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INTRODUCTION

It is well documented that the fortunes of marine
fisheries vary over a range of time-scales (e.g. Cushing
1995). For small, short-lived pelagic species, such as
anchovy Engraulis encrasicolus, sardine Sardina pil-
chardus and sprat Sprattus sprattus, the wide year-to-

year fluctuations in adult biomass depend largely on
the size of each incoming year class (Hunter & Alheit
1994), which in turn, is a reflection of the cumulative
mortality during the pre-recruit stages.

Food availability and predation are recognised as
2 of the principal influences on larval mortality (e.g.
Bailey & Houde 1989). Specific links between food
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ABSTRACT: A study was carried out in June/July 1996 in the River Po outflow in the northern Adriatic
to investigate spawning of anchovy Engraulis encrasicolus and survival of larvae in relation to food
availability and wind mixing. Hydrographic- and bongo net sampling was carried out on 2 grid sur-
veys; one after a period of low winds and settled weather, and the other after an intervening period of
strong winds, which resulted in a decrease in water column stratification. The spawning areas of an-
chovy and the larval distributions were associated with the river outflow plume (most clearly on the
second survey grid, after the period of higher winds). Potential food particles for anchovy larvae, pri-
marily copepod nauplii and copepodite stages, were also concentrated in the area influenced by the
river outflow. Although there was a nearly 50% reduction in the mean water column abundance of
potential food particles between the 2 survey grids, mostly due to a decline in abundance outside the
immediate river plume area, there was no significant change in mortality of anchovy larvae between
the 2 grids; the exponential decline in numbers of eggs and larvae to 10 mm in length being equivalent
to overall mortality rates of 43.2% d–1 on the first survey and 44.7% d–1 on the second. The resilience of
larval survival under potentially less favourable feeding conditions, following the period of wind
mixing, was ascribed, in part, to the maintenance of local water column stratification by the superficial
low salinity input from the River Po. This stratification in the immediate outflow area was associated
with the presence of concentrated layers of potential food particles (typically >50 particles l–1 and 1.5
to 2.8 times the mean water column abundance) in the upper 10 m of the water column, coincident
with peak numbers of anchovy larvae. However, since there was no evidence for lower larval survival
in areas, less influenced by the immediate river outflow plume, a simple direct relationship between
enhanced water column stability, improved feeding conditions and larval survival was not supported.
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availability and larval survival have been investigated
both in terms of general levels of food abundance
(e.g. Economou 1987) and in relation to the structure
and persistence of local concentrations of food parti-
cles (e.g. Nakata et al. 1995, Lochmann et al. 1997).
The benefits of vertically structured aggregations of
food particles for larval survival were highlighted by
Lasker (1975), such vertical structuring of the plank-
ton being related to wind mixing and water column
stability (e.g. Peterman & Bradford 1987, Kendall et
al. 1996, Lagadeuc et al. 1997). Wind mixing also
affects larval feeding through its influence on preda-
tor/prey contact rates (Dower et al. 1997, Sundby
1997) and consequent larval feeding success (Roths-
child & Osborn 1988). However, considering the effort
that has been applied to such studies, there remains
relatively little evidence of starvation induced mortal-
ity or of the effects of wind mixing on larval mortality
(Heath 1992).

Moser & Pommeranz (1999) postulated reduced
numbers of Engraulis mordax larvae off California fol-
lowing a wind event as being due, possibly, to distur-
bance of microscale food patches, although food levels
were higher after the period of wind mixing. Similarly,
Bergeron (2000), using nucleic acid as a measure of
larval condition for E. encrasicolus in Biscay, found
wind mixing resulted in larvae in poorer condition.
Other studies on anchovy in the Bay of Biscay (Borja et
al. 1998, Allain et al. 2001), noted that low winds were
favourable for anchovy recruitment in promoting weak
upwelling and hence, enhanced production and exten-
sion of river plumes. However, none of the above stud-
ies included measurements of larval mortality rates
related directly to food availability.

In the Adriatic, anchovy spawning is widespread,
but generally at higher levels in the more northern

areas and in particular, in the study area around the
outflow of the River Po (Piccinetti et al. 1980). In this
region, the river discharge enhances stratification and
dominates the distribution and production of phyto-
plankton and zooplankton (Gilmartin & Revelante
1981, Smodlaka & Revelante 1983, Fonda Umani
1996). During the main summer spawning season of
anchovy, the meteorological situation is stable and
the water column is generally well stratified. This is
disturbed intermittently by an intense north-easterly
katabatic wind (the ‘Bora’) which is most prevalent
in the late summer and autumn, but which can
occur for periods of up to a few days at other times of
the year. The effect of this wind on mixing, water
mass advection and the production regime has
been noted by Malanotte-Rizzoli & Bergamasco
(1983) and Zore-Armanda & Ga<ić (1987). The ulti-
mate meteorological control of water circulation in
the Adriatic and consequent changes in produc-
tion, larval survival and abundance of anchovy have
also been discussed briefly by Bombace (1992) and
Regner (1996).

It was in this context that a joint study Anchovy Lar-
vae In Contrasting Environments (ALICE) was initi-
ated to investigate the survival of anchovy larvae in
relation to changing hydro-meteorological conditions
and food availability. The selected study area in the
northern Adriatic provided a relatively well defined
spawning area which is subject to periodic strong
winds. This provided the possibility to study larval
mortality and food availability in relation to changes in
the physical environment under natural conditions.
Results from the main field investigations carried out in
1996 are reported here; preliminary studies completed
in 1995 are described in Coombs et al. (1997) and
McFadzen & Franceschini (1997).

MATERIALS AND METHODS

Bongo grid. Plankton sampling
for determining the regional distrib-
ution of anchovy eggs and larvae
and food abundance was carried out
by bongo net tows over a 5 nautical
mile grid of 45 stations (Fig. 1). This
grid was sampled first between 16
and 18 June 1996 and for a second
time between 2 and 4 July 1996. On
both grids, sampling was done both
during the day and night. A double
bongo net system was used, consist-
ing of a 30 cm diameter sampler fit-
ted with 280 µm mesh nets for col-
lection of fish eggs and larvae and,
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Fig. 1. Sampling area showing the bongo grid and Longhurst-Hardy plankton 
recorder (LHPR) stations (d) with adjacent station identification numbers
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suspended below it, a 9 cm diameter bongo system
with 53 µm mesh nets for sampling the microzooplank-
ton. Both bongo systems were fitted with flowmeters to
allow standardisation of the catch to unit volume fil-
tered. A nominal towing speed of 2 knots was em-
ployed on a double oblique haul sampling from the
surface to ~2 m above the sea bed. Real-time monitor-
ing of sampler depth trajectory, together with sensor
readings for flow, temperature and salinity were ob-
tained with an electronic sensor package mounted
above the nets. Following each haul, the plankton
samples were preserved in 4% borax buffered, fresh-
water formaldehyde solution.

Subsequent microscope identification was carried
out for eggs and larvae of anchovy, their numbers then
being standardised to numbers m–2 using the com-
puted volume of water filtered and maximum depth
sampled. All specimens post-hatch are here referred to
generally as ‘larvae’, which is taken to include the
specific stage of ‘yolk-sac larvae’. Lengths are total
lengths of preserved specimens. Larvae are grouped
into 1 mm size categories referred to by the mid-points
of the category intervals (i.e. the 6.5 mm category
represents larvae between 6.00 and
6.99 mm in length).

Microzooplankton samples were ana-
lysed for potential food items for an-
chovy larvae (mostly nauplii and cope-
podite stages of copepods; Conway et
al. 1998, Tudela et al. 2002) the num-
bers being converted to numbers l–1

using the computed volume of water
filtered from the flowmeter readings.
The values given by Hay et al. (1988)
and Thompson & Harrop (1991) were
used for conversion of numerical abun-
dance to dry weight.

All bongo grid data, both biological
and physical, were contoured with the
SURFER software package using krig-
ing as the interpolation routine.

Vertical distribution sampling. Verti-
cal distribution sampling was carried
out by means of paired day/night Long-
hurst-Hardy plankton recorder (LHPR)
hauls (Williams et al. 1983, see also Pipe
et al. 1981) taken at 4 station positions
at intervals through the cruise period
(Fig. 1, Table 1). At each station, the
positions of consecutive hauls followed
the track of a sub-surface drogue (at
7 m depth) which was released at the
start of each station visit to allow, as far
as possible, the same water mass to be
sampled repeatedly. A nominal towing

speed of 3 knots was employed on a single oblique
haul, sampling on the descent phase from the surface
to ~1 m above the sea bed.

The LHPR system consisted of a main ‘coarse’ net
system of 280 or 500 µm mesh (selected according to
ambient plankton concentration) for sampling the
ichthyoplankton and, mounted on the same sampler
frame, a smaller ‘fine’ net system of 53 µm mesh for
concurrent sampling of microzooplankton. Both nets
terminated in cod-end units in which consecutive
plankton samples were collected at 1 min intervals to
give a vertical resolution of ~2 m. An electronics pack-
age on the sampler frame allowed real-time transmis-
sion of data via cored cable for onboard PC display
of system function, including readings from sensors
for depth, temperature, salinity (conductivity), chloro-
phyll a (chl a) and water flow for each sample.

Sample treatment and analysis were the same as for
the bongo net samples. Analysis results were stan-
dardised to give vertical distribution plots, taking into
account the depth range over which each sample was
taken and the volume of water filtered. Plots of the
mean vertical distribution of eggs and larvae of
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Haul Date Start time Stn Sample depth No. of samples
(local = GMT + 2 h) (m) Coarse Fine

1 21 Jun 96 11:30 14 20.4 11 11
2 27 Jun 96 10:15 14 14.8 10 10
3 27 Jun 96 15:20 12 20.8 17 20
4 27 Jun 96 22:40 12 27.2 15 15
5 28 Jun 96 02:18 12 25.0 14 14
6 28 Jun 96 10:20 12 29.7 14 14
7 28 Jun 96 15:10 37 26.2 13 13
8 28 Jun 96 22:30 37 24.7 15 15
9 29 Jun 96 01:55 37 25.3 18 18
10 29 Jun 96 10:10 37 26.3 12 12
11 04 Jul 96 13:38 34 35.2 21 21
12 04 Jul 96 22:15 34 36.5 17 17
13 06 Jul 96 12:40 12 26.6 9 9
14 06 Jul 96 16:00 12 27.5 12 12
15 06 Jul 96 22:30 12 27.5 10 10
16 07 Jul 96 02:20 12 27.2 12 12
17 07 Jul 96 13:30 14 18.5 15 15
18 07 Jul 96 22:30 14 18.6 13 13
19 09 Jul 96 14:50 37 25.9 14 14
20 09 Jul 96 22:40 37 25.9 14 14
21 10 Jul 96 02:20 37 27.2 12 12
22 10 Jul 96 10:30 37 28.5 10 10
23 10 Jul 96 15:45 34 35.9 15 15
24 10 Jul 96 22:30 34 36.1 13 13
25 11 Jul 96 11:00 12 27.5 12 12
26 11 Jul 96 16:35 12 25.6 12 12
27 11 Jul 96 22:30 12 25.6 12 12
28 12 Jul 96 02:30 12 26.2 14 14
29 12 Jul 96 13:15 14 19.2 11 0
30 12 Jul 96 22:30 14 16.3 11 11

Table 1. Longhurst-Hardy plankton recorder (LHPR) haul information
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anchovy were prepared using the standardised data
for each haul converted to percentage occurrence
down the water column (i.e. giving equal weighting to
each haul), with only those hauls on which 20 or more
eggs or larvae occurred for any particular egg stage or
size group being included for derivation of mean pro-
files. Dispersion indices were calculated as the ratio of
the SD of abundance in all depth strata on a single
LHPR haul to the mean abundance for all strata.

Egg and larval mortalities. Egg and larval mortal-
ity rates were derived for each of the 2 bongo grids
from semi-log plots of mean abundance (numbers
m–2) of total eggs, and 1 mm size categories of larvae
for all bongo samples on each sampling grid and from
sub-sets of stations according to surface salinity and
water column stratification. The abundance values
were first corrected to a unit time interval of 1 d by
dividing by the relevant duration of development and
then plotted against age at the mid-point of each
stage (Table 2).

The duration of embryonic development was taken
from Regner (1985), while larval growth rate (0.78 mm
d–1) and length at the start of first ring deposition
(4.2 mm) were estimated from a functional regression
(Ricker 1973) of otolith ring count against larval length
for specimens sampled on the same cruise (G. Frances-
chini pers. comm.). Length at hatching (2.0 mm) was
estimated from the smallest consistent size group of
larvae observed in the bongo net samples. Time from
hatching until start of otolith daily growth ring deposi-
tion (2 d) was based on laboratory observations in the
present programme and results presented by Korni-
lova (1955), Duka (1963), Regner (1972, 1985), Palo-
mera et al. (1988) and Dul<ić & Kraljevic (1996).

All the above literature-derived values were interpo-
lated for a temperature of 22.7°C, this being the mean
temperature in the upper 10 m of the water column in
which most of the anchovy eggs and larvae occurred,

for the 2 bongo grids combined. Although tempera-
tures differed by some 2 to 3°C between the 2 bongo
grids, use of a common reference temperature was
required because the available parameter values were
not sufficiently precise to resolve differences within
this range.

Hydrography. Vertical profiles of temperature and
salinity were obtained on all bongo net hauls from a
sensor system mounted above the net frame. Addi-
tional profiles, which also included data for chl a, were
obtained at selected stations with the LHPR system
and using a Sea-Bird 911 series CTD.

Daily average flow rates for the River Po were pro-
vided by the Ufficio Idrografico di Parma.

Meteorology. Measurements of atmospheric pres-
sure, air temperature, wind speed and direction were
obtained from 3 hourly data at Venice airport. Pressure
and temperature were processed to give daily means.
A 3 day running mean of the cube of wind speed was
used as a smoothed index of water column mixing
(Richman & Garrett 1977).
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Development stage/ Computed age at mid-point 
larval length (mm) of development stage

(days from fertilisation)

Egg 0.72
<3 1.91
3.5 2.81
4.5 3.87
5.5 5.11
6.5 6.39
7.5 7.67
8.5 8.95
9.5 10.23

Table 2. Engraulis encrasicolus. Estimated age of eggs and 
larvae

Fig. 2. Mean daily air temperature, mean daily air pressure,
3 day running mean of wind speed cubed (as an index of wa-
ter column mixing) and daily average flow rates of the River 
Po for the cruise period and preceding 2 wk. The stippled 
bars show the 2 sampling periods for the bongo grids
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RESULTS

Meteorological and hydrographic
conditions

In the 2 wk prior to the first bongo grid, there was a
stable, high pressure weather pattern, resulting in low
winds and a progressive increase in daily air tempera-
tures (Fig. 2). A series of depressions and associated
fronts then skirted or passed through the northern
Adriatic, these being evident as successive periods of
reduced atmospheric pressure, lowered air tempera-
ture and increased wind mixing. Particularly stormy
weather was experienced from 19 to 23 June, just after
the first bongo grid, with the occurrence of a short
period of strong north-easterly ‘Bora’ winds of 20+
knots. Unsettled weather continued through the sec-
ond bongo grid, sampled between 2 and 4 July, with
continuously low winds returning only in the last few
days of the cruise from about 9 July (Fig. 2).

Flow of the River Po showed a smooth, lagged re-
sponse to the regional weather pattern as characterised
by the air pressure (Fig. 2). Thus, there was a steady de-
crease in flow rate in the 2 wk prior to the first
bongo grid when weather conditions were
stable. Following the period of poor weather
from 19 to 23 June, there was a dramatic in-
crease in flow rate which declined gradually
after a few days. Towards the end of the sam-
pling period, following a trough of low pres-
sure on 7–8 July, there was a second increase
in river flow accompanied by low winds.

An equivalent contrast was observed in
hydrographic conditions on the 2 bongo
grids. On the first grid (16 to 18 June) much
of the survey area was covered by warm sur-
face water (>22°C) with a marked tongue of
the warmest water (>25°C) extending in a
south-west to north-east band from the Po
delta. Low salinity water was distributed
rather more symmetrically around the delta
and eastwards across the sampling area,
with values ranging from <30 salinity units
at the coast to >38 units in the extreme
south-east. The combination of these 2 ele-
ments of water column stability resulted in
highest stratification (0 to 20 m, ∆σt > 6 kg
m–3) immediately adjacent to the Po outflow,
with relatively high values extending to the
east and north-east (Fig. 3). Due to the inter-
vening period of intermittent high winds,
there was a marked change in conditions on
the second bongo grid of 2 to 4 July. Surface
temperature was lower and varied little over
the survey area, being mostly between 21

and 22°C. Surface salinity was similar to the pattern
observed on the first grid, but with the area of lowest
salinities (<32 units) being more localised immediately
around the river mouth. The net result, in terms of
water column stratification, was a lower but still appre-
ciable level of stability (0 to 20 m, ∆σt > 3 kg m–3) com-
pared with the first bongo grid, in a similar south-west
to north-east alignment from the mouth of the River Po.

Vertical distribution of anchovy eggs and larvae

Anchovy eggs were found mostly in the upper 10 m
of the water column (80% in the 0 to 10 m depth range)
and typically in progressively increasing abundance
towards the surface (Fig. 4). Although the relationship
between their vertical distribution and hydrographic
structure was variable, eggs were generally confined
to depths above the thermocline and were sometimes
in reduced relative abundance in a superficial layer
of low salinity water. No relationship was apparent be-
tween the mean depth of eggs on individual hauls and
wind speed.
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Fig. 3. Surface temperature, surface salinity and water column stratifica-
tion on the 2 bongo grids
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Haul to haul variability in the vertical distributions of
anchovy larvae was greater than for the eggs. Larvae
were also generally deeper in the water column than
the eggs, with relatively few larvae in the top few
meters of the water column where the lowest salinities
occurred, or below about 20 m depth at the bottom of
the mixed layer (Fig. 4). A sub-surface peak of abun-
dance was present at 8 to 10 m depth. There was no
consistent relationship between the vertical distribu-
tions of larvae on individual hauls and hydrographic
structure or wind speed.

Geographical distribution of anchovy eggs 
and larvae

The distribution of anchovy spawning on the first
bongo grid, as indicated by egg abundance, was con-
centrated (>400 eggs m–2) in both an inshore area
around the Po delta and an offshore area extending
towards the central Adriatic (Fig. 5).

The larval distributions of the first bongo grid all
showed a similar west to east extension, with a clear
offshore locus of abundance and a less persistent
inshore concentration to the south-east of the Po delta.
In general, the larval distributions were more discrete
than those of the eggs and were more detached from
the coast except locally around the Po delta. There was
little change in distribution between succeeding larval
length categories.

On the second bongo grid (2 to 4 July), spawning ac-
tivity was more concentrated in inshore areas and
around the delta of the River Po than on the first grid

(Fig. 5). Concentrations of larvae were again
more discretely defined than the eggs and were
aligned in a similar easterly direction offshore
from the delta. As on the first grid, larvae were
generally in relatively low abundance in areas
adjacent to the coast and away from the delta.

Mortality rates

The night : day catch ratio of anchovy larvae
varied between 1.31 (for larvae 4.5 mm in
length) and 3.25 (at 9.5 mm). The systematic bias
of values from a theoretical unity (for random
sampling) is due to more sampling having taken
place in areas of higher larval abundance at
night compared with the day, at least for the
smaller larval sizes (<~7 mm), which are not
liable to active escapement. Only for the largest
size category, at a median length of 9.5 mm, was
there any indication of possible under-sampling
of larvae during the day. Results from combined

day and night sampling for all larval length categories
have been used in the following mortality calculations,
with over-estimation of the mortality rate being a pos-
sibility for the largest larvae only (8.5 to 9.5 mm long).
Under-estimation of mortality rates, due to extrusion of
the smallest larvae through the net mesh, is unlikely to
have been a serious problem at the 280 µm mesh size
used in the bongos (Somarakis et al. 1998).

On the first bongo grid, mortality rates varied be-
tween 22.9 and 51.0% d–1, with no clear trend in
change from stage to stage (Fig. 6, Table 3). On the
second grid, there was a progressive decline in mortal-
ity from 64.2% d–1 for larvae 3.5 mm in length, to
10.8% d–1 for larvae at 9.5 mm. Thus, during the earlier
stages of development (<6 mm in larval length), mor-
tality rates were comparable or relatively higher on the
second grid than on the first; during subsequent devel-
opment mortality rates were lower on the second grid,
particularly for the largest size category of larvae (8.5
to 9.5 mm in length; Fig. 6). Linear regressions (Fig. 6)
showed no significant difference (at p < 0.01) in daily
mortality rates between the 2 bongo grids (43.2% d–1

on the first and 44.7% d–1 on the second).
Geographical variability in mortality rates was inves-

tigated by plotting sub-sets of abundance data accord-
ing to surface salinity or stratification at each bongo
station (Fig. 6). For each bongo grid, the mortality
curves were similar (no significant differences in linear
regressions at p < 0.01) both to overall mortality and
between the different sub-sets. A more constant mor-
tality rate is seen in all data sets for the first grid, com-
pared with a generally progressive decrease in mor-
tality rates with larval size on the second grid.
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Fig. 4. Engraulis encrasicolus. Mean vertical distribution of eggs
and larvae from all Longhurst-Hardy plankton recorder (LHPR) 

sampling combined
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Geographical distribution and
abundance of potential food particles

Based on the observed diet of anchovy larvae (Con-
way et al. 1998, Tudela et al. 2002), the potential food
particles available for larvae on both bongo grids were
predominantly the naupliar and
copepodite stages of copepods; of
these, the larger organisms compris-
ing Oithona and ‘other copepods’,
made a relatively greater contribu-
tion when converted from numerical
abundance to dry weight (Fig. 7).

The different food components
(Fig. 7) all showed similar distribu-
tion patterns, both between the 2
bongo grids and within each grid
(cross-correlations of abundance of
the different food components by sta-
tion, all significant on the first bongo
grid at p < 0.01, and on the second
grid, 83% of all combinations signifi-
cant at p < 0.05). On the first grid,
higher food concentrations were
recorded both close inshore and in
an easterly directed lobe from the Po
delta (Fig. 8). By the second grid,
the areas of higher food abundance
were restricted to waters immedi-
ately adjacent to the delta. Mean nu-
merical abundance of food particles
on the second bongo grid was 58.8%
of the level on the first grid (110.1
and 64.7 particles l–1 on the first and
second grids, respectively). The re-
duction in terms of dry weight was
more marked, the second grid being
only 52.9% of the level on the first
grid, due, in particular, to a decrease
in numbers of the relatively large
copepodites including Oithona spp.

Vertical distribution and abun-
dance of food particles

In general, potential food items
were somewhat more evenly distrib-
uted through the water column than
were the larvae (Figs. 4 & 9), but
with a similar increase in abundance
towards the surface. There was con-
siderable consistency within sets of
consecutive hauls at the same sta-
tion in the general depth profile of

potential food particles (e.g. at Stn 12; Fig. 10), more so
than was observed for the anchovy larvae. This obser-
vation was supported by paired t-tests for all day/night
pairs of hauls, which showed no significant differences
(p < 0.05) between either: (1) the mean or the maxi-
mum abundance on each haul (see also Fig. 12); (2) the
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Fig. 5. Engraulis encrasicolus. Contoured distribution of eggs and larvae on the 2 
bongo grids
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depth at which the maximum abundance occurred; or
(3) the dispersion index. Conversion of the 53 µm
microzooplankton from number l–1 to dry weight
(µg l–1) had only a minor influence on their vertical dis-
tribution profiles; since copepodites were generally
slightly deeper in the water column than the smaller
sized nauplii, there was a tendency for the plots of dry
weight to have a slightly higher representation of bio-
mass at depth than the corresponding plots of numeri-
cal abundance (Fig. 10).

The depth of maximum abundance of potential food
particles on individual LHPR hauls was mostly within
the range 3 to 8 m and the ratio of maximum food

abundance at any 1 depth interval to
mean abundance throughout the water
column was mostly between 1.5 and
2.8. These 2 parameters were inversely
related, such that as the maximum
abundance of potential food particles
increased, then the depth of occur-
rence of the maximum tended to be at
a shallower depth (Fig. 11A).

The relationship between the verti-
cal concentration of food particles and
water column structure is shown in
Fig. 11B, where the ratio of maximum
to mean potential food particle abun-
dance (concentration ratio) is plotted
against the degree of stratification (0 to
15 m density difference). Excluding the
4 hauls on which there were concen-
tration ratios >3, there is a significant
(at p < 0.01) positive linear relation-
ship between these 2 parameters. The
4 ‘excluded’ hauls with concentration
ratios between 3.8 and 5.2, were taken
2 each at Stns 34 and 12 on July 10 and
11, respectively; this being towards the
end of the cruise period when strati-
fication was rapidly increasing with
the re-establishment of settled weather
and high river outflow (see Fig. 2).

The time sequence of changes in
food availability based on the LHPR
vertical distribution sampling is shown
in Fig. 12, with corresponding temper-
ature and salinity profiles in Fig. 13.
The reliability of the measurements of
potential food abundance is supported
by the consistency of both the mean
and maximum values recorded on con-
secutive hauls on each station visit
(Fig. 12). Food abundance at the in-
shore Stn 14 was generally higher and
more consistent than at the other 3 sta-

tions, either as mean abundance through the water
column or as the maximum recorded in any 1 depth
stratum (maximum abundance on the different sam-
pling visits between 77.7 and 144.6 particles l–1). At
Stn 14, the water column was stratified on all LHPR
sampling visits (Fig. 13); on 3 occasions, this was due
to a combination of temperature and salinity, but on
27 June, during the period of stronger winds, when
there was little thermal structure, stratification was
maintained by an upper layer of markedly low salinity.
At Stns 12 and 37 on June 27 and 29, respectively,
there was little stratification and the maximum food
levels were correspondingly low (16.4 and 43.3 parti-
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Fig. 6. Engraulis encrasicolus. Survival curves from eggs to larvae 10.23 d old
(equivalent to larvae at a median length of 9.5 mm) for (A) all stations (see 
also Table 3) and (B), (C), (D) and (E) sub-sets of stations separated by surface 

salinity and water column stratification (0 to 20 m, ∆σt, see Fig. 3)
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cles l–1). The water column remained mixed and food
abundance low (maximum of 54.8 particles l–1) on the
subsequent visit to Stn 37; whereas, with the develop-
ment of temperature and salinity structure at Stn 12,
the maximum observed abundance of food particles
increased to 163.2 particles l–1 (Figs. 12 & 13). At Stn
34, there was intermediate stratification on both station
visits, between which the maximum food abundance
increased from 49.4 to 147.5 particles l–1.

DISCUSSION

Results from the 2 bongo grids showed
localised spawning of anchovy adjacent
to the coast and in the low salinity out-
flow region of the River Po (Fig. 5).
Previously, Piccinetti et al. (1980) had
indicated a general concentration of
anchovy eggs in this region, but did not
link this specifically to the outflow
hydrography. Elsewhere, a similar selec-
tion of river outflow regions for anchovy
spawning has been noted by Sabates
(1990) in the Mediterranean, and by
Motos et al. (1996) and Koutsikopoulos &
Le Cann (1996) in the Bay of Biscay. The
same association with river plumes has
also been described for co-generics in
Japanese waters (Engraulis japonica,
Funakoshi 1984) and off the east coast of
North America (E. mordax, Richardson
1980).

Anchovy larvae were distributed far-
ther offshore than the eggs (Fig. 5), con-
sistent with an initial easterly drift con-
trolled by the hydrodynamically driven
outflow regime of the River Po under low
wind stress (Malanotte-Rizzoli & Berga-

masco 1983, Barale et al. 1986, Bergamasco & Barale
1988). There was less net displacement and dispersion
of succeeding larval stages, possibly reflecting a
degree of retention in the river plume due to some
combination of behavioural and hydro-mechanical
forces. One difference in this pattern was on the sec-
ond bongo grid for larvae >6 mm in length (from about
8 d after spawning), which were more dispersed and
distributed farther to the south. This may have been
the result of the strong north-westerly winds experi-
enced during their earlier development, since, at high
levels of wind stress, river plumes may be largely
wind-driven (Gelfenbaum & Stumpf 1993).

Results from the bongo sampling on the 2 grids
showed that the availability of potential food for
anchovy larvae was higher both inshore and around
the outflow plume of the Po (Fig. 8). River outflows are
generally recognised as favourable areas for fish
spawning (Grimes & Kingsford 1996) due to enhanced
production associated with increased nutrient input.
This has been shown for the River Po (e.g. Fonda
Umani et al. 1992), which dominates the distribution
and production of phytoplankton and zooplankton in
the northern Adriatic (Gilmartin & Revelante 1981,
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Stage/ Mean age 16–18 Jun 2–4 Jul
length post-fertilization Daily Daily 
(mm) (d) mortality (%) mortality (%)

Egg to <3 1.44 34.2 53.6
<3 to 3.5 2.35 51.0 50.4
3.5 to 4.5 3.26 46.8 64.2
4.5 to 5.5 4.47 50.0 49.8
5.5 to 6.5 5.75 44.1 36.1
6.5 to 7.5 7.03 22.9 34.7
7.5 to 8.5 8.31 41.5 15.3
8.5 to 9.5 9.59 44.8 10.8
Overall 43.2 44.7

Table 3. Engraulis encrasicolus. Mortality rates for eggs and 
larvae on the 2 Bongo grids

Fig. 7. Relative abundance of the different potential food particles for anchovy
larvae for all stations combined on the 2 bongo grids plotted as numerical 

abundance (no. l–1) and dry weight (µg l–1)
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Smodlaka & Revelante 1983, Fonda Umani 1996). Con-
sidering that the present sampling was restricted to a
particularly productive area, the observed integrated
levels of potential food abundance, in the range of 10
to 100+ particles l–1, are comparable with other esti-
mates from elsewhere in the Adriatic (maximum of 61
and 27 nauplii l–1, Kr$inić 1982 and Regner et al. 1987,
respectively) and, as expected, are somewhat higher
than typical measurements from temperate coastal
seas (e.g. Petersen & Ausubel 1984, Coombs et al.
1992, Ferron & Leggett 1994). Although there was a
marked reduction in mean potential food abundance
on the second bongo grid (to 58.6% the level on the
first grid), Conway et al. (1998) observed that on the

second grid, the overall feeding suc-
cess of anchovy larvae was actually
higher than on the first grid and
because of changes in prey selec-
tion, energetically there was proba-
bly little overall difference in larval
feeding success between the 2 bongo
grids. This is also a reflection of the
more localised distribution of larvae
on the second bongo grid to the im-
mediate outflow plume, where food
levels were at similar concentrations
as on the first grid (Figs. 5 & 8).

Furthermore, the measures of
potential food availability from the
depth-integrated bongo tows are
likely to underestimate the concen-
trations actually perceived by the
larvae, since the LHPR sampling
showed that the maximum abun-
dance of potential food particles at a
single depth on each haul was fre-
quently between 1.5 and 2.8 times
the mean water column concentra-

tions. The existence of modest sub-surface peaks in
abundance of potential food particles is consistent with
previous information on the vertical distribution of
microzooplankton from the Adriatic and elsewhere
(Kr$inić 1982, Revelante & Gilmartin 1990, Coombs et
al. 1992). Because the vertical mobility of fish larvae
(e.g. Neilson & Perry 1990) enables them to locate and
exploit layers of aggregated food particles, the most
appropriate measure of food availability for larvae is
taken here as the maximum abundance in a single
depth stratum (i.e. modal abundance).

Both eggs and larvae of anchovy were restricted
mostly to the top 10 or 20 m of the water column, the
increase in abundance of eggs towards the surface and
the sub-surface peak of larvae being consistent with
observations on the vertical distribution of ichthyo-
plankton in general (Conway et al. 1997) and, specifi-
cally for anchovy, both in the Adriatic (Regner 1972)
and elsewhere (Ré 1987, Palomera 1991). The vertical
distributions of potential food organisms showed that
they were generally more dispersed through the water
column than the larvae, this could possibly be related
to their heterogeneous composition. The peaks of food
concentration were nevertheless mostly in the top 10 m
of the water column in a similar depth range as the
highest numbers of anchovy larvae.

The links between hydrographic and meteorological
conditions and food availability were supported by
2 lines of evidence from the LHPR results. Firstly, there
was a positive relationship between the ratio of maxi-
mum:mean food abundance (i.e. vertical concentration
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Fig. 8. Distribution and abundance of the combined potential food items for
anchovy larvae on the 2 bongo grids plotted as numerical abundance (no. l–1) 

and dry weight (µg l–1)

Fig. 9. Mean vertical distri-
bution of the numerical
abundance of all potential
food particles for anchovy
larvae from all Longhurst-
Hardy plankton recorder
(LHPR) sampling combined
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Fig. 10. Vertical distribution of all potential food particles for anchovy larvae at Stn 12 on 6–7 July on 4 consecutive Longhurst-
Hardy plankton recorder (LHPR) hauls (day/light shading, night/dark shading), plotted as numerical abundance (no. l–1) and dry 

weight (µg l–1)

Fig. 11. Individual Longhurst-Hardy plankton recorder (LHPR) hauls. (A) Depth of maximum abundance of potential food parti-
cles for anchovy larvae in relation to the ratio of maximum : mean food particle abundance through the water column, (B) ratio of
maximum : mean abundance of potential food particles through the water column in relation to the water density difference 

between 0 and 15 m depth
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ratio) and stratification in the top 15 m of the water col-
umn. Secondly, the absolute levels of food abundance
were generally higher at stations when stratification
was well developed. This accounts for the mainte-
nance of consistently favourable feeding conditions
(>77 particles l–1) at the inshore Stn 14 where stratifi-
cation was maintained by superficial low salinity river
run-off during the period of unsettled weather. At the
other LHPR sampling stations, there were lower levels
of stratification during the poor weather in the middle
of the cruise period and the levels of food availability
were correspondingly lower (in the range 15 to 50 par-
ticles l–1); with the return of more stable weather and
stratification towards the end of the cruise period,
levels of food increased at these stations to between
30 and 150 particles l–1.

Although starvation is not necessarily the prime
determinant of recruitment success (Leggett & Deblois
1994), the conclusion on the equivalence of food intake
by larvae on the 2 bongo grids is supported by the
similarity of the mean daily mortality rates (43.2 and

44.7%). These values are comparable with, but some-
what higher than, previous mortality estimates for the
planktonic stages of anchovy in the Adriatic. Piccinetti
et al. (1982) derived a best estimate of 35.1% mortality
d–1 for post-larvae 3 to 8 mm in length in the northern
Adriatic, while Dul<ić (1995) gave daily mortality rates
of 38.4% for the egg and larval stages (up to about
4.5 d post-fertilization) and 40.4% for the post-larvae;
however, the rates given by Dul<ić (1995) were consid-
ered to be high due to the prevailing poor biotic condi-
tions. Elsewhere, Palomera & Lleonart (1989) reported
mortality rates of 15.6 to 43.8% d–1 for larvae up to 15 d
old off the Mediterranean coast of Spain.

The mortality rates observed in the present study are
therefore not unrealistic, but are relatively high con-
sidering the conclusion that feeding conditions were
generally favourable. Among the other potential influ-
ences on mortality are predation, which is the most
intractable problem, and sampling artifacts. Somarakis
et al. (1998) concluded that net avoidance by anchovy
larvae was significant from a larval length of 6.5 mm,
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Fig. 12. Availability of potential food particles for anchovy larvae on Longhurst-Hardy plankton recorder (LHPR) hauls plotted
as the mean numerical abundance down the water column (left-hand plots) and as maximum abundance on each haul (right-
hand plots). Vertical lines join results from consecutive hauls on each station visit. The stippled bars show the sampling 

periods for the 2 bongo grids
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which, for the present study, implies
some potential over-estimation of mortal-
ity rates for larvae above that length. On
this basis, a reduction of the mortality
rates of the larger larvae would tend to
reinforce the precept of decreasing mor-
tality rate with larval size (e.g. Ander-
son 1988). Such size-related mortality is
apparent in the data for the second
bongo grid (Fig. 6). However, Piccinetti
et al. (1982) found net avoidance by
anchovy larvae from a length of about
8 mm and that avoidance was less pro-
nounced in the more turbid waters of the
northern Adriatic. Therefore, in the pre-
sent sampling in the Po outflow, which
represents the most turbid waters of the
Adriatic, larvae may have been sampled
effectively to lengths approaching 10 mm.

It should be recognised that the mor-
tality rates in this study were derived
from surveys each effectively at a single
point in time, that the entire discrete dis-
tribution was not fully covered (especially
for the first grid; see Fig. 5) and a single
cohort was not followed over time. Thus,
the assumptions of a constant rate of egg
production, the absence of immigration/
emigration and consistency in mortality
between each length class over time can
each introduce a bias. Despite these limi-
tations, the similarity in the mortality
curves between different hydrographic
regimes within each bongo grid (Fig. 6)
support the estimates as being relatively
robust.

The conclusions of the present study are that the
region around the mouth of the River Po is generally
favourable for the survival of anchovy larvae, at least
in part, due to the additional water column stability

conferred by the superficial low salinity river outflow.
This helps to maintain water column stratification and
consequent vertical aggregations of food particles,
which might otherwise be dispersed by wind mixing.

233

Fig. 13. Temperature (continuous line) and salinity (dashed line) profiles in the
upper 15 m of the water column on consecutive visits to the 4 Longhurst-Hardy
plankton recorder (LHPR) stations. Scales are the same for all. Individual plots are
positioned in the diagram to correspond schematically with the LHPR sampling 

dates and layout of Fig. 12
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Although the implication is that low winds and a stable
water mass are beneficial for larval survival (e.g. Peter-
man & Bradford 1987), a simple mechanistic relation-
ship between wind speed and larval survival is not
necessarily expected due to other non-linear interac-
tions, such as predator/prey contact rates (Sundby
1997) or enhancement of production by water column
mixing (Bakun 1996). Furthermore, within the limita-
tions of the mortality estimates, there was no direct
relationship with either surface salinity or water col-
umn stratification (Fig. 6). This indicates that there is
no simple extrapolation from enhanced water column
stability from fresh water outflow and consequent con-
centration of food particles, and the resultant survival
of anchovy larvae.
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