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EXECUTIVE SUMMARY 

Naylor, J. R & Andrew, N. L. 2000: Determination of growth, size composition, and 
fecundity of paua at Taranaki and Banks Peninsula 
New Zealand Fisheries Assessment Report 2000/51.25 p. 

We present estimates of growth, size composition, and fecundity of paua from sites at 
Taranaki and Banks Peninsula Yield and egg-per-recruit analyses incorporating these 
estimates indicate that, for both areas, the current minimum legal size (MLS) limit for paua 
(Haliotis iris) is too large. All paua observed at Taranaki, and most paua fiom Banks 
Peninsula, were excluded fiom the legal fishery with the current minimum size limit of 125 
rnm. If conserving at least 50% of virgin equilibrium egg production is considered an 
appropriate management objective, then our analyses suggest that minimum legal sizes of 80- 
85 mm at Taranaki and 115-120 mm for Banks Peninsula are appropriate. At both Taranaki 
and Banks Peninsula yield per recruit was greatest at smaller MLSs, but yield maximisation 
based on per-recruit modelling is not a prudent management strategy. We caution that these 
recommendations are based on the simplistic assumptions of conventional per-recruit 
modelling and should not be used as the sole basis for determining management policy for 
paua fisheries in Taranaki and Banks Peninsula. 



1. INTRODUCTION 

1.1 Overview 

Paua (Haliotis iris) along the Taranaki and Banks Peninsula coasts reach a smaller maximum 
size than they do in many other areas (Sainsbury 1982, Sukolski & Gray 1983). Because 
many of these paua, especially at Taranaki, do not grow to the minimum legal size (MLS) 
they are believed to be under-exploited. There is no commercial paua fishery in Taranaki and 
little at Banks Peninsula and there are too few fishery independent estimates of relative 
abundance with which to generate biomass estimates. The objective of this study is to 
determine the spatial variation in the size composition, growth rates, and size-dependent 
fecundity of paua at Taranaki and Banks Peninsula to evaluate the appropriateness of the 
current MLS in per-recruit modelling. Minimum size limits are used as a management tool to 
ensure that egg production is maintained at a level able to sustain a fishery, and have normally 
been estimated by considering average rates of growth, mortality, and reproduction (Goodyear 
1993). Spatial variation in demography may mean that the use of a single size limit for 
different stocks is inappropriate and managing stocks over smaller spatial scales, taking into 
account differences in growth rate and size composition, may result in increased yields from 
the fishery (McShane & Naylor 1995). 

There is little guidance in the literature concerning 'safe' levels of conserved egg production. 
Breen (1986), Shepherd et al. (1995), and Shepherd & Baker (1998) suggested that 40-50% 
of virgin egg production should be considered a limit reference point. In this study we have 
interpreted this as 50% of virgin equilibrium egg production under the restrictive assumptions 
of the per-recruit modelling done. 

1.2 Study sites 

The four sites at Taranaki and Banks Peninsula (Figure 1) were chosen to span a range 
conditions and populations of different length structure to ensure that management advice 
from the study is valid across the range of demographies found within each region. Historical 
length frequency data also exist for parts of Banks Peninsula (Sainsbury 1982) and Taranaki 
(Sukolski & Gray 1983). 

Sites at Taranaki are spread over an area of about 80 km of coastline from New Plymouth to 
Puketapu and are similarly exposed to the predominant westerly swells. Because of persistent 
poor weather we were unable to recover any of the 8 16 paua tagged at Puketapu and this site 
will not be considered further. The coast of Banks Peninsula is more complex, with different 
exposures to prevailing seas and wind. The exposed site on the southern side of Banks 
Peninsula is subject to Southern Ocean swells with waves frequently in excess of 3 m. Both 
sheltered sites are located within large bays and receive waves of relatively low amplitude. 
The exposed northern site is open to both northerly and southerly swells. 

2. METHODS 

2.1 Determining size composition 

Collections of 500 individuals were made at each site. All habitat, both open and under 
boulders, was searched thoroughly along haphazardly chosen 25 x 1 m transects. 



All individuals collected were measured for basal shell length to the nearest millimeter. All 
paua were replaced individually in appropriate habitat at each site. 

2.2 Estimation of growth 

Growth estimates were derived from mark-recapture methods. About 800 emergent and 
cryptic paua across the available size range were collected fiom each site (Figure 1, Table 1). 
Paua were tagged with numbered 6 mm diameter polyethylene discs attached adjacent to the 
spire of the shell with cyanoacrylate glue. The shells were cleaned of epibiota if necessary, 
and lightly dried with a towel. Emersion times were minimised and always less than 1 hour. 
Tagged paua remained at liberty for about one year and were then recovered by thorough 
searching at and around each site. Shell lengths of recovered paua were measured to the 
nearest millimeter. 

Growth of recaptured paua was estimated using the maximum iikelihood approach of Francis 
(1988, 1995). This model expresses observed increments in length as functions of the 
observed length at tagging and time at liberty, and describes growth in terms of average 
annual growth for individuals of a given size (Francis 1988). Parameters estimated during this 
process included the mean annual growth rates at two lengths, parameters for growth 
variability, and the influence of outliers in parameter estimation. Four growth models 
describing growth variability (equations 5-8, Francis 1988) were fitted to the data. 

To determine whether the growth rates between sites within areas were significantly different, 
incremental growth data for each area were initially treated as one sample. These samples 
were subsequently treated as sub-samples according to site for Taranaki, and exposure and 
latitude for Banks Peninsula. A resultant significant improvement in the fit of the model 
would indicate that the growth rates between sites were significantly different (Francis 1988). 

The lengths used to compare growth rates among sites were chosen after inspection of the 
length-frequency distributions of recaptured tagged paua. To facilitate comparison with 
previously published estimates of paua growth, the traditional von Bertalanffy growth 
parameters (K and Loo) were also estimated (using equation 1, Francis 1988). These are used 
in the per-recruit modelling described in Section 2.5. 

2.3 Determining size at maturity 

At each site sampled, at least 100 paua between 40 and 100 mm, shell length were collected 
and assigned to 5 mm sizes classes. Sexual maturation was determined by visual inspection of 
the testis or ovary. Paua in each size class were scored as: 0, immature (no visible signs of 
gametes); 112, just mature (some gametes visible but gut tissue visible through the gonad); 
and 1, mature (no gut tissue visible through the gonad). For estimating size at maturity, 
gonads scored as 'just mature' were considered immature because they are unlikely to make a 
significant contribution to gamete production (Poore 1973, Sainsbury 1982, Wilson & Schiel 
1995). Rates of maturity-at-length were determined by fitting these data to the logistic 
equation: 



wherep is the proportion mature, I is shell length, and a and b are parameters of the logistic 
function. 

2.4 Estimation of fecundity 

Fecundity is measured as the number ripe eggs in the gonad rather than the number of eggs 
actually spawned. At each site, 20 paua from each of the size classes 60-70, 70-80, 81-90, 
91-100, 101-1 10, 11 1-120 and 121-130 mm were collected at haphazardly by divers. Paua 
were measured for shell length to the nearest millimeter, dissected, and the gonads examined 
visually for development. Ovaries were preserved in 10% formalin (vlv seawater) and 
retained for determination of fecundity (five individuals from each size class) and the 
determination of a macroscopic gonad index (Shepherd & Laws 1974). From each mature 
female, eggs from c. 0.1 g of preserved tissue were teased out under a binocular microscope 
and placed in a vial. Water was added to total 5.0 ml. After vigorous shaking, five 0.1 ml sub- 
samples were taken from each vial and all eggs counted under a binocular microscope. The 
total number of eggs for each individual estimated by back calculation, i.e., multiplying the 
mean number of eggs from the five sub-samples by the inverse of the sub-sample weight 
divided by the total weight of the gonad (McShane & Naylor 1995). 

2.5 Yield and egg-per-recruit modelling 

The Ricker (1975) formulation of the yield and egg-per-recruit equations was used. The 
parameters used in the model were the respective estimates of the Brody growth coefficient 
(K)  and mean maximum length (La) presented in Table 2, the parameters of the logistic 
function describing size at maturity (Section 3.3), the parameters of the length-fecundity 
relationship presented in Section 3.4 and the length-weight relationship of Schiel & Breen 
(1991), where weight = (2.47 x lo-') x length (mm)3.339. The effect of different natural 
mortality rates was assessed by estimating yield and egg-per-recruit with M chosen to span 
the range of reported instantaneous natural mortality (0.05-0.15, Sainsbury (1982), Breen et 
al. (2000)). 

3. RESULTS 

3.1 Size composition 

The length frequencies of paua sampled from sites at Taranaki and Banks Peninsula are 
shown in Figures 2 and 3 respectively. Notable in the length frequency distributions of paua 
from Taranaki (Figure 2) is the small maximum size, well below the current minimum legal 
size of 125 mm. Fewer small paua were found at Puketapu and Opunake than at New 
Plymouth or Cape Egrnont. This is thought to be related to the larger boulders present at these 
sites, which make the searching of cryptic habitat for pre-emergent paua more difficult. 

The maximum size of paua observed at Pigeon Bay sites was smaller than the maximum size 
observed at the Akaroa sites (Figure 3). Slightly fewer small paua were found at the exposed 
than the sheltered Akaroa site, which may again be a reflection of the accessibility of cryptic 
habitat to divers. Almost all paua sampled at Banks Peninsula were below the current MLS 
(Figure 3). No paua above the MLS were found at either Pigeon Bay site, none was found at 
the exposed Akaroa site, and only three were found within the sheltered Akaroa site. 

A comparison of length frequencies from paua sampled at sites at Banks Peninsula and 
Taranaki is shown in Figure 4. Paua at Taranaki had a smaller maximum size those from 



Banks Peninsula. The mean length of all paua sampled from Taranaki was 66.0 mm compared 
with 101.4 mm at Banks Peninsula. 

3.2 Growth 

The numbers of paua tagged and recaptured and the time at liberty at each site is shown in 
Table 1. Fewer than expected tagged paua were recovered from Opunake and the Pigeon Bay 
sites. Migration, recreational harvest, and the cryptic habitat provided by the reef may have 
contributed to these low recoveries. 

Incremental growth of paua recaptured at Taranaki and Banks Peninsula is shown in Figures 5 
and 6 respectively. Some negative growth associated with measurement error or shell damage 
was recorded, and is included in analyses. 

Using GROTAG (Francis 1988), the model was initially fitted to incremental growth data to 
estimate the mean annual growth rates at two lengths, with parameters to estimate the 
influence of outliers and growth variability (according to equation 5 of Francis 1988). The 
introduction of more complex relationships describing growth variability (equations 6-8 of 
Francis 1988) frequently resulted in a significant improvement to the model fit. Mean annual 
growth estimates at lengths a and P, the growth variability equations used in their estimation, 
and the von Bertalanffy growth parameters derived from these are shown in Table 2. The 
addition of Francis's (1995) general growth model did not significantly improve the fit of the 
model to any of the tag recapture data sets. The model was sensitive to the starting values of a 
and p, indicating that growth was not well described by the model. For analyses, incremental 
growth data from sites within each area were initially pooled. For Banks Peninsula, 
subsequently treating the data as sub-samples according to exposure and then latitude, did not 
significantly improve the fit of the model, indicating that the growth rates at the Banks 
Peninsula sites were not significantly different. Subsequently treating Taranaki sites as two, 
and then three samples, significantly improved the fit of the model, indicating that the growth 
rates were significantly different between these sites. To ensure that the management advice 
from the study was valid for the range of demographies found within each region, the von 
BertalanfQ growth parameters derived from pooled sites for each area were used in the egg 
and yield-per-recruit analyses. 

Asymptotic lengths at Taranaki and Banks Peninsula were lower than published estimates for 
other sites around New Zealand (Table 3). 

Paua from the sheltered Pigeon Bay site appear to grow faster than those from other Banks 
Peninsula sites but the von Bertalanffy growth parameters for Pigeon Bay sites (Table 2) are 
based on relatively few recaptures (see Table 1, Figure 6). Asymptotic length (i.e., L,) is 
lower for Pigeon Bay than the Akaroa sites. This difference is supported by their respective 
length frequencies (see Figure 3). 

3.3 Size at maturity 

For Taranaki and Banks Peninsula, the proportion of paua mature at length and the fitted 
logistic curve described in Section 2.3 are shown in Figure 7. The length at which 50% of 
paua were mature was 58.9 mm for Taranaki and 75.5 mm for Banks Peninsula. These lengths 
are compared with lengths at maturity for other populations in Figure 8. The length at 50% 
maturity for paua at Taranaki is similar to another northern New Zealand population studied 
by Hooker & Creese (1995), but much smaller than any of the more southern populations for 



which data are available. The length at maturity for paua at Banks Peninsula is similar to 
populations studied at Wellington, Dunedin, and Cook Strait (Figure 8). 

The parameters for the logistic function were, for Taranaki, a = -8.448, b = 0.143 and for 
Banks Peninsula a = -12.005 and b = 0.159. 

3.4 Fecundity 

Fecundity at length is shown in Figure 9. The observed large variation in the shell length- 
fecundity relationship is not unusual in abalone (e.g., Sainsbury 1982, Nash et al. 1994). The 
fecundity model was fitted to the raw data: for Taranaki the relationship is described by Eggs 
= 43.98 x length (mm)2.07, and for Banks Peninsula by Eggs = (7.75 x lo4) x length 

3.5 Yield and egg-per-recruit modelling 

Across the range of M considered, yield per recruit at Banks Peninsula was greatest well 
below the current MLS, and was zero at 125 mm (Figure 10). Assuming M =  0.05, yield was 
maximised for F over 0.25 and an MLS between 100 and 1 15 mm. As M increased, the range 
of F that produced the greatest yield contracted and, assuming M = 0.15, yield was greatest 
for a MLS around 90 mm and for very high fishing mortalities (Table 4). 

At Taranaki, yield was maximised at even smaller sizes (see Table 4) and was similarly zero 
at the current MLS of 125 mm (Figure 11). Assuming M =  0.1, yield was maximised with a 
MLS between 70 and 75 mm and when F was greater than 0.5. When M= 0.05, greatest yield 
was obtained from larger MLSs and for paua as large as 80 mm across a wider range of 
fishing mortalities. At the highest natural mortality considered (M = 0.15), yield was greatest 
at MLSs between 65 and 75 mm and at very high fishing mortalities. 

At Banks Peninsula, across the range of natural and fishing mortalities considered, at least 
50% of the virgin equilibrium egg production was conserved if the MLS was greater than 115 
mm (Figure 12). For natural mortalities greater than 0.1, 50% of pre-fishing egg production 
was conserved with a MLS of 1 10 rnm if F is under 0.6 (Figure 12). 

More than 50% of pre-fishing equilibrium egg production at Taranaki was conserved at MLSs 
between 80 and 82, depending on the assumed natural mortality (Figure 13). If fishing 
mortality was assumed to be less than 0.2, a MLS of 80 mm preserved at least 50% of egg 
production irrespective of the assumed M. 

4. DISCUSSION 

Although egg-per-recruit analyses have a long history of use in determining minimum legal 
sizes in abalone fisheries, their reliance on several well documented assumptions limits their 
utility in providing management advice. Of these assumptions, those of constant recruitment 
and the equality of growth and mortality are almost certainly unsustainable (e.g., Sainsbury 
1982, McShane 1993, Wilson & Schiel 1995). The assumption that fishing mortality is evenly 
applied to the stock is similarly difficult to defend. The relative ease of access to fishing areas 
and small-scale variation in sea conditions (e.g., sheltered bays and exposed headlands) are 
likely to invalidate this assumption. Uneven fishing pressure could lead to localised removal 
of all spawning stock while the overall fishing mortality remains relatively low (Breen 1992, 
McShane 1993). These attributes of yield and egg-per-recruit modelling mean that 
conclusions drawn about the appropriateness of MLSs should be approached with great 



caution. Variable recruitment and other non-equilibrium population processes will mean that 
there will be greater risk associated with management regimes that use a MLS as the primary 
management tool. We could find no example in the literature in which an abalone fishery had 
been successfully managed with a MLS alone. 

There is little guidance in the literature concerning 'safe' levels of conserved egg production. 
Breen (1986), Shepherd et al. (1995), and Shepherd & Baker (1998) suggested that 40-50% 
of virgin egg production should be considered a limit reference point. In this study we have 
interpreted this as 50% of virgin equilibrium egg production under the restrictive assumptions 
of the per-recruit modelling described above. These assumptions, and variability in 
recruitment in particular, are likely to increase the risk of population collapse if an 
inappropriate MLS is used as the principal management tool. The analyses suggest that at 
Taranaki, a MLS between 80 and 85 mm would conserve at least 50% of the virgin 
equilibrium egg production and at Banks Peninsula, across the range of natural and fishing 
mortalities considered, 50% of egg production was conserved by a MLS greater than 115 mm. 
At both Taranaki and Banks Peninsula, yield is maximised at smaller MLSs, but yield 
maximisation based on per-recruit modelling is not a prudent management strategy. 

These caveats aside, it is clear that the current MLS in Taranaki, and to a lesser extent Banks 
Peninsula, is too large to allow the legal harvesting of paua. The estimated growth parameters 
and inspection of the length frequency distributions of paua sampled from both areas suggest 
that few, if any, paua reach 125 mm. The shortfall in asymptotic length is greatest in Taranaki 
where few animals larger than 100 mm were observed. The length frequency distributions of 
paua in this study are similar to those found by Sukolski & Gray (1983) who noted that while 
some paua between 100 and 120 mm can be found in South Taranaki, paua from North 
Taranaki rarely exceed 90 mm. Larger paua were found at Banks Peninsula, but most were 
smaller than the current MLS. There was considerable variation in the size structure of paua 
between the bays studied at Banks Peninsula. Further evidence of such local variation is 
provided by the small amount of commercial fishing around Peraki Bay and Akaroa Heads (S. 
Stanley, pers. comm). 
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Table I :  Number of paua tagged and recaptured and time at liberty 
Site Number tagged Number recovered 
New plymouth 812 80 
Cape Egmont 810 40 
Opunake 829 18 
Akaroa sheltered 803 80 
Akaroa exposed 691 68 
Pigeon Bay sheltered 802 18 
Pigeon Bay exposed 800 18 

% recovered 
9.9 
4.9 
2.2 

10.0 
9.8 
2.2 
2.3 

Days at liberty 
300 
375 
375 
399 
40 1 
398 

Table 2: Mean annual growth estimates (mmlyear) of paua at lengths a and @, and von Bertalanffy 
growth parameters from sites at Taranaki and Banks Peninsula 

Growth 
Length Length Mean Mean Variability 

Site (a) (PI growth (gd growth (g Model L ,  
Banks Peninsula 80 115 7.2 0.8 1 119.62 
Akaroa sheltered 80 120 5.7 0.6 1 124.71 
Akaroa exposed 80 120 6.4 1.1 1 128.69 
Pigeon Bay sheltered 65 95 9.6 1 .O 2 98.34 
Pigeon Bay exposed 65 95 6.5 2.1 1 109.32 
Taranaki 25 75 18.4 2.8 1 83.95 
New Plymouth 25 75 21.3 4.6 4 88.73 
Cape Egmont 25 75 14.0 1.6 4 81.57 
Opunake 25 75 24.1 1.7 4 78.87 

Table 3: von Bertalanffy growth parameters of paua sampled at other sites around New Zealand 
Area K L ,  Source 
Peraki Bay 0.164 131.9 Sainsbury (1 982) 
Kaikoura 0.34 144.4 Poore (1972) 
Kaikoura 0.26 148.5 Poore (1972) 
Wellington 0.35 135 McShane et a1 (1994) 
D'Urville 0.21 133-147.8 McShane & Naylor (1995) 
D'urville 0.18 167.2 Breen et al(2000) 
Kahurangi 0.23 131.5 Naylor et al. (1998) 
Waituna 0.25 149.95 McShane et al(l996) 
Marlborough 0.29 144.5 Schiel & Breen (1991) 



TaMe 4: Length at which yield per recruit is greatest for a range of values of F (fshing mortality).and 
M (natural mortality) 

Fishing mortality V;3 

Area 0.1 0.4 0.8 1.2 
M = 0.05 

Taranaki 68 77 79 79 
Banks 93 107 109 110 
Akaroa 102 112 112 115 
Pigeon Bay 78 90 92 93 

M =  0.1 
Taranaki 59 71 74 75 
Banks 82 97 100 107 
Akaroa 85 98 102 113 
Pigeon Bay 71 82 85 86 

M = 0.15 
Taranaki 53 66 69 7 1 
Banks 7 1 87 92 94 
Akaroa 7 1 88 92 95 
Pigeon Bay 63 76 79 81 
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Figure I :  Map showing the study sites at Taranaki and Banks Peninsula. 
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Figure 2: Length frequency distributions of paua sampled from sites in Taranaki. Minimum legal 
size of 125 mm is indicated. 
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Figure 3: Length frequency distributions of paua sampled from sites at Banks Peninsula. 
Minimum legal size of 125 mm is indicated. 
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Figure 4: Length frequency distributions of paua sampled from sites at Banks Peninsula and 
Taranaki. Minimum legal size of 125 mm is indicated. 



Shell length (mm) 

Figure 5: Incremental growth of paua tagged and recaptured from sites at Taranaki. 
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Figwe 6: Incremental growth of paua tagged and recaptured from sites at Banks Peninsula 
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Figure 7: Length at maturity of paua sampled from Taranaki and Banks Peninsula. Solid lime is 
the fit according to the logistic equation described in Section 2.3. 
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Figure 8: Length a t  maturity of paua sampled from Taranaki, Banks Peninsula and other sites 
around New Zealand. Data sources: Leigh, unpublished data from S. Hooker, NIWA; 
Taranaki, present study; Wellington, McShane et al. (1996); Dunedin, Wilson (1987); 
Cook Strait, McShane et al. (1996); Banks Peninsula, present study; D'Urville, 
McShane et al. (1994); East Cape (Stewart Island), McShane et aL (1996), Kahurangi, 
McShane et al. (1996). 
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Figure 9: Fecundity estimates of paua sampled at Taranaki and Banks Peninsula Solid l i e  is the 
fit according to the relationship described in Section 3.4. 
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Figure 10: Yield-per-recruit contours for paua at Banks Peninsula as a function of 
fishing mortality (F3 and minimum legal size, where natural mortality (M) is 0.05 in A; 
0.1 in B; 0.15 in C. 
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Figure 11: Yield-per-recruit contours for paua at Taranaki as a function of fshing mortality (F) 
and minimum legal size, where natural mortality UM) is 0.05 in A; 0.1 in B; 0.15 in C. 
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Figure 12: Egg-per-recruit contours for paua at Banks Peninsula as a function of fishing 
mortality 8 and minimum legal size, where natural mortality 0 is 0.05 in A; 0.1 in B; 
0.15 in C.  
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Figure 13: Egg-per-recruit contours for paua at Taranaki as a function of fishing mortality 
(I?) and minimum legal size, where natural mortality (M) is 0.05 in A; 0.1 in B: 0.15 in C. 


