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INTRODUCTION

Recruitment is notoriously variable (Caley et al.
1996, Sale & Kritzer 2003) across a wide variety of taxa
in marine systems (fish: Carr & Syms 2006; al gae:
Vadas et al. 1992; benthic invertebrates: Underwood
& Fairweather 1989, Rodriguez et al. 1993). The influ-
ence of climatic and biological factors on recruitment
are well recognized. However, assumptions of static
stock−recruitment relationships (Beverton & Holt

1957) underpin fisheries management (Hilborn &
Wal ters 1992) and ecological restoration (e.g. Schulte
et al. 2009). Rebuilding and maintaining sufficient
spawning stock (e.g. Mace 2012) is a principal stra -
tegy to maximize larval production as a prerequisite
to successful recruitment of young. However, stock−
recruitment relationships remain poor ly understood,
and the common assumptions of constancy in stock−
recruitment relationships have im portant conse-
quences for the many stocks where spawning stock
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size and recruitment are not positively correlated
(Szuwalski et al. 2015). A mechanistic understanding
of recruitment variability will better inform stock as-
sessments and the identification of key drivers of re-
cruitment dynamics. Here, we de scribe variation in
the recruitment of Ostrea chilensis in Foveaux Strait,
southern New Zealand, and evaluate its relationship
with stock size and other sources of variation.

Oysters (family Ostreidae) occur globally over a
wide range of habitats. They can play key roles in
benthic communities (Jones et al. 1994, Grabowski &
Peterson 2007) and provide important ecosystem
services (Coen et al. 1999, Grabowski et al. 2012).
Historically, oysters also provided highly valued fish-
eries, although many high-value stocks are now eco-
nomically extinct (Beck et al. 2011). The O. chilensis
fishery in Foveaux Strait is a highly valued and
nationally important fishery for New Zealand (Min-
istry for Primary Industries 2014). O. chilensis biology
and characteristics of the fishery differ markedly
from other oyster species and fisheries (details in
the Supplement at www. int-res. com/ articles/ suppl/
m600 p085_ supp. pdf). O. chilensis brood larvae until
they are ready to settle. The short pelagic larval
duration (PLD) suggests limited opportunity for lar-
val transport, and high self-recruitment to natal pop-
ulations. Other commercial oyster species (O. edulis,
O. lurida, O. puelchana, Crassostrea virginica, and C.
gigas) have longer PLDs and potentially greater dis-
persal and connectivity. O. chilensis in Foveaux Strait
occur in depths of 25−50 m on gravel substrates over-
laid with coarse, calcareous sand (Cullen 1962, Stead
1971b). This area is exposed to oceanic swells and
has swift tidal currents (Michael 2008c). O. chilensis
habitat differs markedly from that of other commer-
cial oyster species which occur in mainly low-energy,
shallow (≤10 m) estuarine and embayment habitats.
Moreover, O. chilensis does not form reefs like other
species (e.g. C. virginica). The Foveaux Strait fishery
is an entirely wild fishery with no enhancement of
stock, spat, or shell. Management of this fishery as -
sumes a single stock with a stock−recruitment rela-
tionship (Ministry for Primary Industries 2014, Fu et
al. 2016). These assumptions affect projections of
future stock size.

Oysters, like many marine taxa, have a pelagic lar-
val stage and a relatively sedentary (or sessile) post-
settlement stage. Both pre-and post-settlement pro-
cesses (Sale & Kritzer 2003, Shima et al. 2008, Cowen
& Sponaugle 2009, Hixon et al. 2012) are likely to
shape their recruitment. In addition, biophysical fac-
tors may affect recruitment patterns by altering lar-
val quality and cohort size (e.g. Pineda et al. 2007),

and/or dispersal and retention dynamics of pelagic
larvae (e.g. Jones et al. 2009). A better understanding
of the processes that shape recruitment will inform
population models and management of the Foveaux
Strait oyster fishery and have application to the man-
agement of other marine resources and communities.

Evaluations of stock−recruitment relationships through
time and among locations within a population are
rare. We investigated the nature and constancy of the
stock−recruitment relationship that underlies man-
agement of the Foveaux Strait oyster fishery, and the
significance of the combined roles of climatic and
other biological factors on this relationship. Here, we
operationally define recruitment as the number of O.
chilensis spat settling from the plankton (after Carr &
Syms 2006), i.e. the relationship between spawner
densities and the densities of competent larvae that
settled after minutes to hours in the plankton. Hence,
we evaluated the stock− recruitment relationship
with reduced opportunity for post-settlement mortal-
ity (which can be highly variable in time and space
[Hunt & Scheibling 1997] and obscure stock−recruit-
ment relationships). We estimated oyster recruitment
across a range of spatial scales, and describe sea-
sonal and interannual patterns to infer the relative
importance of determinants of population recruitment
for oysters.

MATERIALS AND METHODS

Study sites and species 

The Foveaux Strait oyster fishery in southern New
Zealand is a high-value, nationally significant fishery
that has harvested oysters for over 140 yr. Oysters
Ostrea chilensis are targeted by customary, recre-
ational, and commercial fishers, and are important to
the socio-economics of Southland, New Zea land
(Michael et al. 2015). Before 1986, the an nual com-
mercial catch was about 80 million oysters (Dunn
2005). Since then, mortality from disease has reduced
the stock size to low levels (Doonan et al. 1994, Cran-
field et al. 2005). In response to the de cline in oyster
stock, commercial catch was re duced from 80 to 15
million oysters annually (Ministry for Primary Indus-
tries 2014).

We evaluated oyster recruitment in the Foveaux
Strait oyster fishery (OYU 5, Fig. 1), which is man-
aged as a single stock (Ministry for Primary Indus-
tries 2014). The distribution of oysters within the
3300 km2 fishery area is patchy (Stead 1971b, Allen &
Cranfield 1979). Most of the oysters occur in a smaller
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region of this area (i.e. the 2007 stock assessment
area; 1072 km2, see Fig. 1). Fisheries-independent
variation in oyster densities is mostly driven by peri-
odic disease mortality (Doonan et al. 1994, Cranfield
et al. 2005) caused by Bonamia exitiosa (previously B.
exitiosus, Berthe & Hine 2003), and variability in
recruitment to the oyster population (Michael et al.
2015).

O. chilensis in Foveaux Strait grows to minimum
 legal size (MLS, defined as oysters that are unable to
pass through a 58 mm internal diameter ring) in 4 to
5 yr after settlement (Cranfield 1979). MLS equates to
58 mm in length (maximum distance measured along
the anterior−posterior axis). More than 60% of the
oysters landed in the commercial catch are larger
than 70 mm in length (Marsh et al. 2016), 8 or more
years after settlement (Fu et al. 2016). Spawners
(spawning-sized oysters) are defined as individuals
≥50 mm in diameter (after Dunn 2005). O. chilensis is
a protandrous, larviparous hermaphrodite. Individuals
mature first as males in the summer after settlement;
they transition to females and initiate brooding in
their fourth summer (Cranfield 1979, Jeffs & Hickman
2000). Females typically brood larvae to late-stage pe-
diveligers (Hollis 1962, Cranfield 1979, Chaparro et
al. 2006). Cranfield & Michael (1989) suggested that
most O. chilensis larvae released into Foveaux Strait

were competent and settle soon after release (minutes
to hours, Cranfield 1979, Westerskov 1980, Chaparro
et al. 2006). This putatively short PLD motivates the
hypothesis that most dispersal events will occur over
short distances (Cranfield 1968, Broekhuizen et al.
2011) and self-recruitment is likely to be high, leading
us to hypothesize that stock−  recruitment relationships
may operate over relatively small spatial scales.

The nature of stock−recruitment relationships may
vary from year to year (depending on biological and
climatic conditions that may determine reproductive
success of oysters). Here, we used an ecological de -
finition of recruitment (i.e. the number of recently
settled juveniles; Stanwell-Smith & Barnes 1997) as
opposed to a standard fisheries definition (i.e. the
number of harvestable adults; Hilborn & Walters
1992).

Quantifying recruitment

We quantified recruitment from counts of oyster
spat that settled to artificial collectors (Cranfield
1968, Brown et al. 2010). Our spat collectors con-
sisted of a reinforced concrete base with a steel frame
holding 4 cement board settlement plates (220 ×
140 mm and 4 mm thick) at heights of 10, 120, 240,
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Fig. 1. Foveaux Strait oyster stock (OYU 5) boundary (heavy black lines) and the outer boundary of the 2007 stock assessment
survey area (grey lines) encompassing the commercial fishery. We sampled seasonal and interannual variation in recruitment at
a single site (light blue shading), and spatio-temporal variation in recruitment at 6 sites across the fishery (filled black circles). 

Inset shows the location of Foveaux Strait within New Zealand
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and 360 mm above the seabed. The settlement plates
were not ‘conditioned’ before deployment because
the settlement of larvae had previously been high on
unconditioned plates deployed for similar periods of
time. Mooring lines with floats attached to each col-
lector facilitated location and retrieval.

We sampled oyster recruitment across years, with
deployment and recovery of spat collectors at ap -
proximately 4 mo intervals (i.e. targeting 3 ‘seasons’
per year). The sampling year (Year) began 1 July
and ended the following 30 June, with Year parti-
tioned into 3 seasons: Season A (1 July to 31 Octo-
ber), when brooding begins, but before any signifi-
cant settlement occurs; Season B (1 November to 28
or 29 February), when most settlement is thought
to occur; and Season C (1 March to 30 June), after
the presumed period of peak settlement. Sampling
began and ended in Season B (Season A was not
sampled in the first year and Season C was not sam-
pled in the last year). Each deployment of spat col-
lectors used new cement board plates. Re cruitment
to each collector is the cumulative number of oyster
spat that settled on any plate surface (top or bottom)
of any of the 4 plates of a given collector. Because
our focus was on competent larvae that were avail-
able for settlement (i.e. independent of sources of
post-settlement mortality), we estimated recruitment
as the total number of both living and dead oyster
spat on plates (although we note that >85% of oys-
ters were alive at the time of recovery). We stan-
dardized estimates of recruitment to a 122 d sampling
period for each season (because actual deployment
times varied around this target period by a small
amount).

Seasonal and interannual variation in recruitment

We quantified seasonality and interannual varia-
tion in oyster recruitment with collectors deployed to
a single site from December 2005 to February 2011.
The site was closed to fishing. Specifically, we de -
ployed a single collector to each of 9 randomly se -
lected locations within a 2.25 km2 area (see Fig. 1).
We sampled collectors 3 times each year (Seasons A,
B, and C).

We modelled oyster recruitment as a function of
Season, Year, and the interaction between Season
and Year. These count data had overdispersed dis-
tributions (chi-squared test statistic = 21323.4, p <
0.001 for alpha = 0.05), and contained many zeros
(zero-inflated: W = 0.24 overall, and W = 0.85, 0.03,
and 0.12 for Seasons A, B, and C, respectively).

Zeros originated from 2 sources: structural zeros
because we expected no or little settlement in Sea-
sons A and C, and sampling zeros where collectors
recorded no settlement in Season B (when we
expected some settlement). We modelled these data
with zero-inflated negative binomial mixed regres-
sion (ZINB) using the pscl package (Jackman 2008)
in R (R Core Team 2016). We also evaluated a gen-
eralised linear model with negative binomial distri-
bution (GLM.NB) using the pscl package and com-
pared fits using the Vuong (1989) likelihood ratio
tests function in the pscl package.

Spatio-temporal variation in recruitment as a
function of spawner density

We quantified spatial and interannual variation in
recruitment of oysters in relation to estimates of
spawner densities across the wider fishery (see Fig. 1)
to evaluate potential variation in stock− recruitment
relationships operating over relatively small spatial
scales. Six sampling sites were stratified across 3 dis-
crete areas (Area) within the fishery (2 sites in each
area: West, South, and East; for site locations, see
Fig. 1 and also see Table S1 in the Supplement). Min-
imum distances between sites ranged be tween 9.0
and 35.8 km. The 2 sites within each area were
selected non-randomly to establish contrasting den-
sities of spawning-sized oysters (called ‘Category’ in
our analysis: reflecting qualitative high versus low
density). Distances between high and low paired
sites ranged between 5.5 and 10.2 km. Site selection
was informed by previous surveys (Michael et al.
2006, 2008a,b, 2009), fishers’ catch and effort data
(Michael et al. 2012), and interviews with oyster ves-
sel skippers. We also estimated spawner densities
directly at each site before deployment of spat collec-
tors (in November 2007) using standard dredge sam-
pling procedures for Foveaux Strait oyster surveys
(Michael et al. 2015, summarized in the Supplement).
We estimated mean spawner densities indirectly in
subsequent years (2008−2011), using data from fish-
ery-independent surveys conducted at nearby sites
(summarized in the Supplement) be cause we did not
want to disturb these sites once spat collectors were
deployed. Mean distances (km) be tween dredge
sample sites and collector sites ranged from 2.4 to
4.4 km (Table S2 in the Supplement).

We deployed 3 replicate spat collectors at each of
the 6 sites (Fig. 1) in randomly selected locations that
remained fixed during the study. We sampled oyster
recruitment from November 2007 to February 2011,
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sampling only Season B in each year (de ployed
November, recovered February) because  al most all
settlement occurred over this period. Foveaux Strait
is closed to all oyster fishing during the period the
collectors were deployed (1 September to 28 or 29
February, Ministry for Primary Industries 2014).
Between the 2007 and 2011 oyster seasons, there was
no fishing within at least 1 nautical mile of 4 of the 6
sites (West-low, South-high, East-high, and East-
low). A small amount of fishing occurred near West-
high and South-low (between 0 and 3% of the total
annual catch in any one year), and some disturbance
of these collector sites may have occurred.

We modelled interannual variation in recruitment,
its coherence across the fishery, and its relationship
to putative spawner density. Specifically, we mod-
elled oyster recruitment as a function of Year,
Spawner density, Area, and Category and the inter-
actions between these factors. We used a GLM with a
negative binomial distribution and a log link func-
tion. The effect of Spawner density was modelled as
a third-order polynomial, which increases flexibility
to better fit the data (e.g. Ver Hoef & Boveng 2007).
Model fits and compliance with statistical assump-
tions were evaluated graphically (after Zuur et al.
2010). We selected the best-fit model by removing
non-significant factors or inter actions based on
Akaike’s information criterion (AIC,
Akaike 1973).

RESULTS

Seasonal and interannual
 variation in recruitment

On average in a given year, 97.8
± 0.9% (mean ± SE) of all recruits
settled in Season B (Fig. 2). We ob -
served low levels of recruitment in
Season C (2.2 ± 0.9%) and almost
none in Season A (Fig. 2). Oyster
recruitment varied significantly be-
tween Season and Year (p < 0.001,
Table 1). Recruitment was consis-
tently greatest in Season B, and
drove between-year variation in
oyster recruitment (Table 2, Fig. 2).
Recruitment was relatively high in
2006−07 and 2007− 08 (Fig. 2), on
average 10−15% higher than in
2005− 06 (Table 1). Recruitment
was significantly lower (p < 0.001)
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Source of     Coefficient       SE            Z             p                 Exp.coeff (CI)
variation

Negative binomial model                                                                  
Intercept          0.758         0.450    1.684   0.092        2.135 (0.883−5.161)
2006−2007        0.142         0.246    0.576   0.565        1.152 (0.712−1.864)
2007−2008        0.103         0.266    0.387   0.698        1.109 (0.658−1.869)
2008−2009       −0.370         0.257    −1.443   0.149        0.691 (0.418−1.142)
2009−2010       −1.643         0.281    −5.856   <0.001        0.193 (0.112−0.335)
2010−2011       −3.252         0.321    −10.139   <0.001        0.039 (0.021−0.073)
Season B          6.096         0.413    14.764   <0.001  444.081 (197.697−997.529)
Season C          2.211         0.431    5.134   <0.001       9.125 (3.923−21.224)
Log(theta)        0.739         0.164    4.506   <0.001                        

Zero-inflated model                                                                            
Intercept         0.783        0.587     1.333    0.183        2.187 (0.692−6.912)
Season B         −21.271     4145.540  −0.005    0.996             0 (0− Infinity)
Season C         −2.976        0.805     −3.696   < 0.001        0.051 (0.011−0.247)

Fig. 2. Oyster recruitment (mean ± SE) by Season (labelled A,
B, and C) from December 2005 to February 2011 at a single
site (light blue shading in Fig. 1). Season A: 1 July to 31 Octo-
ber, Season B: 1 November to 28 or 29 February, Season C: 1
March to 30 June. Recruitment was estimated as the counts
of living and dead oysters per collector (sample) settling over 

122 d. The x-axis gives month and year of retrieval

Table 1. Seasonal and interannual variation in recruitment of oysters at a single site
in Foveaux Strait, New Zealand, between 2005 and 2011. Season A: 1 July to 31 Oc-
tober, Season B: 1 November to 28 or 29 February, Season C: 1 March to 30 June.
Oyster recruitment is modelled as a function of Season and Year using zero-inflated
negative binomial regression. Shown are the results of a negative binomial model
for the count data (theta = 2.0943, df = 12, and log-likelihood = −492.4) and the re-
sults of a zero-inflated model with logit coefficients for predicting excess zeros. The
exponents of coefficients (Exp.coeff) are shown with 95% confidence intervals (CI)
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in 2009−10 and 2010−11 (relative to 2005−06; Table 1),
on average declining to 4% in 2010−11 compared to
2005−06 (Table 1).

There was no significant difference between the
zero-inflated negative binomial and negative bino-
mial models (AIC-corrected Vuong z-statistic =
−0.007, p = 0.497). Season explained 76.7% of the

deviance in the best-fit model, with
less of the deviance explained by
interannual variation (10.5%) and the
interaction between Season and Year
(3.9%, Table 2).

Spatio-temporal variation in
 recruitment as a function of spawner

density

Spawner densities remained the
same or increased over the study pe -
riod. Spawner densities sampled di -
rectly from focal sites before deploy-
ment of the spat collectors were 0.1−
1.8 oysters m−2 (Fig. S1 in the Supple-
ment). For other times, spawner densi-
ties were estimated indirectly (Figs. S2
& S3, Table S2) and were 0.3−4.6 oys-
ters m−2.

For the commercial fishery area, re-
cruitment during Season B varied be -
tween years (p < 0.001, df = 3, de viance
= 811.96), spawner density esti mates
(p < 0.001, df = 2, deviance = 189.76),
and area (p < 0.001, df = 2, deviance =
140.90) (Fig. 3). There were also sig -
nificant 2-way interactions between
Spawner density and Area (p < 0.001,
df = 6, deviance = 114.04), and Spawner
density and Year (p < 0.001, df = 9, de-
viance = 88.56). These interactions im-
ply that recruitment patterns between
years differed subtly by area and
spawner densities (see Tables 3 & 4 for
the best-fit model). Factor Year ex-
plained 50.8% of the deviance, Spawner
density 13.8%, Area 11.6%, and the 2-
way interactions Spawner density and
Area (9.9%) and Spawner density and
Year (8.0%).

The stock−recruitment relationship
for oysters in the fishery (Fig. 4) var-
ied significantly between years. We
dropped factor Area, forcing the

model to use Spawner density and Year as predictors
of recruitment variation. Spawner density remained
significant (p < 0.001, df = 3, deviance = 39.778) when
among-year variation in recruitment was taken into
account (p < 0.001, df = 3, deviance = 155.767). The
interaction term (Year and Spawner density) also
remained significant (p < 0.001, df = 9, deviance =

                         df   Deviance   Residual   Residual       p        %Dev     AIC
                                                        df         deviance

                                                       126        1388.58                                     
Season              2     1108.39         124         280.18     <0.001   0.767    1082.3
Year                   5      114.37          119         165.82     <0.001   0.872    1027.5
Season×Year    8       42.24           111         123.58     <0.001   0.911    1004.7

Table 2. Seasonal and interannual variation in recruitment of oysters at a single
site in Foveaux Strait, between 2005 and 2011. Recruitment is modelled by fac-
tors Season, Year, and the interaction between Season and Year, using a nega-
tive binomial regression with a log link function. %Dev: cumulative percentage 

deviance explained, AIC: Akaike’s information criterion

Fig. 3. Interannual and spatial variation in oyster recruitment (mean ± SE) as-
sessed for the primary season of recruitment (November to February). Means
and SE were estimated from total counts of living and dead oysters from each
collector (sample) which settled over 122 d. Recruitment for sites with (A−C)
putatively high and (D−F) putatively low spawner densities for areas East, 

South, and West, respectively
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26.288), and accounted for a larger percentage of
explained deviance (from 8.0% by the best-fit model
with factor Area included, to 9.5% without). Recruit-
ment was greatest overall, and highest with higher
spawner densities in 2007−08. In all successive years,
overall recruitment and the slope of the relationship
between recruitment and Spawner density de -
creased, despite fishery-wide increases in spawner
densities (see Fig. 4).

DISCUSSION

Ostrea chilensis recruits per
spawner declined over the succes-
sive 4 years of our fishery-wide
study, de spite spawner densities that
remained similar or increased. The
high recruitment observed in 2007−
08 and the subsequent decline in re-
cruits per spawner was consistent
with recruitment in our 6 yr study at
a single site (2005−06 to 2010−11,
see Figs. 2 & 3). The oyster stock−
 recruitment relationships differed be -
 tween years (Fig. 4), and by the sig-
nificant interaction between Spawner
density and Year in our model. Our
inference of a diminishing stock−
 recruitment relationship is based on
the assumptions that settler densities
represent recruitment at the sites
where larvae were brooded, and that
our estimates of spawner densities
from dredge sampling represent
spawner densities at sites.

We infer recruitment from settler
densities based on the assumption
that O. chilensis in Foveaux Strait
releases larvae that are competent
and settled within minutes to hours

after release (Cranfield 1968, 1979, Westerskov 1980,
Cranfield & Michael 1989), as they do elsewhere
(Chaparro et al. 2006, Broekhuizen et al. 2011). The
putatively short pelagic larval duration suggests that
most dispersal events will occur over short distances
(Cranfield 1968, Broekhuizen et al. 2011). Moreover,
O. chilensis readily settles on manmade substrates
(e.g. cement board, Cranfield 1968, Brown et al.
2010), and in the absence of conspecifics (our obser-

Source of variation                                 Coefficient       SE            Z           p

Intercept                                                   −132.635       23.586   −5.624  <0.001
Year 2008−2009                                          152.523       28.681     5.318  <0.001
Year 2009−2010                                          146.811       27.943     5.254  <0.001
Year 2010−2011                                          144.964       27.707     5.232  <0.001
Spawner density (1)                               −2027.245     348.405   −5.819  <0.001
Spawner density (2)                                 −946.14       161.371   −5.863  <0.001
Spawner density (3)                                 −193.297       35.046   −5.516  <0.001
Area (South)                                                 −8.474       15.205   −0.557     0.577
Area (West)                                                   −9.23         15.097   −0.611     0.541
Spawner density (1)×Area (South)         −179.327     230.635   −0.778     0.437
Spawner density (2) ×Area (South)          −80.289     109.138   −0.736     0.462
Spawner density (3) ×Area (South)          −15.656       26.731   −0.586     0.558
Spawner density (1) ×Area (West)          −163.622     226.701   −0.722     0.470
Spawner density (2) ×Area (West)            −72.673     106.96     −0.679     0.497
Spawner density (3) ×Area (West)            −26.837       26.751   −1.003     0.316
Year2008−2009×Spawner−density (1)    2256.905     422.251     5.345  <0.001
Year2009−2010×Spawner−density (1)    2206.942     412.938     5.344  <0.001
Year2010−2011×Spawner−density (1)    2201.309     411.929     5.344  <0.001
Year2008−2009×Spawner density (2)     1048.731     197.343     5.314  <0.001
Year2009−2010×Spawner density (2)     1010.256     190.359     5.307  <0.001
Year2010−2011×Spawner density (2)     1012.736     192.724     5.255  <0.001
Year2008−2009×Spawner density (3)       232.837       45.889     5.074  <0.001
Year2009−2010×Spawner−density (3)      205.719       40.991     5.019  <0.001
Year2010−2011×Spawner density (3)       229.67         45.355     5.064  <0.001

Table 4. Spatio-temporal variation in oyster recruitment across the Foveaux Strait
fishery, 2007−08 to 2010−11. Oyster recruitment is modelled as a function of Year,
Spawner density, and Area, and their interactions, using data from Season B (set-
tlement period) only. Paired comparisons for the best-fit negative binomial model
(theta = 10.3658, df = 43, and log-likelihood = −693.92) are shown. Spawner densi-

ties (1), (2), (3) denote first- to third-order polynomials, respectively

                                                df            Deviance         Residual df      Residual deviance          p                %Dev             AIC

                                                                                               66                       1429.23                                                                 
Year                                         3               811.96                   63                        617.27                <0.001            0.508           847.07
Spawner density                     3               189.76                   60                        427.51                <0.001            0.646           828.57
Area                                         2               140.90                   58                        286.61                <0.001            0.762           804.33
Spawner density×Area          6               114.04                   52                        172.57                <0.001            0.861           780.00
Spawner density×Year           9                88.56                    43                         84.00                 <0.001            0.941           743.92

Table 3. Spatio-temporal variation in oyster recruitment across the Foveaux Strait fishery between 2007 and 2011. Oyster re-
cruitment is modelled as a function of Year, Spawner density, and Area, and their interactions, using data from Season B (set-
tlement season) only. The best-fit negative binomial regression is shown. %Dev: cumulative percentage deviance explained, 

AIC: Akaike’s information criterion
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vations). We therefore infer that settler densities rep-
resent mostly self-recruitment to sampling sites. Dur-
ing high settlement years, recruitment at sites was
consistent with spawner densities (see Fig. 3), and
therefore is consistent with the brooding and the
release of competent larvae ready to settle. These
assumptions underpin our hypothesis of a stock−
recruit relationship.

Our sampling in Season B represents annual re -
cruitment. The timing of peak settlement relative to
the time over which sampling occurs can affect esti-
mates of settler densities. O. chilensis broods through -
out the year (Jeffs & Hickman 2000). The levels of
factors that determine peak brooding and subse-
quent settlement (e.g. temperature and primary pro-
ductivity) are unknown. Before the Bonamia exitiosa
epizootic in 1986 (Doonan et al. 1994, Cranfield et al.

2005), the highest numbers of brooders were re -
corded in November and December (Stead 1971a,
Jeffs & Hickman 2000), and 80−90% of settlement
oc curred from mid-December to mid-February (Cran   -
field 1979). As the timing of peak settlement may
have changed, we sampled recruitment in all 3 sea-
sons (A, B, C) in the separate 6 yr study to ensure that
our sampling of the spatio-temporal variation in
recruitment in Season B (November to February)
gave reliable estimates of annual settler densities.
The seasonality of O. chilensis recruitment in Fo veaux
Strait was consistent with previous studies. In our
study, 97.8% of settlement occurred in No vem ber to
February (Season B), consistent with percentages of
spat settling over that period during the 1960s and
1970s (Cranfield 1979).

An important assumption of our study is that settler
densities represent the densities of competent larvae
ready to settle at the sampling sites, and therefore
represent putative recruitment. Post-settlement mor-
tality can affect estimates of settler densities, espe-
cially over the 4 mo that our spat collectors were de -
ployed (after Knights & Walters 2010). In Crassostrea
virginica, both density-dependent and density-inde-
pendent mortality determined the numbers of set-
tlers surviving post-settlement (Knights & Walters
2010). C. virginica population growth was negative
after high recruitment events, when density-depen-
dent mortality reduced oyster densities and cohort
strengths. We recorded low post-settlement mortal-
ity. Dead O. chilensis spat leave a record on the col-
lector plates (see the Supplement). Overall, percent
mortality was relatively low (14.6%) and did not dif-
fer greatly between high settlement years 2007− 2008
and 2008−2009 (15.1 and 13.7%, respectively) and
low settlement years 2009−2010 and 2010− 2011 (16.6
and 7.6%, respectively). Higher settler densities did
not incur increased mortality (Fig. S5), and there was
no difference in the percentage mortality amongst
sites (Fig. S5). Additionally, more than 95% of spat
(live and dead) were less than 5 mm in length
(Fig. S6), suggesting recent settlement, and by infer-
ence, less opportunity for density-dependent mortal-
ity. The percentage mortality re mained consistent by
spat length (Fig. S6). We infer from these data that
our estimates of O. chilensis recruitment were not
affected by density-dependent mortality, and in con-
trast to the findings of Knights & Walters (2010), O.
chilensis settler densities ap peared to be determined
mainly by larval supply.

Estimates of O. chilensis recruits per spawner from
our study are sensitive to our estimates of spawner
densities. We evaluated the effect of spawner density
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Fig. 4. Stock−recruitment relationships for oysters sampled at
fixed locations across the fishery over successive years
(2007−08 to 2010−11). Estimates of oyster recruitment (spat
collector−1) are for the primary season (November to Febru-
ary). Each point represents counts from a single collector (n =
3 collectors deployed at each of 6 sites, each year). A few spat
collectors were lost. Spawner densities were estimated from
dredge samples. Colours correspond to years as given in the
key; fitted lines are from a negative binomial regression 

model, and shaded areas depict ±SE
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inferred from dredge estimates averaged from sam-
pling at larger spatial scales, and not precisely at the
locations where we sampled recruitment. The depth,
strong currents, and hard substrate of Foveaux Strait
(Michael et al. 2008c) limit the sampling methods
available to effectively estimate spawner densities
across the fishery area (described in the Supple-
ment). Dredge sampling has been deemed the most
reliable method for stock assessments of the Foveaux
Strait oyster fishery (Ministry for Primary Industries
2014, Fu et al. 2016). Dredge sampling has limitations
in Foveaux Strait and elsewhere. Chai et al. (1992)
found that dredge sampling gave poor estimates of
market-sized C. virginica densities in Chesapeake
Bay (USA) because of the relatively low and variable
dredge efficiency. Dredge efficiency estimates for
sampling of C. virginica densities in the New Jersey
waters of Delaware Bay (USA) showed non-random
spatial and temporal variability for market-sized oys-
ters (Powell et al. 2007). Additionally, the patchy dis-
tribution of oysters suggests that low dredge sample
numbers at each site may, on average, underestimate
spawner density (after Powell et al. 2017). We used
the best available estimates of spawner densities, and
suggest that they represent differences in the spawner
densities between sites and years (see Fig. S4). Re -
peat estimates of oyster density (Doonan et al. 1992,
Michael et al. 2001), and of dredge efficiency (the
scalar used to estimate absolute abundance, Fu et al.
2016) show good consistency in Foveaux Strait.

Manipulative studies to investigate the effects of
spawner density on recruitment have been under-
taken for O. chilensis in Tasman Bay, New Zealand
(Brown 2011), and elsewhere for C. gigas and Sac-
costrea glomerata (Wilkie et al. 2013), and for the bay
scallop Argopecten irradians (Tettelbach & Wenczel
1993, Peterson et al. 1996). The effects of increased
spawner density on recruitment were mixed. Re -
cruitment varied markedly between 2 sites with the
same brooder densities (Brown 2011), with the com-
plexity in the arrangement of settlement surfaces and
oyster species (Wilkie et al. 2013), and recruitment
increased markedly in enhanced areas receiving
translocated bay scallops (Peterson et al. 1996). We
did not consider manipulative studies because of the
depth (25−50 m), strong tides, and exposure to large
oceanic swell, and also because handling of oysters
may exacerbate disease mortality from B. exitiosa.
Instead, we modelled Site as a proxy for Spawner
density that incorporated sites of putatively high and
low densities of spawners and an Area effect. Year,
Site, and their interaction were significant (p < 0.001,
Table S3 in the Supplement). These sensitivity ana -

lyses showed that the effect size of Year was robust to
combinations of other factors representing spawner
densities in alternative models, suggesting that fac-
tors other than spawner densities drove recruitment
in Foveaux Strait in some years.

There were significant interactions between Year,
Area, and Spawner density, suggesting different pat-
terns of recruitment through space and time with
respect to putative spawner density. Recruitment
scaled most strongly with Spawner density in 2007−
08. In this year, recruitment was relatively high at all
sites even though spawner densities were less than 2
oysters m−2. By 2010−11, spawner densities were
similar or had increased to over 5 oysters m−2, but
average recruitment was only 4.6% of levels ob -
served in 2007−08. There were also marked spatial
differences. Recruitment to the West-high site was
initially high (more than 2000 oyster recruits collec-
tor−1), but recruitment declined markedly in succes-
sive years (Fig. 3). In comparison, the East-low site
was chronically low across all years of the study (see
Fig. 3). This may be an example of a localised popu-
lation where spawner densities were too low to take
advantage of favourable climatic and biological con-
ditions for heightened recruitment, and suggests a
need to maintain spawner densities to prevent serial
depletion of stocks. Since the 1940s, spawner densi-
ties at East-low have been low, most likely the result
of disease mortality (Cranfield et al. 2005, Dunn
2005), or possibly because of fishing effects (Cran-
field et al. 1999). Both hypotheses implicate low
spawner densities in low recruitment. Many other
commercial fishery areas in Foveaux Strait have sus-
tained high effort and catch, and have been sub-
jected to high B. exitiosa mortality, but have re main -
ed productive (Michael 2007).

Biological reference point based fisheries manage-
ment has maintained or improved stocks in New
Zealand (Ministry for Primary Industries 2017) and
elsewhere, e.g. in the U.S. (Soniat et al. 2014). Refer-
ence points (e.g. Mace 2012) used to rebuild stocks
towards maximum sustainable yield rely on a posi-
tive relationship between spawning stock sizes and
recruitment (i.e. recruitment varies positively in rela-
tion to spawning stock size). Stock−recruitment rela-
tionships are difficult to estimate for most species
(Maunder 2012) because there are few data for most
stocks (Maunder & Piner 2015); moreover, estimates
from models are often uncertain (Lee et al. 2012). The
lack of relationship between stock size, spawner
density, and recruitment in oysters with long PLDs is
well known (e.g. Knights & Walters 2010, Soniat et al.
2014). The long PLD of C. virginica contributes to the
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high interannual variation in oyster numbers and
biomass. C. virginica also form oyster reefs, thereby
creating their own habitat important to recruitment
and post-settlement survival (shell abundance is an
important biological reference point, Powell & Klinck
2007, Soniat et al. 2012). In contrast, O. chilensis in
Foveaux Strait are assumed to have a stock−recruit-
ment relationship because of their biology and habi-
tat. O. chilensis do not form reefs, but occur as indi-
viduals and small clusters on sand and gravel habitat
(see the Supplement). The lack of a stock−recruit-
ment relationship in oysters and other sessile inverte-
brate stocks suggests that single biological reference
point based management may not be appropriate for
many of these stocks (after Powell et al. 2012). The
diminishing stock−recruitment relationship in Fo -
veaux Strait oysters has important implications for
the management of Foveaux Strait oyster fishery and
invertebrate stocks generally. Our results show that
other factors not measured in this study, most likely
climatic and biological factors, more strongly influ-
enced recruitment than spawning biomass in some
years, consistent with the findings of Szuwalski et al.
(2015).

The Foveaux Strait oyster stock assessment model
(Dunn 2005) uses a Beverton-Holt stock−recruitment
relationship with steepness of 0.9 (i.e. high levels of
recruitment are plausible during periods of low
spawner density). High levels of recruitment ob -
served during a period of low spawner abundance
and density between 2005−06 and 2007−08 (spawn-
ing stock biomass 16% of the virgin spawning stock
population size (B0) in 2005, Fu & Dunn 2009) were
consistent with the stock−recruitment as sumptions of
Dunn (2005) based on survey data from 1992 to 2001.
However, recruits per spawner de creased in times of
relatively high spawner densities (2008−09 to 2010−
11, see Fig. 4); spawning stock biomass was 34.5% of
B0 in 2012 (Fu 2013). Our data did not show a stock−
recruitment relationship consistent with the Bever-
ton-Holt function used in the OYU 5 stock assess-
ment model of Dunn (2005). While projections of
future stock size were corroborated by subsequent
surveys, i.e. the assessment model has performed
well (Fu 2013), our data suggest that factors other
than spawner density strongly influence recruitment.
Fishery indices of recruitment, catch sampling
(Marsh et al. 2016) and population surveys (Michael
et al. 2017), show the low recruitment ob served dur-
ing our study continued through to 2016− 2017, indi-
cating a regime shift in recruitment. This regime shift
suggest that the Beverton-Holt function may not pre-
dict recruitment well, and therefore estimates of

future stock size may be more uncertain for longer
projections. Maintaining spawning stock size at or
above reference points alone may not ensure recruit-
ment and rebuilding of the fishery.

O. chilensis in Foveaux Strait is generally consid-
ered to comprise localised, self-recruiting popula-
tions that occur over small spatial scales (Allen &
Cran field 1979, Cranfield 1979), typical of other
invertebrate fisheries. Management of many of these
fisheries is by ‘unit stocks’ over large areas. A mis-
match of the spatial scales of recruitment and fish-
eries management in other systems has led to over-
fishing, recruitment failure, serial depletion, and the
eventual collapse of many invertebrate fisheries
(Hilborn et al. 2005). Moreover, a persistent reduc-
tion in recruits per spawner may have flow-on effects
on spawning success: consecutive years of low re -
cruitment could reduce the density of O. chilensis
spawning as males, potentially limiting sperm avail-
ability and fertilisation success (e.g. urchins: Levitan
et al. 1992; lobsters: MacDiarmid & Butler 1999).

The diminishing stock−recruitment relationship in
Foveaux Strait oysters may be due to climatic and
biological (non-mutually exclusive) factors that can
re duce cohort strength of competent larvae, and re -
duce recruitment to localised populations. Climate
variability affects recruitment in fisheries (Hjort
1914), in oysters (Kimmel & Newell 2007, Kimmel et
al. 2014), and in other species (Anderson et al. 2011,
Miller et al. 2016). Models of population dynamics
(Hil born & Walters 1992), and other models of varying
complexity used in management approaches (e.g.
ecosystem-based fisheries management, EBFM), Ful-
ton 2010; Management Strategy Evaluation, Fulton et
al. 2014, Punt et al. 2014; and extended frameworks
for fisheries assessments, Hollowed et al. 2009) should
ideally incorporate climate variability. However, these
approaches are rarely implemented (Punt et al. 2014,
Skern-Mauritzen et al. 2016). ‘Fisheries management
is still predominantly single-species-oriented taking
little account of ecosystem processes, implicitly ignor-
ing that fish stock production depends on the physical
and biological conditions of the ecosystem’ (Skern-
Mauritzen et al. 2016, p. 165). The focus on EBFM will
hasten the need to understand the effects of climate
and to predict the long-term effects on recruitment
(Collie et al. 2016).

Heightened recruitment, i.e. high numbers of re -
cruits per spawner, can occur in oysters (Dunn 2005)
and in other species (e.g. scallops, Bethoney et al.
2016). In this study, we suggest that prolonged (9 yr)
recruitment failure in oysters began at a time despite
seemingly sufficient spawner densities (0.3 m−2) that
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have supported high recruitment in the past (Dunn
2005). Low recruitment continued after our study
(Michael et al. 2017) when mean spawner densities
were 0.4−0.9 m−2, above those reported by Dunn
(2005). The climatic and biological factors contribut-
ing to reduced recruits per spawner are the focus of
future study. Climatic and biological factors with
complex interactions may drive fishery-wide recruit-
ment variability and may determine the persistence
of their effects. However, careful consideration is
required in the choice of climate data sets for analysis
(Menge et al. 2011), and in the interpretation of cor-
relations between climate and recruitment (e.g. Paci -
fic sardine, McClatchie et al. 2010, Lindegren et al.
2013). Long time series of recruitment data at ap -
propriate spatial scales, along with biological and cli-
matic data, are required to better explain the
changes in stock−recruitment relationships observed
during our study, and for the management of other
marine populations and fisheries. An understanding
of these effects will better inform stock assessment
models to predict changes in populations, and to
underpin EBFM (Hilborn & Walters 1992, Fulton
2010, Punt et al. 2014, Collie et al. 2016, Koenigstein
et al. 2016).
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