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Abstract:

Large amplitude variations in recruitment of small pelagic fish result from interactions between a
fluctuating environment and population dynamics processes such as spawning. The spatial extent and
location of spawning, which is critical to the fate of eggs and larvae, can vary strongly from year to
year, as a result of changing population structure and environmental conditions. Spawning habitat can
be divided into 'potential spawning habitat', defined as habitat where the hydrographic conditions are
suitable for spawning, 'realized spawning habitat', defined as habitat where spawning actually occurs,
and 'successful spawning habitat', defined as habitat from where successful recruitment has resulted.
Using biological data collected during the period 2000-2004, as well as hydrographic data, we
investigate the role of environmental parameters in controlling the potential spawning habitat of
anchovy and sardine in the Bay of Biscay. Anchovy potential spawning habitat appears to be primarily
related to bottom temperature followed by surface temperature and mixed-layer depth, whilst surface
and bottom salinity appear to play a lesser role. The possible influence of hydrographic factors on the
spawning habitat of sardine seems less clear than for anchovy. Modelled relationships between
anchovy and sardine spawning are used to predict potential spawning habitat from hydrodynamical
simulations. The results show that the seasonal patterns in spawning are well reproduced by the
model, indicating that hydrographic changes may explain a large fraction of spawning spatial
dynamics. Such models may prove useful in the context of forecasting potential impacts of future
environmental changes on sardine and anchovy reproductive strategy in the north-east Atlantic.
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INTRODUCTION

Defining the Spawning habitats

Although small pelagic fish spawning habitats have been the central focus of a large
number of studies, a clear definition of spawning habitats is often lacking and different
authors have used the same terminology for concepts that can radically differ in terms of
ecological understanding. The most common, and often implicit definition of spawning
habitat is "geographical location where eggs are found" (see e.g. Daskalov et al., 2003,
Lynn, 2003) which can be directly derived from egg surveys. Another definition which
is also often not explicitly stated is "set of environmental conditions that are suitable for
spawning" (see e.g. Checkley et al., 2000, van der Lingen et al., 2001). The use of the
term "spawning habitat" for these two definitions often depends on the state of
advancement of the observation (field sampling) and understanding of the relationships
between spawning adults and their environment. The terminology may also be used for
the two definitions in the same publication. The related terminology "suitable spawning
habitat" which often refers to the fate of eggs could be stated "region where the
conditions are suitable for eggs and larvae survival" (see e.g. Bakun, 1996, Agostini and
Bakun, 2002) and is related to the habitat suitability of Fretwell (1972): "the average
potential contribution from that habitat to the gene pool of succeeding generations of the
species". The set of hypotheses, the physical and biological processes involved as well
as the means of investigations necessary to study spawning habitat will vary greatly

depending on the underlying definition of what is the "spawning habitat".

To clarify the nature of the spawning habitat studied, we have separated spawning
habitat into three distinct components. Each habitat component has specific
characteristics which may depend upon the abiotic and biotic environment, population
structure and observation techniques. The methods available to study each habitat
component may also be specific. A schematic representation of the three habitat
components is given in Figure 1. This distinction between habitat components has been
proposed during the GLOBEC-SPACC (Global Ocean Ecosystem Dynamics — Small
Pelagics and Climate Change) workshop on spawning habitat and assessment of small

pelagic fish (van der Lingen and Castro, 2004):
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Potential spawning habitat:

"Habitat where the environmental conditions are suitable for spawning". The
potential spawning habitat may be seen as the largest envelope of spawning habitat.
Based on environmental characteristics, it defines the set of conditions that a given
species may find suitable for spawning. Spatial and seasonal extent of potential
spawning habitat will be primarily affected by variability in climate and the
environment. It can not be observed directly from individual regional field cruises
which are more suited to study "realised spawning habitat" (see below). To define
potential spawning habitat it is necessary to observe spawning in all possible
suitable environmental conditions. In practice, defining potential spawning habitat
requires that data collected over a wide range of environmental conditions are
collated. These data have to include information on areas and seasons when
spawning does not/never occur. Experimental results on the biological and
physiological characteristics of a given species can also be used to define its
potential spawning habitat. Potential spawning habitat can still be defined for areas
where a population has collapsed and no spawning actually occurs. Potential
spawning habitat has some similarities with the "basin" model of McCall (1990).
However, the potential spawning habitat depends on spawning, but not on the
contribution to population growth rate, i.e. subsequent recruitment, as is the case in
McCall's basin model. Recruitment related issues will be considered in the

"successful spawning habitat" below.
Realised spawning habitat

"Habitat where spawning actually occurs". The realised spawning habitat is defined
by the region where fish actually spawn in a given year at a given time. It is
bounded by the potential spawning habitat. Factors that affect the location and
extent of realised spawning habitat are primarily related to adult population size and
structure as well as density dependent processes. The extent to which fish will use
the potential spawning habitat will depend upon the number of mature fish, their
age, migration, mating behaviour, and other population traits, as well as possible
interaction with other populations in the same areas (predators, competitors and
preys). Density dependent habitat selection (DDHS, MacCall, 1990) will be
primarily related to realised spawning habitat. The realised spawning habitat is the

one generally observed during egg surveys. It is expected that realised spawning
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habitat will display larger year-to-year fluctuations than will potential spawning
habitat. Note that comparing directly observed realised habitat with environmentally
based potential habitat may in most cases not make sense, since there is no reason a
priori that a given population will fully occupy the available potential habitat in a

given year.
3. Successful spawning habitat

"Habitat where fish have spawned and from where successful recruitment has
resulted". The successful spawning habitat is defined by the fate of eggs spawned
into it. It is bounded by the realised spawning habitat (and consequently by the
potential spawning habitat). Factors that affect realised spawning habitat are factors
that will affect eggs, larvae and juveniles after spawning has taken place. The
successful spawning habitat can not be observed at the time of spawning but only
after young fish enter the population as recruits. It has to be inferred from
information on juveniles and young adults. The successful spawning habitat can also
be studied by numerical modelling (and in particular IBM models) by following

cohorts or individuals and their environment during their early life stages.

The present study focuses on possible ways to define and model anchovy and sardine
"potential spawning habitat" in the Bay of Biscay. The issues related to realised and

successful habitat will be briefly discussed.

Anchovy and sardine spawning habitats in the Bay of Biscay

The study of anchovy and sardine populations in the Bay of Biscay goes back at least to
the early 20" century (Fage, 1911, Furnestin, 1945), but it is only in the early 1960s that
systematic sampling of sardine and anchovy eggs and larvae over most of the Bay of
Biscay continental shelf was undertaken (Arbault and Boutin, 1967). These surveys
were carried out and used by Arbault and Lacroix (1971, 1977) to produce the first
description of sardine and anchovy spawning in the area. The geographical occupation
of sardine and anchovy extends beyond the Bay of Biscay, with sardine ranging from
the western African coast (Furnestin and Furnestin, 1959, Ettahiri et al., 2003) to
southern Norway (Parrish et al., 1989) and anchovy ranging from western Africa (5°N)
to the northern North Sea (Reid, 1966, Anonymous, 1985). However, the two
populations appear in substantial quantities in the Bay of Biscay and both spawn in the

area. The spatial and seasonal extent of spawning in the Bay of Biscay has been



10

15

20

25

30

reviewed and re-analysed in Bellier et al. (submitted). They have shown that for the two
species, spawning areas can be divided into recurrent (or refuge) sites where spawning
is observed every year and optional sites where the probability of spawning varies
greatly from year-to-year. In addition, it appears that the average spawning region has
moved from the 1960-70s to the present period 2000-2004, possibly as a result of

environmental changes.

Anchovy

Anchovy spawning occurs preferentially close to the coast and sometimes at the
shelf break or in oceanic slope water eddies (Motos ef al., 1996). Spawning season
extends from March to August with a maximum intensity between May and June.
Intensity of spawning appears to be constrained by thermal environment: Arbault
and Lacroix (1977) have reported anchovy spawning within a thermal window of
14-20°C, Sola et al. (1990) have found a thermal window of 16.5-19°C whilst
according to Motos ef al. (1996) the thermal range is between 14 and 18°C. In other
regions the thermal constraints may be slightly different, for example van der
Lingen et al. (2001) reports thermal range of 17.4-21.1°C in the Benguela region.
In his world-wide analysis of anchovy distribution, Reid (1966) argues that the
genus Engraulis is found from estuaries to high salinity waters, so that it is
associated with coastal areas rather than with water of a given salinity range. Whilst
river plumes (i.e. low salinity) appear to be recurrent preferential areas for
spawning, anchovy also spawns in other areas such as slope water eddies or shelf
break which are characterised by high salinity throughout the water column.
Although there is a converging set of evidence that increase in river runoff is
associated to increase in anchovy recruitment (see Lloret et al., 2004 and references
therein), the association between anchovy spawning and salinity is less obvious
than for temperature and the influence of salinity on anchovy spawning distribution
is still a matter of debate. Stratification, retention and plankton production have
been proposed as other controlling factors for anchovy spawning (or spawning
success) in the Bay of Biscay (Motos ef al., 1996). However, there has yet been no

quantitative assessment of the link between these factors and anchovy spawning.

Finally, spawning habitat appears to depend (1) on seasonal timing, with adults
migrating north and west as season progress (Uriarte ef al., 1996) and (2) on adult

population size with spawning habitat extent increasing with adult population size
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(Motos et al., 1996). This latter effect is directly related to "realised", rather than

"potential" spawning habitat.

Sardine

In the Bay of Biscay, sardine spawning occurs within a thermal window of 12.5-
15°C according to Sola et al. (1990) and of 10-16°C according to Arbault and
Lacroix (1977). The spatial distribution of sardine is generally more widespread and
fragmented than that of anchovy. Optimal temperature for spawning sardine can
vary greatly between regions and between studies. In the North Pacific the thermal
range for Sardinops sagax is often given as about 13.5-17°C (Tibby, 1937,
Ahlstrom, 1965, Parrish et al., 1989, Lluch-Belda et al., 1991), although Hammann
et al. (1998) report much warmer temperature range of 16.9-20.8°C and conversely
Lynn (2003) report spawning occurring in colder temperature of 12-13°C off
southern and central California. In the Benguela upwelling system, the range of
temperature for spawning sardine (Sardinops sagax) is bimodal, with a major peak
at 15.5-17.5°C and a secondary peak between 18.7 and 20.5°C (van der Lingen et
al., 2001). In south Pacific waters, Ward and Staunton-Smith (2002) report
spawning temperature range of 14-23°C. Off the Moroccan coast (north west
Africa) Sardina pilchardus spawning is observed within the temperature range 16-
18.5°C (Furnestin and Furnestin, 1959, Ettahiri et al., 2003). The seasonality of
spawning appears to vary with latitude as a result of latitudinal gradients in sea
surface temperature regimes (Stratoudakis et al., 2004). The impact of salinity has

been little described for sardine populations.

Objectives of the study

In the present study, we attempt to define the set of hydrographic conditions that are
suitable for spawning of sardine and anchovy populations, i.e. to define the potential
spawning habitat of sardine and anchovy in the Bay of Biscay. To do so, we aggregate
data on fish egg and hydrology collected during five spring surveys (2000-2004) in the
Bay of Biscay. The presence of eggs (modelled as a probability of presence as in Bellier
et al., submitted) is then related to hydrographic conditions by generalised additive
modelling. Our intention is to test whether our observations during the period 2000-
2004 confirm previous conclusions on the possible influence of salinity and temperature

on sardine and anchovy spawning habitat. In addition, we investigate the possible role



of other hydrographic parameters related to water column stratification, on the potential
spawning habitat of the two species. Finally, we show how this information can be used
to represent potential spawning habitat on the basis of simulated hydrographic fields, as
a first step towards predicting spawning habitat changes under possible climate

scenarios.



10

15

20

25

30

DATA AND METHOD

The PELGAS cruises 2000-2004

Since 2000, large scale cruises covering most of the Bay of Biscay continental shelf
along the French coast have been carried out during spring. These cruises are primarily
designed for the acoustic assessment of small pelagic fish stocks in the area. However, a
number of additional data are collected, which include fish egg and larvae sampling,
hydrology, phytoplankton and zooplankton sampling, sea mammals and sea bird

observations. In the current study, we have used fish egg and hydrographic data.

Due to operational and logistical constraints, the cruises have taken place at different
dates every year: 17" April to 14™ May in 2000, 28" April to 4™ June in 2001, 10" May
to 5™ June in 2002, 30™ May to 24™ June in 2003 and 27" April to 24™ May in 2004. As
this is the period during which thermal stratification establishes and river runoff
diminishes, slight changes in the timing of cruises can have a large impact on the

hydrographic conditions encountered.

The cruise track showing the location of CUFES samples and Hydrographic stations in
2004 is shown in Figure 2. Cruise tracks for 2000, 2001, 2002 and 2003 are similar
(although not strictly identical) to the one in 2004.

Collection of egg samples — data processing

Continuous fish egg sampling was performed using a CUFES (Continuous Underway
Fish Egg Sampler, Checkley ef al., 1997), mounted outboard of the R/V Thalassa. The
CUFES continuously pumps sea water at 3m depth at a rate of about 500 1/min (8.3.10
’m’.sT). The eggs are concentrated into a small volume of water and samples are
collected every 20 minutes. A sample approximately corresponds to 10 m® of filtered
sea water whilst the ship has covered a distance of about 3 nautical miles (5.5 km). The
exact pump flow rate and duration of sampling are recorded. After collection, the eggs
are identified to species level for sardine and anchovy and are counted. The results are
standardised to egg concentration i.e. "number of eggs per 10 m’ of filtered sea water".
The distribution of egg presence in the Bay of Biscay derived from CUFES sampling is
limited to the subsurface layer where water is pumped (3m). However, the vertical
distribution of fish eggs in the water column is rarely uniform or random (Coombs et

al., 1985, Stenevik et al., 2001, Boyra et al., 2003) so that CUFES estimates may not
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truly reflect egg abundance in the water. To limit the discrepancies between true and
observed egg abundance, the analysis was restricted to egg presence/absence as in most
cases, when eggs were sampled with a vertical net (WP2, 200 microns mesh-size,
bottom to surface haul), they were also found in CUFES samples. We envisaged the use
of numerical models to simulate the vertical distribution of fish eggs in the water
column. However, there are major difficulties is following such approach because (1)
current models are designed to simulate egg abundance rather than egg presence, (2)
different sets of models based on steady state solutions (Sundby, 1983, Boyra et al.,
2003) or dynamic solutions (Westgard, 1989) do not provide identical results and (3)
recent results suggest that egg density may vary between years (Petitgas et al., 2004)
but data on egg density of sardine and anchovy were not available for the period of
study. As a consequence the modelling of egg vertical distribution was not undertaken

and the results of this study only refer to subsurface egg presence/absence.

Collection of hydrographic data — data processing

Hydrographic profiles (temperature, salinity, density) were realised at fixed stations at
night using a CTD probe. The number of stations realised has slightly varied between
years. From each CTD profile, six parameters were derived: surface and bottom
temperature, surface and bottom salinity, potential energy deficit and mixed layer depth.
Potential energy deficit, which is a measure of vertical density stratification was
calculated as in Allain et al. (2001). Mixed layer depth was estimated using a two-layers
model as in Planque et al. (2004). When vertical profiles exceeded 100 m depth, only
the first 100 metres were retained for the analysis, as some external sensors mounted on

the probe did not always allow for deeper sampling.

Cartography of fish egg and hydrographic data

Fish egg and hydrographic data were interpolated on the same spatial grid to allow
direct comparison of the two types of data. The cartography of the probability of egg
presence was performed as in Bellier e al. (submitted). Egg concentrations were
transformed to presence/absence binary data, before being interpolated on a regular grid
of 1/8" degree by ordinary point kriging (Matheron, 1962, Cressie, 1993). The
cartography of the six hydrographic parameters was also performed by kriging on the
same regular grid of 1/8" degree. Kriged data for fish eggs and hydrographic parameters
were used as input to the Generalised Additive Model fitting.

10
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Potential habitat defined from Generalised Additive Model fits

Individual predictor fits

The definition of potential spawning habitat is based on the existence of a relationship
between hydrographic factors and the probability of egg presence. Prior to modelling
potential spawning habitats, the kriged data (i.e. interpolated probabilities of egg
presence and interpolated hydrographic predictors) from all years have been pooled in a
single table. Generalised additive models (GAMs, Hastie and Tibshirani, 1990)
constitute a practical method for fitting smoothed curves to sets of data with single or
multiple predictor and single response variable. In a first step, we have used GAM
models with single predictors to identify the relationships between individual
hydrographic predictors and the probability of egg presence. The selection of the GAMs
smoothing predictors was done following the method proposed by Wood and Augustin
(2002), using the 'mgcv' library in the R statistical software (R Development Core
Team, 2004). The output of the GAMs are smoothed fits for each hydrographic
predictors. The individual models can not be tested for significance using the p-values
provided by 'mgcv' library since the true number of degrees of freedom is unknown, and
probably much smaller than the one used to compute the p-value due to strong spatial
autocorrelation in the data. However, each fit can be analysed with regards to the level
of deviance explained (0-100%, the highest, the better), the Generalised Cross
Validation score (GCV, the lowest the better) and the confidence region for the smooth
(which should not include zero throughout the range of the predictor). The predictors

can be ranked according the above criteria, so that the best model can be selected.

Multiple predictor fits

GAMs allow for fitting a single response variable (here, the probability of egg presence)
to multiple predictors (here, the hydrographic predictors). On the basis of predictor
ranking performed above, we have constructed series of GAMs of increasing
complexity to model the probability of egg presence for sardine and anchovy. The best'
models for sardine and anchovy are again selected on the basis of GCV and level of
deviance explained. These models form the basis of the potential habitat prediction (see

below).

11



Prediction of potential spawning habitat from hydrodynamical simulations

Using the GAMs (constructed from observed egg distributions and hydrographic
situations) it is possible to predict the probability of egg presence from a new set of
hydrographic predictors. We have made such attempt using hydrographic results for
hydrodynamical simulations. The simulations are generated by a MARS3D, a 3D
hydrodynamical model covering the Bay of Biscay continental shelf. The model has a
Skm horizontal resolution and 10 vertical layers in sigma coordinates. A detailed
description of the model properties is given in Lazure and Jégou (1998) and Planque et

al (2004).

12
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RESULTS

Egg distribution

The distribution of anchovy eggs is generally confined to the southern part of the Bay of
Biscay continental shelf. There is a large degree of interannual variability in anchovy
egg distribution. For example, the spatial distribution in 2003 is patchy and spreads over
most of the shelf whilst in 2004 it is much narrower and concentrated along the southern
coast of Les Landes and the Adour, Gironde and Loire estuaries (Fig. 3). Distribution of
sardine eggs can extend throughout the area covered by the survey, i.e. the Bay of
Biscay continental shelf. Eggs can be found at the southern and northern bounds and in
coastal as well as shelf break areas. As in the case of anchovy, there is a high degree of

interannual variability of the location and extent of sardine egg presence.

Hydrology

The distribution of sea surface temperature (SST, Fig. 4a) reflects the state of thermal
stratification during the cruise. In 2000 and 2004 warmer temperatures were recorded in
the northern part of the shelf as this area was visited at the end of the cruise, once
stratification had taken place. In 2001, the sampling plan was reversed, with the
southern part of the shelf visited during the second part of the cruise. This explains the
apparent strong temperature gradient observed around 47N. In 2003 the cruise took
place after the onset of thermal stratification and all SST display high values. Bottom
temperatures display less interannual variability. The characteristic features are the
presence of the "cold pool", a cold (<12°C) bottom body of water (Vincent and Kure,
1969, Puillat et al., 2004) visible in the northern part of the shelf in 2000, 2002 and
2004, and warm coastal water strips in 2001-2004 (Fig. 4b). The distribution of surface
salinity (Fig. 4c) is related to the Loire and Gironde river outflows which have greatly
varied during the five years. A maximum runoff in 2001 is visible with low salinity
extending far out on the shelf and a low salinity water lens located in front of the
Gironde estuary. Bottom salinity is not directly related to surface salinity and generally
follows a the bathymetry towards the shelf break (Fig. 4d). The mixed layer depth
(MLD, Fig. 4e) is also conditioned by local bathymetry with greater MLD in deeper
waters. However, the geographical extent and location of maximum MLD along the
shelf break vary between years, as seen for example in 2001 (maximum MLD around

47°N) and in 2000 and 2004 (maximum MLD around 45°N). The potential energy

13
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deficit (PED) reflects the combined thermal and haline stratification and is greatly
variable between cruises (Fig. 4f). In 2000, the high PED in the north reflect thermal
stratification towards the end of the cruise. In 2001 the northern stratified lens reflects
thermal stratification in addition to the presence of low salinity water extending off the
coast. The southern stratified lens is mostly the result of very low surface salinity in
front of the Gironde estuary. In 2002, the averaged PED values reflect the average
surface salinity and temperature distributions. In 2003 the late timing of the cruise
combined with abnormally warm temperatures resulted in strong thermal stratification.
Similarly, in 2004 the PED is parallel to the distribution of surface temperatures but

with much lower values.

In summary, the five cruises have taken place in contrasted hydrographic situations as a
result of changes in individual cruise timing and meteorological conditions (e.g. high
precipitation in 2001, strong solar heating in 2003). The six hydrographic parameters
chosen provide complementary information and although they can be well structured in

space (spatial autocorrelation) they are not strongly correlated with each other.

Relationships between egg presence and individual hydrographic predictors

Temperature

The link between temperature and the spawning of anchovy is clearly visible (Fig. 5a,c
left) with spawning mostly occurring in waters of 14.5-19°C at the surface and 12-15°C
at the bottom. The upper temperature limits can not be clearly defined from the GAM
plot as the coefficient does not decrease towards value significantly lower than zero.
The lower bottom temperature limit is evident, with a sharp decline in coefficient values
below 12°C. The influence of temperature on the potential habitat of sardine is also
visible (Fig 5a,c right). There appear to be a thermal preferendum around 12.5-15°C at
the surface. For bottom temperature the response is bimodal with a first mode around

11.75°C, and positive coefficients values beyond 12.5°C.

Salinity

Anchovy eggs are found preferentially in waters with low surface salinity (<34 Fig. 5d
left) with almost a monotonic decline towards high salinity values. The influence of
bottom salinity is less obvious although there is a decline in the GAM function with

increasing salinity (Fig. 5b left). A small peak is observed for high salinity (around

14
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35.5) probably related to spawning observed in the region of the shelf break. For sardine
the effect of surface salinity appears bimodal with ranges of <33.5 and >35.25 (Fig 5d
right), this latter value corresponding to open ocean conditions. The bottom salinity
situation (Fig. 5b right) is contrasted with a single mode around 34.25-35.25 and no

secondary peak for high bottom salinity values.

Stratification

Anchovy spawning is related to mixing depth, with greater egg presence in shallow
mixed layer conditions (Fig. 5e left). Eggs are generally found in very low number in
waters with mixed layer depth greater than 50m. This is combined with a preference for
either weakly stratified (PED < 30 J) or highly stratified waters (PED > 110 J, Fig. 5f
left). The combination of shallow mixed layer depth and high stratification corresponds
to river plume waters with strong and shallow haline stratification. The high values of
the GAM for unstratified waters corresponds to tidally mixed coastal waters. The
situation for sardine is almost reversed, with egg abundance decreasing as stratification
increases (Fig 5f right) and eggs found throughout the range of mixing depths with
higher presence probabilities for either deep or very shallow mixed layers (Fig. Se

right).

Ranking of hydrographic predictors

Aside from the shape of the relationship between a given predictor and egg presence, it
is possible to rank the hydrographic predictors according to the percentage of deviance
they can explain and the GCV scores of the GAM models (Table 1). For anchovy, the
predictor that can best explain egg presence is bottom temperature, with the highest
deviance (35%) and lowest GCV score (0.508). Following predictors are surface
temperature and mixed-layer depth and to a lesser extent surface salinity. Bottom
salinity and potential energy deficit seem to have a more marginal link to egg presence,
with percentage of deviance explained of less than 10%. The situation is not as clear for
sardine, with all hydrographic predictors having close values of both percentage of
deviance explained and GCV scores. The generally lower values of deviance explained
for sardine compared to anchovy suggest that hydrographic influence on sardine

spawning areas is more limited than for anchovy.
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Multiple predictor GAMs

GAMs with increasing number of predictors (1 to 6) have been constructed. For each
level, all possible arrangements of predictors were tested and only the best combination
(i.e. with the lowest GCV score) was retained. The results of these models are presented
in Table 2. For anchovy, the quality of the models increases up to 5 predictors, although
little is gained beyond the 3-predictors model which includes bottom temperature,
surface salinity and surface temperature. For sardine, there is a regular increase in
model quality (both in terms of GCV and deviance) as the number of predictors
increases, and the best model includes all hydrographic predictors. The overall
percentage of deviance explained is always lower than for anchovy, a result consistent

with previous observations on single predictor models.

Model simulations

Using hydrodynamical simulations for year 1999, we have extracted the 6 hydrographic
descriptors and used them for the prediction of egg presence probability. For anchovy,
the model with 3 predictors was retained, whereas for sardine all 6 predictors were used,
for the reasons given above. Predictions were restricted for areas less of 1000m depth.
When modelled hydrographic predictors were outside the range of observed values, no

prediction for egg presence probability was estimated.

The modelled potential habitats for sardine and anchovy during spring 1999 are
presented in Figure 6 for four dates: 12 March, 6 April, 30 April and 24 May.

At the end of winter (12/03) the modelled potential spawning habitat of anchovy is
almost absent from the Bay of Biscay continental shelf, apart from a small coastal
region north of Spain and west of 3°W. In early spring potential spawning habitat
extends further east and along the French coast from the south of the Bay of Biscay up
to the Gironde estuary. The potential habitat extends further offshore towards the north.
Along the coast to the north of the Gironde estuary, the hydrographic conditions are not
within the range of the GAMs, so there is no prediction of the potential spawning
habitat for this region. At the end of April, the southern part of the Bay seems less
favourable for spawning whilst to the north of the Gironde the potential habitat extends
further towards the middle of the shelf. It is also noticeable that potentially suitable
spawning habitats are seen along the southern coast of Brittany. In late May the

hydrographic conditions appear favourable over a wide area south of 46°N and more

16
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restricted towards the coast in the north. There are small potentially favourable locations
along the shelf break from 45 to 46N. The coastal band along the Northern coast of

Spain also seems potentially suitable for spawning.

The modelled potential spawning habitat of sardine generally covers larger areas and is
more patchy than that of anchovy. In late winter, most of the coast along northern Spain
appears favourable for spawning, as well as the southern part of the Bay of Biscay up to
45N, excluding a narrow coastal strip. Hydrographic conditions also appear favourable
in patchy regions over the central shelf. By early spring the potential spawning habitat
has extended over a broader area but preserve a similar geographical structure. At the
end of April, most of the continental shelf is suitable for sardine spawning. By late May,
potential spawning habitat has restricted towards shallower waters, but also along the

shelf break.
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DISCUSSION

The objective of the present work was to define the hydrographic conditions which are
potentially suitable for spawning of anchovy and sardine in the Bay of Biscay. As stated
in the definition of "potential spawning habitat", this would have required data
collection over a wide range of environmental conditions, including areas and seasons
when spawning does not/never occur. Since the field cruises are primarily designed to
monitor anchovy and sardine populations, they are centred on the area and timing of
spawning of the two species and therefore include only a fraction of the non-spawning
sites and are limited in the range of hydrographic situations encountered. Extension of
the spatial and seasonal coverage of the cruises would improve the general
methodology, although this is often hardly achievable because of field sampling cost.
Alternatively, inclusion of results from other cruises which are carried around the
Iberian Peninsula, in the Celtic Sea, Irish Sea and Channel would certainly improve the
results obtained and provide a more robust description of European anchovy and sardine
potential spawning habitats. The current description of potential habitat is limited to
observations realised in the subsurface layer and could be improved if the vertical
distribution of eggs was taken into consideration. This could be achieved by using
vertical egg distribution models such as those of Sundby (1983) or Westgard (1989)
which have been adapted to the Bay of Biscay respectively by Boyra ef al. (2003) and
Petitgas et al. (2004). Previous studies (Coombs et al., 1985, Olivar et al., 2001, Boyra
et al., 2003, Coombs et al., 2003) suggest that the vertical distribution of anchovy and
sardine eggs is variable but in most cases a fraction of the eggs is always present in the
first 5 meters (one notable exception is the absence of sardine eggs at the surface in one
haul in the western Channel in Coombs et al., 1985). It therefore appears to be a
reasonable assumption that if eggs are present in the water column they will be found at
3m depth where the CUFES operates, and the presence/absence index used in the
present study can be considered as a good proxy for presence or absence of eggs in the

water column.

Additional hydrographic or environmental variables may also be considered, although it
is practical to constrain the list of parameters to a small number of variables that are
regularly measured during field cruises and which provide a thorough description of the
water column structure. The simulations of potential spawning habitat relies heavily on

the capability of the hydrodynamical model to mimic realistically hydrographic
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conditions. It is expected that undergoing developments of the existing model will

provide improved capabilities for habitat hind-, now- or fore-casting.

Another variable which can potentially influence the spatial extent of spawning is the
biomass of adult fish spawning. During the spring cruises, sardine and anchovy adult
biomass are estimated by means of acoustics at the time when fish eggs are sampled
with the CUFES, and this allows for direct comparison between biomass and egg
distribution at the time of sampling. The relationship between observed biomass and
mean probability of egg presence for anchovy is almost null (1*=0.02, n=5). For sardine
there is a positive relationship (*=0.6, n=4) but it results from one year of observation
only, in 2001, when the estimated biomass was low and the mean probability of egg
presence was also low. As a result, it is not possible to conclude that year-to-year
variations in realised spawning habitat is directly linked to adult fish biomass, at least
for the period studied in the present work (although it may be true over longer periods

of time as suggested in Bellier et al., submitted).

The present analysis shows that potential spawning habitat of sardine and anchovy in
the Bay of Biscay can be at least partially modelled using hydrographic predictors.
Surprisingly, bottom temperature appears to be the best predictor for anchovy potential
spawning habitat, followed by surface temperature and mixed-layer depth, whilst
surface and bottom salinity appear to play a lesser role (Tables 1 and 2). To our
knowledge the importance of bottom temperature has not been reported before,
probably because it has rarely been measured in similar studies (many studies use
satellite imagery or subsurface hydrographic measures and are therefore restricted to
surface temperature). It is likely that anchovy are not directly dependent on temperature
close to the bottom, but since temperature displays little gradient below the thermocline,
bottom temperature appears as a good proxy for the conditions between the bottom and
the thermocline. The lower limit of bottom temperature is about 12°C, a value that
corresponds to a cold bottom body of water found in the Bay of Biscay and known as
the "cold pool" (Vincent and Kurc, 1969, Puillat et al., 2004). This structure is known to
be present from southern Brittany, down to the latitude of the Gironde estuary, centred
over the 100-m depth zone. Its location corresponds to the zone of weak tidal stirring,
between areas of stronger vertical mixing along the coast and along shelf break (Le
Fevre, 1986). It is difficult to specify a spawning thermal range from the results in
Figure 5, but the optimal surface temperature for spawning appears to be around 17°C, a

value consistent with previous findings obtained with independent data in the same
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region (Arbault and Lacroix, 1977, Motos et al., 1996). The moderate role of salinity in
the Bay of Biscay is consistent with the findings of Reid (1966) at the scale of the
global ocean. Aside from temperature effects, high egg abundance seems to prevail in
either coastal well mixed areas (i.e. shallow mixed-layer and low stratification energy)
or highly stratified river plumes (i.e. shallow mixed-layer depth, high stratification and

low surface salinity, Fig. 5).

The possible influence of hydrographic factors on the spawning habitat of sardine seems
less clear than for anchovy (Tables 1 and 2). This result is consistent with sardine
behaviour which is known to swim large distance (Parrish ef al., 1981, Doston and
Griffiths, 1996), to have a more fragmented spatial distribution (Barange and Hampton,
1997, Curtis, 2004) and to be generally more environmentally flexible than anchovy
(Bakun and Broad, 2003). All hydrographic factors appear to have a similar degree of
influence on the spawning distribution of sardine. Sardine appears to have a greater
tolerance than anchovy for low bottom temperature (Fig. 5) although it also appears to
avoid cold pool waters. The range of optimal surface temperature is also shifted towards
lower values (12-15°C) which is consistent with the results of Arbault and Lacroix
(1977). Sardine eggs can be found in coastal waters (i.e. shallow mixing depth and low
stratification energy), but contrary to anchovy they are also found in areas of deep
mixing and low stratification energy which correspond to thermal rather than haline
stratification in early spring. Sardines spawn over much of the area covered by the
survey, and it is likely that the environmental conditions are not contrasted enough to
exert a clear control on spawning within the region. Such control may be observed at
larger scale, over the spatial and seasonal range of sardine spawning, as suggested by

Stratoudakis et al. (2004).

The spatial distribution patterns generated from hydrodynamical simulations (Fig. 6)
provide a first attempt to predict spawning habitats from environmental information
only. The generated patterns are for potential spawning habitat rather than realised
spawning habitat, so that it is not suggested that anchovy and sardine have actually
spawned in all the habitat, but rather that the modelled habitats were available for

spawning.

The modelled succession of spatial patterns for anchovy potential spawning habitat in
1999 is in agreement with field observations, as describe in Motos et al. (1996), with

early spawning taking place along the coast in the southern part of the Bay, followed by
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increasing spawning off the Gironde estuary and a gradual displacement towards
northern coastal latitudes to the South of Brittany. The late spawning at the shelf break
north of 45°N is not well reproduced, although there are areas with high probability of
egg presence but with very restricted spatial extension. The modelled succession of
spatial patterns for sardine is also consistent with existing field observations, with
potential spawning habitat showing a more fragmented distribution and covering a
larger area than for anchovy and progressively extending northward as the season
progresses. As for anchovy, the shelf break spawning sites are reproduced by the model,

but with very restricted spatial extent, at the edge of the model geographical boundaries.
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CONCLUSION

Overall, the simulations suggest that a large fraction of previously observed seasonal
patterns in spatial distribution of spawning can be explained by seasonal changes in
hydrographic conditions. Such conditions can be seen as providing the 'hydrographic
envelope' of the spawning species, a notion which can be related to the more general
'bioclimate envelope' or 'climate space' (see Pearson and Dawson, 2003 and references
therein). This provides good hope that realistic climate driven simulation can lead to
realistic assessment of hydrographic impact on anchovy and to a lesser extent sardine
potential spawning habitat spatial and temporal extent. However, one must not forget
that predicting potential spawning habitat is not predicting realised spawning and even
less predicting spawning success which depends upon adult population structure,
biological conditions in the ocean (e.g. predators and preys) as well as environmental
hydrodynamical conditions after spawning. The proposed methodology provides a mean
for assessing changes in potential spawning habitat in the context of predicted climate
variability and change. Whether or not these habitats will be used and will contribute to

population growth remains an open question.
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Table 1. Single predictor GAM fits for anchovy and sardine. For each predictor, the
percentage of deviance and the Generalised Cross Validation score is given.

Anchovy Sardine
Parameter % deviance GCV score % deviance GCV score
BT (bottom temperature) 35.3 0.508 10.0 0.516
BS (bottom salinity) 6.7 0.648 13.1 0.483
ST (surface temperature) 16.5 0.614 10.9 0.520
SS (surface salinity) 10.2 0.633 8.5 0.517
MLD (mixed-layer depth) 15.2 0.602 10.8 0.506
PED (potential energy deficit) 7.0 0.635 13.7 0.494

Table 2. Multiple predictors GAM fits for anchovy and sardine. The models retained for

spawning habitat prediction are highlighted in grey.

Anchovy
Model % deviance GCV score
1: BT 35.3 0.508
2: BT +S8SS 39.2 0.484
3:BT +SS + ST 45.3 0.452
4: BT + SS + ST + MLD 46.6 0.443
5:BT +SS + ST + MLD + BS 47.0 0.441
6: BT + SS + ST + MLD + BS + PED 48.8 0.443
Sardine
Model % deviance GCV score
1: BS 13.1 0.482
2: BS +BT 19.2 0.464
3:BS +SS + PED 30.5 0.419
4: BS + SS + PED + ST 33.6 0.407
5:BS + SS + ST + BT + MLD 38.4 0.392
6: BS + SS + ST + BT + MLD + PED 41.0 0.378




Figure legends:

Fig 1. A schematic representation of the three spawning habitat components: potential,
realised and successful. Potential habitat is primarily influenced by pre-spawning
environmental conditions which affect adults, realised habitat is primarily dependent on
population size and demographic structure, and successful habitat varies primarily as a
function of post-spawning environmental conditions which will affect egg and larval

survival.

Fig 2. Spatial location of hydrological stations (open circles) and CUFES sampling
midpoints (dots) during the cruise PELGAS2004. The location of the Loire, Gironde
and Adour river mouths are indicated as well as Brittany and "Les Landes" regions.

Bathymetry for 20, 50, 100, 200, 500 and 1000m isobaths is also indicated.

Fig 3. Spatial distribution of sardine (top) and anchovy (bottom) in 2000, 2001, 2002,
2003 and 2004. Grey scale is proportional to the probability of presence (>1 egg per m®)
of eggs.

Fig 4. Spatial distribution of (a) sea surface temperature averaged over the first 5 m, (b)
sea bottom temperature averaged over the last 5 m, (c) sea surface salinity averaged
over the first 5 m, (d) sea bottom salinity averaged over the last 5 m, (¢) mixed-layer
depth and (f) potential energy deficit in 2000, 2001, 2002, 2003 and 2004. When bottom
depth exceeds 100 m, hydrological parameters are calculated from the first 100 m.

Black dots indicate location of CTD stations.

Fig 5. Generalised Additive Models (GAMs) for sardine and anchovy against bottom
temperature (a), bottom salinity (b), surface temperature (c), surface salinity (d), mixed-
layer depth (e) and potential energy deficit (f). Black thick lines indicate the value of
GAMs coefficient, dotted line are the confidence intervals at p=0.05, and the

horizontal line indicates zero level.

Fig 6. Modelled potential spawning habitat of anchovy (top) and sardine (bottom) in
1999. Grey scale is proportional to egg presence probability. Probabilities are derived
from modelled hydrological fields and GAMs in Fig. 5.
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