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ABSTRACT: The global spread of invasive fouling species poses a significant barrier to the devel-
opment of shellfish aquaculture, which has led to a need to understand the biological characteris-
tics of fouling species that underpin management. One such fouling species, the colonial ascidian
Didemnum vexillum, has become a very successful invader in temperate marine communities
worldwide, and is proving problematic in a number of aquaculture regions. To evaluate the scope
for managing risks to shellfish aquaculture around seasonal reproductive patterns, we assessed
recruitment and larval development of D. vexillum in relation to water temperature, over a 20 mo
period at 2 locations in central New Zealand. Our findings indicate that the reproductive season
for D. vexillum in New Zealand is considerably longer than comparable northern-hemisphere
populations (at least 9 mo of the year compared with 3 to 5 mo in the USA). Reproductive patterns
were strongly correlated with water temperature, with a 3 mo period during the winter months
(surface water temperature <12°C) when larval recruitment was not detected at our study sites.
However, during that period, late-stage larvae were often present in tissue sections, suggesting
that the species has the potential to recruit year-round, albeit at very low levels during winter.
Information on the duration of the reproductive season as well as critical temperature thresholds
for spawning will enable more effective risk management in relation to aquaculture industry
practices (e.g. timing of seed-stock deployment), as well as assist in the wider management of this
species.

KEY WORDS: Biofouling - Non-indigenous species - Reproductive patterns - Temporal variation -
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INTRODUCTION

The global spread of invasive species poses a sig-
nificant practical and economic barrier to the devel-
opment of shellfish aquaculture (McKindsey et al.
2007). Biofouling in particular poses a considerable
threat to this industry, as fouling organisms are often
strong spatial competitors that are able to reach a
very high density or biomass in relatively short time
frames (Dealteris et al. 2004, Blum et al. 2007, Vance
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et al. 2009). Ascidians are among the most prolific
and devastating biofoulers to shellfish aquaculture
operations globally (Lambert 2007, Valentine et al.
2007b, Ramsay et al. 2008, Daigle & Herbinger 2009,
Adams et al. 2011). Impacts caused by ascidian foul-
ing include increased costs of production and pro-
cessing, as well as negative effects on growth rates
and meat yields of cultured species due to competi-
tion for space and food resources (reviewed by
Fitridge et al. 2012). The proliferation of fouling
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organisms and their associated impacts on the aqua-
culture industry has led to an increased demand for
tools to mitigate effects, and a need to understand
the biological characteristics of fouling species that
underpin management.

Knowledge of the seasonal development and recruit-
ment success of marine fouling organisms is of par-
ticular importance in formulating effective manage-
ment strategies (Ramsay et al. 2009). For example,
understanding seasonal recruitment variation and its
environmental drivers will help to define circum-
stances (e.g. time periods) when fouling of seed-
stock, crop or aquaculture structures may be prob-
lematic or, alternatively, when it may be of little
consequence for industry operations. The reproduc-
tive seasonality of ascidians can vary widely (e.g.
Turon 1988, 1992) and is poorly understood for many
species (Perez-Portela et al. 2007), but it is apparent
that water temperature is a dominant controlling
factor (reviewed by Bates 2005, C. C. Lambert 2005,
G. Lambert 2005). For temperate ascidian species,
spawning typically occurs during the summer months
(G. Lambert 2005), with a subsequent decline, and
in some instances a temporary halt, in growth and
reproduction over the colder months (Coma et al.
2000). By contrast, ascidian populations in warmer
waters, such as many tropical regions, have been
shown to release gametes continuously year-round
(Goodbody 1961, Van Duyl et al. 1981, Stoner 1990).

The reproductive seasonality of the colonial ascid-
ian Didemnum vexillum (Kott 2002) is of increasing
international interest, as this species has become a
very successful invader in temperate marine commu-
nities worldwide; its alien range includes both coasts
of North America, northwestern Europe, the UK,
Ireland and New Zealand (Stefaniak et al. 2012). D.
vexillum colonies are capable of rapid growth and
expansion through both sexual and asexual repro-
duction, and are able to quickly foul large areas of
any suitable substratum. In New Zealand, the rapid
growth and high biomass of D. vexillum on subtidal
mussel farms can lead to the destabilisation of crops
and added pressure on equipment, which has in
some instances led to substantial management costs
(e.g. Coutts & Forrest 2007, Pannell & Coutts 2007).
Understanding the species’ reproductive seasonality
and recruitment patterns, and the utility of seawater
temperature as an indicator of recruitment potential,
is integral to such management efforts.

The influence of seawater temperature on repro-
ductive patterns in Didemnum vexillum has previ-
ously been inferred from observations made in a
number of studies from both the northeast and west

coasts of the USA. The length of the reproductive
season has been shown to vary, from 3.5 to 5 mo,
depending on local conditions (Auker 2006, Osman &
Whitlatch 2007, Auker & Oviatt 2008, Valentine et al.
2009, Sorte & Stachowicz 2011). D. vexillum embryos
are brooded within the tunic of the colony and are
believed to take several weeks to fully develop into
‘tadpole’ larvae about 1.4 mm in length (Lambert
2009). Once mature, larvae are released from the
parent colony via shared excurrent siphons (see Kott
2002 for a description of colony morphology). Spawn-
ing is believed to be dependent on seawater temper-
atures achieving a critical threshold, with larval
recruitment thought to occur when sea surface tem-
peratures exceed 14°C (Valentine et al. 2009).
Recruitment of D. vexillum is believed to be re-
stricted by very low water temperatures in some
areas, with colonies generally undergoing periods of
degeneration during colder winter months (Valen-
tine et al. 2007a). Despite progress towards under-
standing the importance of temperature on repro-
ductive seasonality, it remains unclear whether
temperature-related recruitment patterns are consis-
tent among different geographic locations. Moreover,
it is unclear whether temperature-related changes
within a location are consistent and predictable over
time.

The aim of the present study was to better eluci-
date the reproductive seasonality of Didemnum vex-
illum in relation to seasonal changes in seawater
temperature. We describe patterns of field recruit-
ment and tissue reproductive state, and develop sta-
tistical models to predict critical temperature thresh-
olds for the onset and cessation of D. vexillum
recruitment. We also consider the relative sensitivity,
utility and practicality of directly measuring recruit-
ment in the field compared with inferring recruit-
ment potential based on the reproductive maturity
of D. vexillum tissue samples. Such knowledge
will assist the aquaculture industry, as well as other
stakeholders, in monitoring risk and developing
appropriate management responses for this species.

MATERIALS AND METHODS
Recruitment studies

The temporal recruitment patterns of Didemnum
vexillum larvae were investigated in field studies at 2
sites (Nelson, NN; Ruakaka Bay, RK) over a 20 mo
period between 7 November 2007 and 29 July 2009.
Sampling at the RK study site was carried out on a
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large marine farm located in Queen Charlotte Sound
(ca. 41°13'S, 174°7'E), within New Zealand's Marl-
borough Sounds region, whereas the NN site was sit-
uated approximately 80 km west (ca. 41°154'S,
173°16.6' E) within the commercial port at Nelson
(Fig. 1). Sites were within or adjacent to important
shellfish aquaculture zones and had substantial pop-
ulations of D. vexillum present; however, the popula-
tion at RK was considerably larger (ca. 30 tonnes wet
weight) than the NN population (ca. 2 tonnes wet
weight) at the time of sampling. Source population
weight estimates were calculated based on a prelim-
inary survey of D. vexillum biomass present on the
predominant substrata available at each location
(e.g. RK: steel pontoon, exterior netting; NN: wharf
piles, marina berths) (L. Fletcher unpubl. data). The
RK site was in relatively deep water (~30 m depth),
while the NN site was in a shallow (~5 m depth), pre-
dominantly estuarine environment with a large tidal
exchange. We expected that differences between
sites in terms of their environmental characteristics
and the spatial distribution of D. vexillum would
influence the magnitude of recruitment; however, in
this study we were primarily interested in the sea-
sonal patterns in the occurrence of recruitment in
relation to seawater temperature.

To measure Didemnum vexillum recruitment, 5
arrays, each with 3 settlement plates attached, were
deployed from floating structures at each site (n = 15
per sampling period), with arrays spaced approxi-
mately 5 m apart. The settlement plates were made
from roughened black Perspex (20 x 20 cm) and were
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Fig. 1. Study sites within the Nelson and Marlborough

Sounds regions. The 2 study sites used in the Didemnum

vexillum recruitment field study, Nelson (NN) and Ruakaka
Bay (RK), are marked

positioned horizontally within each array and config-
ured to ensure they remained at a constant depth (0.5
to 1.5 m) with respect to the water surface. The plates
were retrieved and replaced weekly from November
2007 through to the beginning of May 2008. Due to
logistic constraints, the sampling period was subse-
quently changed to fortnightly from 7 May 2008 until
the end of sampling in July 2009. At the end of each
sampling period (week or fortnight), the arrays were
retrieved and immediately returned to the labora-
tory for analysis. Using a dissecting microscope, the
numbers of D. vexillum recruits were counted on the
downward-facing surface of each plate, reflecting
the orientation where maximum recruitment occurs
(Valentine et al. 2009). A 2 cm buffer zone around the
edge of each plate was excluded to account for edge
effects (Hurlbert 1984); hence data were recorded as
counts of individuals recruiting to the central 16 x
16 cm (256 cm?) of each plate. The term recruitment
is used here as a measure of the number of newly set-
tled individuals that survive between settlement and
the time a census is taken (Keough & Downes 1982).

Tissue section analysis

At the time of the recruitment study, we also con-
ducted tissue section analysis of Didemnum vexillum
for different larval developmental life-stages. Com-
pared with recruitment studies, tissue analysis is
more straightforward and gives immediate results.
Our goal was to evaluate whether tissue analysis
could provide a sensitive indicator of the potential
for larval recruitment, which would serve as a use-
ful proxy variable for monitoring purposes. Due to
logistic constraints, we undertook this study for the
RK site only. From that site, 5 lobe-shaped D. vexil-
Ium colony tissue samples (<30 cm? area, ~50 g) were
collected every fortnight over the 20 mo sampling
period. Lobe-shaped colonies were preferred as they
generally had less detritus and epibionts associated
with them, and could be sampled without damaging
the embryos. As embryos are brooded within the
tunic beneath the zooids in Didemnum species,
removal of encrusting or 2-dimensional colonies from
the substratum can damage them. Samples were col-
lected from distinct colonies spaced >5 m apart to
ensure independence. Each sample was immediately
preserved in fixative (70 % ethanol, 5% glyoxal) and
transported back to the laboratory.

In the laboratory, 10 cross-sections were excised
from each sample, with a thickness of 1 mm that
ensured the central test region (where the embryos
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Fig. 2. Didemnum vexillum. Colony tissue section photographs: (A) close-up
of a tendril cross-section highlighting individual zooids surrounding colony
perimeter and brooded embryos (e) in the central test region; (B) illustration
tissue section photograph, scale bar = 10 mm; (C) D. vexillum eggs; and (D)
development stages of D. vexillum larvae: early tail bud, late tail bud and
mature larvae (from left to right). Photos A, C and D courtesy of A. Coutts

are brooded) remained intact (Fig. 2A,B). Sections
were taken from different parts of the colony to
ensure a range of tissue was sampled. In total, 45
sampling dates were analysed, with 50 sections
examined for each date (i.e. 5 samples each with 10
subsamples per occasion), yielding a total of 2250
cross-sections. Each section was mounted on a glass
slide and examined for reproductive condition under
a dissecting microscope. All embryos present within
the central test region were assigned to 1 of 4 repro-
ductive stages (e.g. Fig. 2C,D): egg; early tail bud
(small tail budding off from main body, no eyespot);
late tail bud (lengthening of tail, formation of dark
eyespot, possible presence of papillae); and mature
larvae (3 papillae used for attachment to substratum,
defined eyespot visible), and counts of each stage
recorded. A digital photo was taken of each section
with the camera positioned at a standard distance
from the slide, and image analysis (ImageJ; Abramoff
et al. 2004) was used to calculate its total cross-sec-
tional area. The reproductive stage counts were then
standardised to 1 cm? of colony tissue, to allow com-
parison between sampling dates and prevent bias
due to differences in tissue section size (and thus
capacity to produce and brood embryos). Sections
were also scored to 1 of the following 5 categories
according to the highest reproductive stage present:
(1) no embryos present, (2) presence of eggs, (3) pres-

ence of early tail bud larvae, (4) presence
of late tail bud larvae, and (5) presence of
mature larvae. A fortnightly maturity
index (MI) was calculated using the for-
mula of Yoshida (1952):

_ ZnF
N

MI (1)
where F is the reproductive stage (1 to 5
in Didemnum vexillum), n is the number
of sections in stage F, and N is the total
number of sections examined.

Environmental data

Water temperature was measured
hourly for the duration of the study using
a TidbiT v2 Temperature Logger posi-
tioned at 1 m depth at each site. Water
temperature data are reported as either
weekly or fortnightly averages depend-
ing on the sampling period. Maximum
and minimum temperatures during each
sampling period and temperature change
between periods were also calculated. In addition,
day length data for both sites were obtained from the
US Naval Meteorology and Oceanography Com-
mand (USNO 2012).

Statistical analyses

The recruitment count data contained a dispro-
portionately high number of zero values (448 of the
1710 observations = 26.2 %), as well as overdispersion
(variance higher than the mean) in the non-zero
count data. As such, recruitment data at both sites
were analysed using a zero-inflated negative bino-
mial (ZINB) regression model, which assumes that
the population consists of 2 different types of obser-
vation: zero counts, and non-zero counts, which are
modelled using a negative binomial distribution
(Zuur et al. 2009). A range of explanatory variables
were initially examined (temperature, day length,
plate exposure time, Julian day, month, season, year,
site), and highly co-linear variables were omitted.
The Akaike information criterion (AIC) was used for
model selection; the final model was validated
through inspection of the residuals, and consisted of
recruitment counts as the dependent variable, with
temperature, site (NN or RK), and year (Year 1 or
Year 2) as predictor variables.
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Critical temperatures associated with the onset of
Didemnum vexillum recruitment, as well as the sub-
sequent cessation as water temperatures declined,
were also investigated. Data were split into 8 sections
based on site, year and pre-summer or post-summer
phase. The pre-summer phase was represented by
the data sub-group from the onset of recruitment to
its summer maximum, whereas the post-summer
phase extended from this summer peak to the mid-
winter cessation of recruitment. The need to analyse
these 2 different phases separately arose from their
distinctively different recruitment versus tempera-
ture responses. For each site, season and pre- or post-
summer combination, either linear or negative bi-
nomial regression models were fitted to the data
depending on which best described the dataset
structure, as determined through AIC and residual
analysis. These models were used to calculate the
water temperatures at which the predicted recruit-
ment was <1 (reflecting the presence of a single
recruit on 1 settlement plate). A regression model
was not fitted for the pre-summer phase at NN dur-
ing Year 1, as recruitment was already well under-
way when sampling was started at that site.

Differences in the abundances of larval develop-
ment stages were tested using a distance-based per-
mutational analysis (PERMANOVA; Anderson 2001)
based on Bray-Curtis similarity matrices of square-
root-transformed data. The experimental design com-
prised 2 factors: Year (random with 2 levels) and
Season (with 4 levels nested in Year), with water
temperature included as a covariate. Fortnightly
sampling events were assigned to seasons based on
the meteorological calendar, and each contained
data from 3 complete months. Each term in
the analyses was tested using 9999 random
permutations of the appropriate units (An-
derson 2001). Similarity percentage analysis
(SIMPER; Clarke 1993) was used to identify
the percentage contribution of each stage to
observed differences between factors.

The fortnightly MI was related to fort-
nightly average water temperatures using
the Pearson product-moment correlation co-
efficient. Additionally, cross-correlation ana-
lyses were used to compare the temporal 51
trend of MI with recruitment levels meas-
ured in Didemnum vexillum over the course 0
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time lag t measure relationships of the values of the
first series with values of the second series ¢ fort-
nights earlier (negative lags) or later (positive lags).
Multivariate analyses were performed using the soft-
ware PRIMER 6 and PERMANOVA (Clarke & Gorley
2006, Anderson & Gorley 2007). All other analyses
were carried out using software package R version
2.13.2 (R Development Core Team 2011), as imple-
mented in the zeroinfl and MASS libraries.

RESULTS
Environmental data

The average water temperature data showed a re-
gular cyclic annual pattern, although seasonal ranges
differed appreciably between the sites (Fig. 3). Water
temperatures at NN showed a wider seasonal range,
with temperatures higher in the austral summer and
lower over the winter months than at RK. The lowest
average temperature at NN was recorded during the
last month of the study (16 to 29 July 2009; min.
9.1°C; Fig. 3), while the lowest at RK was recorded
during the preceding fortnight (2 to 15 July 2009;
min. 10.4°C; Fig. 3). The highest average water tem-
peratures at both sites were recorded at the be-
ginning of February 2008, with temperatures reach-
ing a maximum of 22.7°C at NN and 18.7°C at RK (30
January to 6 February 2008; Fig. 3). Daylight hours
followed a regular cyclic annual pattern; the shortest
days were recorded in mid-June each year (9:11 h;
Fig. 3), increasing to a maximum length during late
December each year (15:09 h; Fig. 3). Generally, the
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of the study. In cross-correlation, 2 series of Nov
data are lagged with respect to one another
(time lags were in fortnights), and the usual
Pearson correlation coefficient is computed
on the transformed series. Correlations at
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Fig. 3. Weekly average sea surface temperature profiles from study
sites at Nelson and Ruakaka Bay, and recorded day length in Nelson,

New Zealand
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change in seawater temperature lagged 1 to 2 mo
behind the change in day length.

Recruitment patterns in relation to seawater
temperature

A well-defined seasonal pattern of recruitment was
evident for Didemnum vexillum over the course of
the study. Recruitment occurred at both sites over 2
distinct reproductive seasons: November 2007 to July
2008 (Year 1), and October 2008 to July 2009 (Year 2).
At NN in Year 1, recruits were detected from com-
mencement of sampling (28 November 2007), when
the water temperature had already reached a weekly
average of 19.7°C. In Year 2, recruitment com-
menced on 5 November 2008, when the average
water temperature for the previous week was 15.2°C
(Fig. 4A). Recruits were first detected in Year 1 at RK
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on 28 November 2007, when the average water tem-
perature for the preceding week was 15.9°C. The
Year 2 recruitment at RK commenced approximately
a month earlier on 22 October 2008, when the aver-
age water temperature for the previous fortnight was
13.6°C (Fig. 4B). Recruitment levels at RK were con-
siderably higher than NN over the entire sampling
period. The highest recruitment recorded at NN was
in Year 2 on 28 January 2009, with an average of
125.1 + 2.6 (mean + SE) recruits plate™ (Fig. 4A). The
highest recruitment recorded at RK coincided with
this peak at NN (28 January 2009), with an average
of 431.9 + 59.3 recruits plate™ (Fig. 4B). At RK, the
peak in D. vexillum recruitment was concurrent with
the peak water temperature in both years (Fig. 4B).
In contrast, peak recruitment at NN occurred prior to
the peaks in water temperature across both years (3
and 2 wk prior for Years 1 and 2, respectively;
Fig. 4A).

Higher water temperatures were asso-
ciated with higher levels of recruitment
(Fig. 5), and the ZINB regression model
predicting Didemnum vexillum recruitment
levels from average water temperature,
location and reproductive season was highly
significant (chi-squared test, X<25 =2547.7,p<
0.001). All 3 explanatory variables included
were statistically significant in both parts
of the model (p < 0.05; Table 1). Based on
the negative binominal model estimates, the
expected number of recruits per plate was
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predicted to be 1.64 (=exp®4%) times higher
following a 1° rise in the water tempera-
ture, while holding all other variables in
the model constant. The expected recruit-
ment at RK was 20.63 (=exp®°?’) times
higher than the expected recruitment at NN,
assuming constant water temperatures and
within the same reproductive season (Year).
Similarly, the expected recruitment in
8 Year 2 was 4.53 (=exp!°!?) times higher than
6 the expected recruitment in Year 1, assum-
F4 ing constant water temperatures and loca-
2
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tion (Table 1).
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Fig. 4. Didemnum vexillum. Mean number (+SE; n = 15, except for
Ruakaka Bay on 21 May 2008, which was n = 12) of recruits per 256 cm?
and water temperature profile at both the (A) Nelson and (B) Ruakaka
Bay sites. Sampling frequency changed from weekly to fortnightly on
21 May 2008. Error bars on the temperature profile represent the range
of water temperatures (maximum and minimum values) recorded during
that sampling period. Note the differences in scale on both y-axes

Jul

The regression curves fitted to pre- and
post-summer phases accurately modelled
the recruitment data at both sites and years,
evident from the relatively narrow range
(i.e. 95% confidence interval) of predicted
recruitment levels with changes in water
temperature (Fig. 6). Water temperatures
where predicted recruitment levels were
<1 were higher when modelling the onset
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peratures for the post-summer phase were
14.9 £ 0.5°C and 12.0 £ 0.6°C at NN for Year
/ 1 and Year 2, respectively (Fig. 6A). Recruit-
ment was predicted to extend to even lower
temperature at RK, with threshold water
temperatures of 11.5 + 0.1°C and 11.1 =+
0.5°Cin Year 1 and Year 2, respectively (Fig.
6B). Despite the difference between NN and
RK, it is evident that within each location,
the water temperature threshold in Year 2
was cooler than in Year 1.
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Fig. 5. Didemnum vexillum. Relationship between D. vexillum recruit-
ment and water temperature at both the (A) Nelson and (B) Ruakaka
Bay sites during the 2007-08 and 2008-09 reproductive seasons (Year 1
and Year 2, respectively). Note the difference in scale on both the

x- and y-axes

of recruitment, as opposed to the cessation, in all
instances. Recruitment was predicted to begin at
NN when water temperatures reached 13.4 + 0.4°C
(Fig. 6A). This was similar to RK, where the critical
thresholds for recruitment were predicted to be
13.9 + 0.2°C and 12.8 = 0.2°C for Year 1 and Year 2,
respectively (Fig. 6B). By contrast, there was greater
site and year variation in the predicted temperature
thresholds for the cessation of recruitment at the end
of the post-summer phase. The threshold water tem-

/ Tissue section analyses

A distinct overall pattern of seasonality in
tissue reproductive state was shown for all 4
reproductive stages over the 20 mo of study.
Abundances of the 4 larval development
stages (Fig. 7A) and Ml values (Fig. 7B) were
at their lowest levels during the winter
months (July and August) each year, and
peaked in summer. Despite this general pat-
tern, the different metrics showed marked
variation on shorter time-scales. PERMA-
NOVA revealed highly significant tempera-
ture and season (nested in year) effects on
the proportion of different larval stages
present (p < 0.01; Table 2). No significant
differences were found between the 2 years (p =
0.761; Table 2).

The SIMPER procedure revealed that significant
differences between seasons were primarily due to
fluctuations in the proportion of eggs (SIMPER %
contribution ranged from 83.6 to 92.1%). The aver-
age abundance of eggs was high during summer
(22.2 + 2.2 SE), autumn (29.9 + 3.6 SE) and spring
(27.9 + 4.2 SE), with a considerable drop in average
abundance over the winter season (7.6 + 1.9 SE).

20

Table 1. Didemnum vexillum. Maximum likelihood parameter estimates of the multiple zero-inflated negative binomial
(ZINB) regression model fitted to the recruitment count data. Reference factor levels and the dispersion parameter (log [theta])
are indicated. Significant values (p < 0.05) are indicated in bold

Parameter Negative binomial part Zero-inflated part
Estimate (SE) z P Estimate (SE) z P

Intercept —7.248 (0.289) -25.063 <0.001 16.783 (1.190) 14.099 <0.001
Temperature 0.495 (0.014) 34.414 <0.001 -1.179 (0.078) -15.205 <0.001
Site Nelson Reference Reference

Ruakaka Bay 3.027 (0.063) 48.410 <0.001 -0.800 (0.326) -2.450 0.014
Year Year 1 Reference Reference

Year 2 1.510 (0.058) 26.234 <0.001 -1.369 (0.276) -4.961 <0.001

Log (theta) 0.302 (0.041) 7.335 <0.001
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Fig. 6. Didemnum vexillum. Pre-
dicted D. vexillum recruitment with
varying water temperature at both
the (A) Nelson and (B) Ruakaka Bay
sites. Data were split into 8 sections
based on site, year and pre-summer
or post-summer phase. The pre-sum-
mer phase was represented by the
data sub-group from the onset of re-
cruitment to its summer maximum,
whereas the post-summer phase ex-
tended from this summer peak to the
mid-winter cessation of recruitment.
Solid lines represent regression mod-
els fitted to the data to predict re-
cruitment at increasing or decreas-
ing water temperatures. Dashed
lines represent 95% confidence in-
tervals of the recruitment levels and
were derived from the standard error
of the estimated parameters. Water
temperatures where the predicted
recruitment is less than 1 (R < 1) are
indicated where possible (vertical
dashed line). Note the difference in
scale on the y-axis
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Accordingly, MI values also exhibited noticeable de-
creases during late May to early July each vyear,
although there were also distinct short-term declines
during the relatively consistent summer peak of
recruitment (compare Figs. 4B & 7B). Nonetheless,
there was a significant positive correlation between
fortnightly MI and water temperature during the
course of the study (r = 0.7347, df = 43, p < 0.001).

Table 2. Didemnum vexillum. Results of PERMANOVA test-
ing for temporal differences in the abundances of larval
development stages at scales of season and year, and with
water temperature as a covariate. Analyses based on Bray-
Curtis similarity matrices from the square-root-transformed
data. Each term was tested using 9999 random permutations
of appropriate units. Estimates of multivariate variation are
given for each temporal scale. Significant values (p < 0.05)
are indicated in bold

Comparing the time course of MI values to that of lar-
. . . Source df SS MS Pseudo-F p (perm)
val recruitment through cross-correlation analysis
revealed a cyclic annual pattern over the course of Temperature 1 8621.20 8621.20 10.494 0.002
both variables (Fig. 8A). The maximum correlation Year 1 463.78 463.78 0.503 0.761
value was found at time lag +1, indicating that peaks Season (Year) 5 4039.00 807.81 4.294  <0.001
. . Residual 36 6773.20 188.14
in Flssue MI values prgceded, by 2 to 4 wk, the Total 13 1989700
periods of highest recruitment.
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Examination of patterns in the seasonal presence/
absence of the different reproductive stages reveals
important patterns that are less obvious in the tempo-
ral variability of the count data (Fig. 8B). It is evident
that early reproductive stages (eggs, early tail bud,
and late tail bud) are present year-round. Mature lar-
vae were detected on 90% of sampling dates, being
sporadically absent during winter months. However,
there was no extended period of larval absence. By
contrast, recruits were detected on settlement plates
at RK on 80 % of sampling events, with a distinct and
continuous winter period of some 3 mo without any
being recorded (Fig. 8B).

Correlation coefficient

Lag (fortnights)

Wz -+ W20 0

Larvae 4 7 A 01 70 20

Eggs -

Nov Jan Mar May Jul Sep Nov Jan Mar May Jul
08 09
Date

Fig. 8. Didemnum vexillum. (A) Results of the cross-correla-
tion analysis of maturity index (MI) versus larval recruitment
for the corresponding sampling period. Data series were
lagged with respect to one another (time lags = fortnights),
and the Pearson correlation coefficient computed for each
transformed series. Dashed lines represent 95 % confidence
intervals of the correlation coefficient. (B) Patterns in the
seasonal occurrence of larval recruitment as well as the
presence/absence of the different reproductive stages

DISCUSSION
Temporal variation in recruitment at study sites

The Didemnum vexillum populations at our study
sites showed clear seasonality in their reproductive
cycles, with recruitment occurring from late spring
right through to mid-winter each year. This pattern of
reproductive seasonality and peaks in larval recruit-
ment were strongly correlated with water tempera-
ture fluctuations at each location. At RK, there was a
peak in D. vexillum recruitment concurrent with the
peak of surface water temperature in both years,
supporting the previously recognised influence of
water temperature on recruitment patterns (Auker
2006, Osman & Whitlatch 2007, Auker & Oviatt 2008,
Valentine et al. 2009, Sorte & Stachowicz 2011). Our
findings indicate the recruitment season for D. vexil-
lum in central New Zealand is at least 9 mo of the
year, considerably longer than comparable northern-
hemisphere populations (3 to 5 mo). The short period
during winter months when no recruitment was
detected corresponded to surface water tempera-
tures of approximately 12°C or less.

The greater recruitment in Year 2 than Year 1 is
most likely a reflection of the change from a weekly
to fortnightly sampling at the end of the first repro-
ductive season. The approximate doubling of re-
cruitment at the NN site from Year 1 to 2 is consistent
with the doubling of settlement plate exposure time.
By contrast, recruitment at RK was fairly consistent
between years. We hypothesise that the extensive
fouling community immediately adjacent to the ex-
perimental arrays at RK led to the settlement plates
becoming ‘saturated’ with recruits during the 2 wk
deployment. The marine farm structure at RK con-
tains a considerable surface area of artificial substrata
(e.g. steel pontoon, netting, rope) within a relatively
condensed area (0.9 hectare), with available surfaces
heavily colonised by a range of fouling organisms. In
particular, the didemnid ascidian Diplosoma listeri-
anum recruited in very high numbers to the plates at
RK, and grew in a sheet-like morphology that often
covered much of the available surface. Thus, it is con-
ceivable that the plates became space-limited over
the course of each 2 wk deployment.

Onset and cessation of recruitment in relation
to seawater temperature

The onset of Didemnum vexillum recruitment in
our study was associated with slightly lower temper-
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atures than previously assumed from other studies,
with recruits detected when water temperatures
reached ~13°C at one of our study sites. In the Gulf of
Maine, Valentine et al. (2009) first observed D. vexil-
lum recruits at water temperatures in the range of
14.1 to 19.4°C. In nearby Narragansett Bay, Rhode
Island, recruitment was detected at the considerably
higher temperatures of 18.4, 19.7 and 22.5°C at 3 dif-
ferent sites (Auker & Oviatt 2008). It has been sug-
gested that fluctuations in water temperature may
limit the onset, but not the decline, of reproduction
in ascidians (Millar 1971). In the post-summer period
in our study, larvae consistently continued to recruit
at temperatures below the onset temperature, with
11.1°C being the lowest average temperature where
recruits were detected. Larvae in the Gulf of Maine
study (Valentine et al. 2009) also continued to recruit
at temperatures below the temperature of initial
appearance, with recruitment ceasing at tempera-
tures in the range of 9.3 to 11.3°C, slightly lower than
our findings of 11.1 to 11.5°C.

The length of a species’ reproductive season can be
affected by preceding periods of unusually cool or
warm water temperatures (Cerrano et al. 2000, Coma
et al. 2000). Previous studies have indicated that
warmer winter temperatures can result in earlier
recruitment of Didemnum vexillum as well as overall
higher summer abundances (Gittenberger 2007, Va-
lentine et al. 2007a). D. vexillum colonies generally
undergo periods of degeneration during the colder
winter months, with colonies becoming smaller and
more 2-dimensional in morphology. This winter hi-
bernation or dormancy is characterised by a marked
decrease in investment in secondary production (i.e.
growth and reproduction) over this period (Coma et
al. 2000). Valentine et al. (2009) hypothesised that the
degree to which colonies degrade in the cool season
influences the length of time they require to regen-
erate, reproduce sexually, and brood and release
larvae. They proposed that owing to this, larvae will
be released at the end of a developmental period as
water temperatures warm, not necessarily when a
particular water temperature is reached.

In the Netherlands, unusually warm winter temper-
atures were thought to be the main reason for a dra-
matic population increase in Didemnum vexillum in
1998 (Daniel & Therriault 2007). In 1997, the minimum
water temperature was —2°C, while in the following
year it only dropped to 4°C. Thus, those authors sug-
gested that colder winter temperatures could have
been limiting colony success. A similar result has
been documented for Diplosoma listerianum, which
fails to recruit at all if mean water temperatures for

the preceding winter drop below ~4°C (Osman et al.
2010). Based on population observations in the
Netherlands and the USA, it has been suggested that
4°C may be a critical lower temperature that limits the
spread or growth of Didemnum vexillum colonies
(Daniel & Therriault 2007). Extremely high water tem-
peratures have also been shown to reduce the growth
of Didemnum vexillum colonies (Gittenberger 2007,
McCarthy et al. 2007), thus higher than optimal sum-
mer temperatures could also restrict development and
reproduction of this species. Sea surface water tem-
peratures in central New Zealand show less annual
variation than those documented for the northern-
hemisphere populations of Didemnum vexillum (ca.
10 to 23°C in the present study). It is possible that the
reduced seasonal range of temperature, and the lack
of associated regulation of reproductive output, is a
key factor that explains the extended reproductive
season of this species in this study.

It is apparent from our study, and others cited
above, that temperature thresholds for recruitment
of Didemnum vexillum are inconsistent both within
adjacent regions and among different locations glob-
ally. Nonetheless, overall patterns in the seasonal
relationship between water temperature and recruit-
ment in this species are similar in all cases. Although
the duration of the recruitment period varies consid-
erably, seasonal peaks in relation to increased water
temperatures are generally consistent among loca-
tions. In a similar manner, temperature thresholds for
the onset and cessation of D. vexillum recruitment
vary to some extent between locations globally. How-
ever, the general pattern is consistent with higher
temperatures required at the onset of recruitment as
opposed to the cessation at the end of the reproduc-
tive season. In the present study, the variation in the
predicted temperature thresholds for this cessation of
recruitment (between sites and years) suggests that,
while seawater temperature is clearly important,
additional factors may also influence recruitment
patterns in D. vexillum.

Additional factors driving recruitment variation

Strong site differences in recruitment between NN
and RK were consistent across both years. Consider-
ably lower recruitment at NN is consistent with the
fact that source population biomass at that location
was considerably less than at RK, and was spread
over a wider geographic area. Such findings are in
line with expectations regarding the role of propagule
pressure in invasion success (Leung & Mandrak 2007,
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Lockwood et al. 2009), with sites containing source
populations of a greater biomass likely to have pro-
portionately greater recruitment success. Addition-
ally, the NN site is in a predominantly estuarine envi-
ronment with localised salinity variations potentially
influencing recruitment success at this site. Colonial
ascidian colonies can often tolerate wide fluctuations
in salinity; however, they are rarely found in salinities
<25 (Millar 1971, Vazquez & Young 2000, G. Lambert
2005). The NN site is located approximately 1.5 km
from the mouth of a river. Although typical dry
weather flows in the river are low (<1 m®s™!) and sur-
face salinity adjacent to the NN site is typically 32 to
33, flood flows (mean: 85 m® s™!) can reduce surface
salinity to as low as 20 (B. Forrest unpubl. data). Con-
ceivably, such events could reduce recruitment suc-
cess at the study site, although they clearly do not
prevent it. By contrast, the RK site was unlikely to
have been affected by salinity variation, as it has no
significant freshwater source nearby.

Fluctuations in other environmental factors such as
nutrients, dissolved oxygen and pollutant levels may
also influence marine invertebrate reproduction pro-
cesses (Thorson 1950, Giese 1959, Rivkin 1991), and
it can be difficult to solely attribute changes in bio-
logical responses to a single variable (Coma et al.
2000, Brockington & Clarke 2001). For example, sea-
sonal fluctuation of food availability (primarily phyto-
plankton and suspended organic matter), in con-
junction with temperature, are considered crucial to
the dynamics of benthic suspension feeders in many
temperate coastal communities (Coma et al. 2000).
Reproduction investment per zooid is high in species
with small zooid size (e.g. didemnids) within the
colonial ascidians (Tarjuelo & Turon 2004) and, as
such, seasonal energetic constraints may affect
sexual reproduction in this group. Fluctuations in
chlorophyll a were found to be correlated with Di-
demnum vexillum recruitment patterns at 1 of 3 sites
examined by Auker & Oviatt (2008); nonetheless, in
that study, water temperature was shown to be the
most important environmental variable. Hence,
although a range of factors may be important in the
reproductive seasonality of D. vexillum, we suggest
that seawater temperature provides both a useful
and practical indicator for monitoring and assessing
recruitment risk in an aquaculture context.

Seasonality of larval development

The larval development of Didemnum vexillum at
RK followed a distinct seasonal pattern that, like

recruitment, was correlated with water temperature.
There was a marked decrease in egg abundance
over the colder winter months, with abundances of
the remaining 3 stages also exhibiting smaller fluc-
tuations in line with seasonal changes. While no
previous studies have examined the relationship
between water temperature and larval production in
D. vexillum, our results are supported by similar
research on other colonial ascidian species. A strong
relationship between water temperature profiles and
peak embryo production was found for the brooded
larvae of 3 species of Aplidium from the west coast of
Scotland (Millar 1958, 1971). Similarly, the colonial
ascidian Metandrocarpa taylori showed strong sea-
sonal peaks in the occurrence of brooded larvae on
the California coast (Haven 1971). Interestingly, in
the present study, there was no extended period of
larval absence over the entire sampling period, with
mature larvae detected on 90 % of sampling dates at
RK. By contrast, recruits on settlement plates at RK
were detected on only 80% of sampling occasions,
with a distinct and continuous absence over the win-
ter period. As such, it appears that despite the poten-
tial for recruitment being indicated by the presence
of mature larvae, recruits are not being detected in
the field.

Implications for shellfish aquaculture
risk management

Patterns of seasonal reproduction in Didemnum
vexillum illustrated here have implications for the
commercial culture of green-lipped mussels in our
study region. Accumulated biofouling on mussel
lines often presents a serious operational challenge
to farm managers and can negatively affect farm
productivity (Gretchis 2005, McKindsey et al. 2007,
Daigle & Herbinger 2009, Davis & Davis 2010).
Patterns of biomass accumulation for D. vexillum in
this region closely follow the recruitment patterns
described in the present study (L. Fletcher unpubl.
data); following settlement, individual recruits can
undergo rapid expansion through asexual budding
of zooids to form substantial colonies. Population bio-
mass of this species is highest over the summer
period, with colonies typically undergoing a winter
regression, as observed in other locations globally
(e.g. Valentine et al. 2007a). Periods of increased
recruitment and growth of D. vexillum will influence
the level of connectivity and potential spread of
established populations, with higher biomass leading
to increased propagule pressure. Information on
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reproductive seasonality and colony development of
D. vexillum is therefore essential for effective timing
of mitigation techniques, as well as for developing
vector management plans (e.g. movement of boats
and seed stock) to prevent secondary spread from
infected locations.

Both the settlement plate and colony tissue section
sampling methods used in the present study pro-
vided valuable information on the reproductive sea-
sonality of Didemnum vexillum. Both methods could
be easily applied in an aquaculture industry setting;
however, the preferred method would depend on
whether managers were interested in solely detect-
ing recruitment potential or documenting the magni-
tude involved. The possibility of detection issues with
the settlement plate method, with perhaps very low
levels of recruitment being missed during the winter
months, means tissue section analysis may provide
more reliable results for less effort, or at least a
more conservative estimate of recruitment potential.
Although tissue section analysis would not reliably
reflect the magnitude of recruitment during the
reproductive season, our cross-correlation analysis
showed a 2 to 4 wk lag in peaks in recruitment levels
when compared to MI values. As such, tissue analy-
sis could provide an early warning of the onset of
spawning at the beginning of the season.

Monitoring using either method would provide
relatively simple means for the shellfish industry to
track the risk of their seed-stock and crops becoming
infected by Didemnum vexillum. Such knowledge
would enable the industry to mitigate the adverse
effects of D. vexillum fouling through management
of farm operations around seasonal windows of risk.
In our study area, which is New Zealand's most
important region for mussel culture, shellfish crops
are vulnerable to D. vexillum infestation for at least
9 mo of the year, and probably longer based on the
results of tissue section analysis. This duration is con-
siderably longer than was previously believed for the
region, meaning that opportunities for management
are less than once envisaged. However, the same
management principles can be applied to other loca-
tions and other fouling species. For example, future
mussel industry plans in New Zealand involve hold-
ing hatchery-reared spat in the sea for short-term
grow-out (3 to 4 mo) before distribution to different
growing regions nationally. Knowledge of seasonal
fouling recruitment windows could be used to min-
imise risk to the spat, which is a relatively vulnerable
stage in the industry production chain. Furthermore,
by reducing fouling risk during short-term grow-out,
there will be a concomitant reduction in the likeli-

hood that high-risk species will be inadvertently
spread among growing regions as a result of inter-
regional spat transfers.
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