninten-
tional removals of individuals from small populations and 
point the way towards a revised PBR method for small and 
endangered populations. Bearing in mind these caveats, the 
PBR method provides a useful indication of the maximum 
acceptable impact and the minimum level of protection re-
quired to avoid population depletion.  

 The results of this PBR analysis are certainly consistent 
with Population Viability Analyses [5, 37-39] and fisheries 
models [20] developed for Hector’s dolphins. All of these 
analyses clearly indicate that a much higher level of protec-
tion is required in order to halt population declines. With 
PBRs < 1 for most populations and current levels of bycatch 
on the order of 10-35 times higher than the PBRs, it is clear 
that current management is not effective. 

 The recently released Threat Management Plan (TMP) 

presents a range of management options to provide better 

protection for Hector’s dolphins [4]. Two independent risk 
analyses have compared the effectiveness of these manage-

ment options [5, 20]. Both analyses clearly indicate that cur-

rent management would result in continued population de-
cline (to <6,000 individuals within 50 years). Option 1 in the 

TMP is very similar to current management and is therefore 

unlikely to decrease significantly the number of dolphins 
caught. Option 2 involves closing additional inshore areas to 

gillnetting (out to 2 or 4 nautical miles offshore, depending 

on the area) and trawling (out to 2 nautical miles, with ex-
ceptions for some target species), either year-round or sea-

sonally. This mix of protection measures (some area clo-

sures, some seasonal, some areas left unprotected, including 
regulations and voluntary measures) is difficult to evaluate 

quantitatively. Also, compliance under this option is likely to 

be poor and difficult to quantify. It is clear that Option 1 and 
2 are very unlikely to reduce fisheries mortality (let alone 

total human impact) to below PBR levels. On the other hand, 

Option 3 would clearly be effective and has the potential to 
result in population recovery to an estimated 14,799-15,411 

individuals within 50 years [5, 20]. Option 3 includes restric-

tions on gillnetting in waters less than 100m deep (out to 6, 
12 or 18 nautical miles offshore depending on the area) and 

restrictions on trawling (within 2 or 4 nautical miles, depend-

ing on the area). 

 Observer programmes would be required to monitor 

whether bycatch is reduced below PBR levels under any of 
the options, in particular Options 1 and 2 which would allow 

continued gillnet and trawl fisheries for large parts of the 

current range of the species. None of the options in the draft 
TMP include complete protection from fisheries mortality, 

which would likely be required to ensure total human im-

pacts on the species (which include pollution, marine mining 
and boat strikes) are reduced to below PBR levels. To put the 

estimated rate of recovery for Option 3 into perspective, the 

PBR method aims to ensure recovery to at least 0.5 K within 
100 yrs and the New Zealand Marine Mammal Protection 

Act aims to ensure that threatened species become non-

threatened within 20 yrs. In summary, Option 3 would be the 
minimum required to meet national and international goals 

for marine mammal conservation and to reduce human im-

pacts on the species to below the PBR. 
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CONCLUSIONS 

 PBRs are presented as a guide to how much protection is 
needed for the species, rather than as proposed catch limits. 
Given the very low PBRs (< 1 individual per year for most 
areas) and difficulties in monitoring and policing bycatch 
and other threats to the species, it would not be practical to 
use PBRs as ‘real time’ triggers for closing the fishery when 
the PBR is reached [40]. 

 The PBRs for Hector’s dolphins presented here are a 
maximum level of total human impact which, if exceeded, 
would likely cause further population depletion. Fisheries 
mortality needs to be kept well below these levels, given that 
there are other human impacts on the species. Even Option 3, 
the most effective management option in the TMP, may not 
achieve this. A precautionary approach is essential for the 
following reasons. As explained above, the PBR method 
does not take into account the specific requirements of very 
small, endangered populations. With PBRs < 1 for most ar-
eas where Hector’s dolphins are found the management ob-
jective should be to reduce fishing impacts to as close to zero 
as practicable. This could be achieved by changing to more 
selective, sustainable fishing methods. This would have 
benefits not only for Hector’s dolphin conservation but also 
for other dolphin species and seabirds caught in these fisher-
ies, and in the long term for the fishing industry itself. Using 
more selective, sustainable methods will ensure the long 
term viability of the fishery itself. 
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