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Consequences of a superabundance of larval walleye
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ABSTRACT: Abundances of larval walleye pollock in Shelikof Strait, Gulf of Alaska, in 1981 were far
greater than any recorded estimates before that time or since (some patch estimates exceeded 100000
larvae per 10 m?). In spite of this extraordinary input, the ensuing 1981 year class was relatively poor.
An examination of the feeding habits of larvae collected from inside and outside dense larval patches
revealed that in 1981, larval walleye pollock consumed significantly more invertebrate eggs
(X =66.7 % of the total diet) and fewer copepod nauplii (X = 13.6 %) inside of larval patches relative to
outside (X = 11.4 and 63.2 %, respectively). These observations suggest that density dependent com-
petition inside patches may have locally depleted the primary food source, copepod nauplii, prompting
a diet switch to a lower quality but more abundant prey resource, invertebrate eggs. Results from a
bioenergetics simulation support this theory, indicating that dense patches of walleye pollock larvae in
1981 were capable of exhausting naupliiar prey resources in Shelikof Strait in a relatively short period
of time (14 to 40 d). Our observations contrast with other studies that suggest that ichthyoplankton
exert little or no influence on microzooplankton standing stocks. Rather, we present evidence that, in
certain unusual circumstances, particularly dense aggregations of larvae are capable of locally de-
pleting the prey community. Such events may weaken larval condition and exacerbate natural death
rates, which may have contributed to the poor recruitment success of the 1981 year class.
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INTRODUCTION

Much research has focused on the potential for food
limitation to influence survival of fish early life history
stages, although the issue of whether population size
is significantly impacted remains unresolved. Some
experiments suggest that larval growth may be influ-
enced by variations in prey availability (Pedersen
1993, Van der Meeren & Neess 1993, Duffy et al. 1996),
while others argue that prey concentration has little
effect on larval growth and mortality. Cushing (1983)
indicated that early larval stages do not exert signifi-
cant mortality on their food organisms, suggesting that
density dependent food-mediated mortality of larval
fish in the wild is improbable. Neilsen & Munk (1998)
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determined that predation pressure exerted by fish
larvae was lower than daily copepod production in the
central North Sea, and Pepin & Penney (2000) argued
that even an entire ichthyoplankton community could
not substantially impact zooplankton standing stocks
in Conception Bay, Canada.

Certain fishes may be more sensitive to the effects of
variations in prey availability than others, and evidence
suggests that walleye pollock Theragra chalcogramma
may be one such species. For example, Clarke (1984)
demonstrated that growth of larval walleye pollock in
the Bering Sea was influenced by food availability, and
Canino et al. (1991) established that gut contents and
RNA/DNA ratios of larval walleye pollock were af-
fected by variations in naupliiar abundance in Shelikof
Strait, Alaska. Bailey et al. (1995) have shown that, dur-
ing years of strong winds and low naupliiar abundance,
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walleye pollock larvae from the Gulf of Alaska (GOA)
had less food in their guts, lower growth rates, were in
worse nutritional condition and experienced higher
rates of mortality than during a year of calm winds.
Finally, Theilacker et al. (1996) provided evidence that
a significant number of walleye pollock larvae were
starving in Shelikof Strait in a year of low prey levels.
Based on these observations, it is plausible that larval
walleye pollock may be vulnerable to the effects of sub-
optimal feeding conditions and susceptible to density
dependent regulation of larval abundance.

Shelikof Strait is a large, well-established spawning
site for walleye pollock. Typical abundances of larval
walleye pollock entrained in patches near Shelikof
Strait range from approximately 1000 to 6000 larvae
per 10 m? in April (as determined from ICHBASE, a
20 yr ichthyoplankton database maintained at the
Alaska Fisheries Science Center, Seattle, WA). These
estimates of average pollock densities are high, even
compared to previously reported ichthyoplankton den-
sities that are integrated over an entire ichthyoplank-
ton community (0.01 to 10 m3; Pepin & Penney 2000).
However, in 1981, a superabundance of pollock lar-
vae was noted, with some patch estimates exceeding
100000 larvae per 10 m? Interestingly, the resulting
1981 year class of walleye pollock was relatively poor
in spite of this extraordinarily large larval input.

Data directly linking poor feeding history and larval
density in the field are generally lacking, not only for
walleye pollock larvae, but among marine fishes in
general. It seemed that if density dependent mortality
were to occur during the larval phase, a most unusual
set of circumstances would be required to drive the
event. Therefore, we were particularly interested to
learn whether the extraordinarily high larval abun-
dances in 1981 could have motivated density depen-
dent competition for food resources. Such a scenario
might result in high rates of late larval mortality once
prey resources became limiting. Interestingly, an initial
examination of rates of larval walleye pollock mortality
in 1981 revealed a pattern of decline consistent with
this hypothesis. Counter to more traditional models,
mortality appeared to be low during the early larval
stages and increase with larval age. As such, we felt
that a more thorough investigation of the events in 1981
was warranted.

Walleye pollock larvae that had been collected in
Shelikof Strait, Gulf of Alaska in 1981 were archived at
the University of Washington Larval Fish Collection
(UWLFC), Seattle, WA, and were available for re-
examination. Unfortunately, appropriately sized micro-
zooplankton samples were not collected in that year,
rendering a direct comparison of larval stomach con-
tents and field samples of microzooplankton prey
impossible. Instead, we used inferences based on gut

contents and a bioenergetic model to test the hypothe-
sis that the unusually high larval densities in 1981 may
have precipitated density dependent competition for
microzooplankton standing stocks, contributing to the
low overall cohort success of the 1981 year class.

MATERIALS AND METHODS

Field collections. Ichthyoplankton samples were
collected from Shelikof Strait and the western GOA
during 3 separate National Marine Fisheries Service
research cruises in 1981. The first cruise, 3MF81 (April
26 to May 2), was conducted in early spring with the
NOAA RV 'Miller Freeman' and 2 others, 4MF81 (May
20 to May 24) and 3SH81 (May 20 to May 28), were
conducted in late spring with the RV ‘Miller Freeman'’
and the RV ‘Shantar’, respectively. Collections were
made along survey grids beginning in Shelikof Strait
and proceeding southwest of Kodiak Island, AK (Fig.
3). The grids of 2 of the 3 cruises were identical (3MF81
and 4MF81) and the grid for the third (3SH81) was
extended downstream to compensate for presumed
larval drift. Ichthyoplankton samples were collected at
each grid station with MARMAP double oblique tows
(Posgay & Marak 1980) using paired 60 cm bongo nets
fitted with 505 m mesh. Flowmeters were fitted into the
mouth of each net and all tows were made from 200 m
(depth permitting) to the surface. Upon retrieval, all
samples were immediately preserved in sodium borate
buffered 5% formalin. Samples were collected from
‘in-patch’ and ‘out-of-patch’ locations based on density
distributions of larvae. A patch (in-patch) was defined
as at least 10000 larvae per 10 m? during the early
cruise and at least 1000 larvae per 10 m? during the
late spring cruises, although most in-patch samples
were 3 to 4 times these values. Samples from outside of
patches (out-of-patch) were generally 4 to 5 times less
dense than in-patch samples (Fig. 1). Criteria for in-
patch and out-of-patch in 1981 were made relative to
densities in-patch versus out-of-patch in other years in
Shelikof Strait (Canino et al. 1991, Stabeno et al. 1996).

Laboratory analyses. Ichthyoplankton samples were
sorted at the Polish Plankton Sorting Center in
Szczecin, Poland. All walleye pollock larvae were
identified, removed and transferred to 70% ethanol.
Samples of larvae from all stations on each cruise were
stored in the UWLFC until used in the current investi-
gation. All data relevant to sample collection (i.e. geo-
graphic coordinates, date/time collected, gear used,
fishing depth, tow time, number of larvae collected,
etc.) were archived in ICHBASE.

Mortality. Cohort-specific larval mortality rates be-
tween the early- and late spring cruises were exam-
ined (see 'Introduction’). A complete description of the
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Fig. 1. Theragra chalcogramma. Distribution and abundances

of larvae during each of the research cruises conducted in

1981 in Shelikof Strait, AK. (e) Samples collected from inside

patches that were used in gut content analyses. (0) Samples

collected from outside patches that were used in gut content
analyses

methods used is provided in Bailey et al. (1996a).
Briefly, mortality rates were determined by estimating
larval loss between the early (3MF81) and late spring
cruises (4MF81 and 3SHS81). A subset of 50 larvae
(or all the larvae in the sample if fewer than 50 were
collected) from each survey station were measured for
standard length (mm) and the mean length of the sub-
sample was extrapolated to the entire sample collected
at each station. Otolith samples were not collected in
1981; therefore, age was estimated using a Schnute
(1981) growth model based on average growth rates
from 1985 to 1996 (G = 0.196 mm d~!). Larval pollock
lengths and ages were extrapolated to reflect what
they would have been on the mean date of each sur-
vey. These corrections provided data that simulated
collections all on 1 d rather than daily collections over
the course of a cruise. Mortality estimates were made
based on the abundance-at-age estimate from sequen-
tial surveys:

z, = [In(Ci.)-In(Cya)l/t -t

where z, = mortality for Cohort a, C; , = number of lar-
vae of Cohort a in Survey 1, C,, = number of larvae of
Cohort a in Survey 2, and t, — t; = elapsed time
between mean survey dates. Mortality estimates were
then plotted as mean larval age (weighted for abun-
dance) versus instantaneous mortality rate and com-
pared to previously determined estimates of larval
mortality in the GOA in other years. Independently,
the mortality rates over the period between the late
larval stage in May and the Age-0 juvenile stage in
September were calculated from an age-specific life
table analysis as detailed in Bailey et al. (1996b).
Body measurements and gut contents. Appropriate
samples from each cruise were identified from ICH-

58°00"
56°00" @ In Patch
O Outof Patch
3 =
1 14999
3 5000-9999
10000-49999
=" 3MF81(4/20 - 5/2)  |mwmermw
T T T T
58°00’
56°00" @ InPatch
O Outof Patch
o
I 1-999
‘- 1 1000-2999
3000-9999
~"  4MF81 (5/20 - 5/24) = oo
T T T T
58°00"
56°00° b
® In Patch
L oo
: 1 1-999
i [ 1000-2999
H 9 [ 3000-9999
i 3SH81 (5/20 - 5/28) I 10000-25000
T T T T
158°00° 156°00’ 154°00’ 152°00°

BASE for gut content analyses based on density (num-
ber of larvae per 10 m?; inside or outside of a larval
patch), time collected and sample availability. Approx-
imately 25 walleye pollock larvae were randomly
selected from each station of interest and were mea-
sured to the nearest 0.1 mm standard length (SL) using
a dissecting microscope and an ocular micrometer.
Measurements of body depth at anus (myotome
height) were made to the nearest 0.01 mm to provide
an index of larval condition (Yin & Blaxter 1986). The
entire digestive tract of each larva was excised and the
contents were removed and identified. Prey items
were measured for length and width (nearest 10 pm).
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Prey organisms from larval guts were identified to the
lowest possible taxon and then pooled into broader
categories: copepods (including copepodid stages),
copepod nauplii, invertebrate eggs and other. The last
category comprised a variety of relatively rare organ-
isms including rotifers, euphausiids, crustacean larvae
(non-copepod), larvaceans, polychaetes and other
material that was too digested to be identified further.
Variations in diel feeding were controlled by selecting
samples that were collected between 11:00 and 15:00 h
(Alaska local time). This time interval provided larvae
that potentially contained full guts in stasis with eges-
tion at the time of collection (Canino & Bailey 1995).

Statistical analyses. Differences in larval size (SL)
and anal body depth were examined between cruises
and in-patch versus out-of-patch using a crossed,
multiway ANOVA model. Significant differences in
percentage of larvae feeding between cruises and
in-patch versus out-of-patch were determined using a
2-way ANOVA model on arcsin transformed values.
In all cases, inference was determined at a = 0.05.

We used analysis of covariance (ANCOVA) to deter-
mine whether the rate of increase (change in time/
length) in anal body depth of larvae collected in 1981,
a poor year class, was different from the rate of
increase of larvae collected in the GOA in 1988, a
strong recruitment year. We chose samples collected
from 7 stations in 1988 that were similar in geographic
location to those collected in 1981, and samples were
selected from inside and outside of a larval patch.
Sample availability was more limited in 1988 and we
found it necessary to extend the hours of collection to
all daylight hours. All selected samples were collected
between 07:00 and 20:00 h Alaska local time. Since we
were interested in morphometrics only, and not in
feeding and diet in this year, this approach was
deemed appropriate. It should also be noted that
samples from 1988 were collected in 1 m Tucker

trawls, not in 60 cm bongo nets as in 1981. Shima &
Bailey (1994) have previously shown that bongo tows
and 1 m Tucker trawls catch similar numbers and size
distributions of larval walleye pollock, concluding that
the 2 gears were interchangeable. Therefore, although
the gears used in the 2 yr were dissimilar, the catches
were comparable. All other treatment, preservation
and storage of samples from 1988 occurred in a similar
manner to those of 1981.

The data fit a parametric model, so we initially used
a crossed MANOVA design to determine whether
there were differences in numbers and types of prey
consumed by larvae in-patch versus out-of-patch
(Zar 1984). This approach indicated a significant inter-
action between the 2 factors (cruise, patch, p = 0.04);
therefore, separate MANOVAs were conducted on
data from each cruise to determine whether there were
significant differences in numbers and types of prey
consumed by larvae in-patch versus out-of-patch
(o =0.05).

Microzooplankton. As noted previously, microzoo-
plankton samples were not collected from the GOA in
1981; therefore, they were not available for comparison
to larval gut content data. We used zooplankton data
collected from Shelikof Strait in subsequent years (1985
to 1989, Incze & Ainaire 1994) as proxy data in a bioen-
ergetic model to examine the potential impact of larval
population consumption on the hypothetical micro-
zooplankton standing stock (Table 1). Some adjustments
to the data presented in Incze & Ainaire (1994) were
made. In their paper, microzooplankton densities were
integrated over a 60 m depth, providing a mean zoo-
plankton abundance for the whole water column. These
authors also provided data indicating that copepod nau-
plii tended to be concentrated in the upper water column
(0 to 30 m), where they co-occurred with pollock larvae.
Much lower microzooplankton densities occurred below
30 m. Therefore, integrating naupliiar densities over the

Table 1. Spring microzooplankton densities (ind. m~?) in Shelikof Strait, Gulf of Alaska. Adapted from Incze & Ainaire (1994)

Prey item 1985 1986 1987 1988 1989
Copepod nauplii 4.0 x10° 8.3 x10° 9.7 x 10° 5.8 x10° 5.8 x10°
Other nauplii 3.2x10° 1.2 x 10* 1.0 x 10* 4.0 x10° 1.1 x 10*
Invertebrate eggs 2.0 x 10° 6.3 x 10° 2.3 x10° 2.1 x 10* 3.1 x 10*
Ovisacs 2.4 x 10* 1.2 x 10* 1.0 x 10* 1.4 x 10* 1.1 x 10*
Copepods 7.2 x 10* 3.6 x 10 1.0 x 10* 2.8 x 10* 2.3 x 10*
Euphausiids 3.2x10° 0 1.0 x 10* 0 0
Rotifers 3.2x10° 1.3 x 10° 2.5x10° 4.0 x10° 3.1 x 10
Tintinnids 1.6 x 10* 1.2 x 10* 2.0 x 10° 4.0 x10° 1.1 x 10*
Larvaceans 3.2 x10° 5.4 x 10* 0 4.0x10° 1.1 x 10*
Polychaetes 3.2x10° 1.2 x 10* 1.0 x 10* 4.0 x10° 1.1 x 10*
Echinoderms 3.2x10° 1.2 x 10* 1.0 x 10* 4.0 x10° 1.1 x 10*
Foraminifera 3.2x10° 1.2 x 10* 1.0 x 10* 4.0 x10° 1.1 x 10*
Other 6.4 x 10* 5.4 x10* 7.2 x 10* 3.5 x10* 2.3 x 10*
Total 8.0 x 10° 1.8 x 10° 1.8 x 10° 7.1x10° 7.7 x 10°
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water column artificially deflated zooplankton densities
(to 10* nauplii m~2). Accordingly, we adjusted their data
to surface water concentrations to reflect densities of mi-
crozooplankton that might be encountered by pollock
larvae in a patch. This procedure provided an estimate of
abundance that was in accordance with previously re-
ported estimates of microzooplankton in patches
(Canino et al. 1991, Paul et al. 1991, Napp et al. 1996).

Bioenergetics model. The objective of the bioener-
getics analysis was to test whether high in-patch den-
sities of walleye pollock larvae in 1981 were capable of
depleting local copepod nauplii resources, motivating
a diet switch to new prey stages or taxa that were
either more abundant or capable of faster turnover
rates. The general model used to calculate larval pol-
lock consumption was based on the Winberg (1956)
balanced energetics equation (Table 2A).

The model currency was carbon. Larval pollock car-
bon content was set to 43.4 % of dry weight (Nishiyama
1981), and prey carbon content data were derived from
a variety of databases including Incze et al. (1984) for
copepod nauplii, Gomez-Gutierrez & Peterson (1999)
for copepod eggs, and Incze et al. (1997) for copepo-
dids and adult copepods. In metabolic calculations,
volume units of O, were converted into mass units of C
and vice versa by applying the following equivalence:
1 ml O, = 0.428 mgC (Nishiyama 1981). Submodel
portions of the Winberg (1956) equation are shown in
Table 2A. The full model has already been parameter-
ized for juvenile walleye pollock by Ciannelli et al.
(1998). In this study, we kept the same model structure
previously developed for juvenile pollock, but adapted
the model parameters to the pollock larval stage
(Table 2B). Moreover, egestion and excretion were

modeled as a single fraction value (FU) of total inges-
tion. Each prey item was assigned a specific FU, to ex-
plicitly account for different assimilations among dif-
ferent prey items. Nauplii FU was set to 0.3 (Yamashita
& Bailey 1989), while eggs FU was arbitrarily set to 0.6
to account for the poor assimilation of invertebrate eggs
by walleye pollock larvae (Duffy-Anderson pers. obs.).
Model simulation. Two parallel simulations were
run for a 45 d period; one to simulate larval consump-
tion in-patch and the other to simulate larval consump-
tion out-of-patch in 1981. A third simulation, ‘normal-
in-patch’, was performed using a maximum in-patch
larval density observed during a period of more typical
high larval abundance estimates (1982 to 1998) in the
GOA (6000 larvae per 10 m? Fig. 2). The normal-
in-patch model was run to provide a worst case sce-
nario estimate of in-patch consumption during years of
average larval density. All simulations hypothetically
began in April, at the time of the peak of abundance
of first-feeding walleye pollock in Shelikof Strait. We
conservatively set the mean in-patch larval abundance
in 1981 to 27440 larvae per 10 m?, the mean density of
all stations located within the general geographic
extent of the large larval aggregation (Fig. 1).
Environmental data required to run the bioener-
getics model were water column temperature, larval
growth, larval diet and prey density. Temperatures
were derived from CTD casts conducted at the time of
sampling. Instantaneous growth rates (Gy, d™!) in 1981
were calculated for in-patch and out-of-patch larvae
from estimates of larval dry weight between early and
late spring cruises (Table 3). In turn, larval dry weights
were extrapolated from measurements of larval stan-
dard length and published regressions between larval

Table 2. (A) Submodels of larval walleye pollock bioenergetic functions; W = weight (g) and T = temperature (°C). Parameter sym-
bols are explained in (B) and in Hewett & Johnson (1992). (B) Descriptions and values of the parameters used in a bioenergetics
model of larval walleye pollock

(A) Consumption: I=G+M+F+U
Respiration (= metabolism): M=A, W5 f(T)A,, + D, (I- F) where f(T) = e@*T
Egestion + excretion: FU=FU, x1
(B) Symbol Parameter Value Source
I Consumption (gC gt d?)
G Growth (gCgtd? see Table 3 Field data
F Egestion (gC g™t d™}) see below
U Excretion (gC g™t d™}) see below
M Respiration (gC g' d™!)
A, Intercept of the allometric function 0.011 Yamashita & Bailey (1989)
B, Slope of the allometric function -0.129 Yamashita & Bailey (1989)
Q; Temperature of the dependence coefficient 0.072 Fukuchi (1976)
An Multiplier for active metabolism 2 Yamashita & Bailey (1989), Ciannelli et al. (1998)
Dy Proportion of assimilated energy lost for
Specific Dynamic Action 0.3 Yamashita & Bailey (1989)
FU Egestion + excretion (gC g™! d™?)
FU, Proportion of consumed energy Average among prey See text
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Fig. 2. Theragra chalcogramma. Yearly comparison of

observed abundances (mean + SE) of larval walleye pollock in

April in the western Gulf of Alaska. Data were derived from

ICHBASE, Alaska Fisheries Science Center, Seattle, WA.

Data from several years were not available due to lack of
sampling at the appropriate time

walleye pollock length and weight (Nishiyama 1981).
Calculated Gy, estimates were slightly higher among
in-patch larvae (0.071 + 0.02 SD d™!) than out-of-patch
larvae (0.067 + 0.01 SD d'), although it was deter-
mined that there were no significant differences in Gy
in-patch versus out-of-patch (p > 0.05). Larval pollock
diets, used in all bioenergetics simulation types, were
derived from published data during a year of normal
larval abundance (1989) in the GOA (Canino et al.
1991). Since the unusual diet composition of in-patch
larvae observed in the 1981 samples (see below for diet
results) could have already been the result of a diet
switch, we felt that it was more appropriate to run the
bioenergetics model with a diet characteristic of a
year of more typical larval abundance (patch densities
<5000 larvae per 10 m?) to simulate the presumed ini-
tial foraging strategy of larvae feeding in 1981. The
results of all simulations were then compared with
available estimates of zooplankton abundance around
Shelikof Strait (Incze & Ainaire 1994) to evaluate the

Table 3. Theragra chalcogramma. Environmental parameters
used in 3 bioenergetics simulations. In-patch: values inside a
patch in 1981; out-of-patch: values outside of a patch in 1981;
normal-in-patch: hypothetical values within a larval patch
based on observations in other years (see Fig. 6). Tempera-

ture: 6.2°C
In-patch  Out-of- Normal-
patch in-patch
Natural mortality (d™!) 0.15 0.15 0.10
Growth rate (d1) 0.071 0.067 0.067
Larval density (per 10 m?) 27440 1670 6000
Larval diet; nauplii:eggs 9:1 19:1 19:1
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Fig. 3. Theragra chalcogramma. (A) Relationship between
larval age and instantaneous mortality for 1981. (e) Calcu-
lated between the 3MF81 (early spring) and 4MF81 (late
spring); (a) calculated between 3MF81 (early spring) and
3SHS81 (late spring). (B) Relationship between larval age and
instantaneous mortality in other years (1987 to 1991)

impact of larval density on typical microzooplankton
standing stocks.

RESULTS
Mortality

As noted earlier, calculation of mortality between the
early and late spring cruises revealed that rates of in-
stantaneous mortality were low during the early larval
stages (0.1 to 0.15 d™') and increased with larval age
(0.2 to 0.3 d°}; Fig. 3A). This pattern was compared to
mortalities calculated in other years in the GOA (Bailey
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et al. 1996a) which demonstrated a more typical expo-
nential pattern of exponential decline (Fig. 3B). How-
ever, upon closer examination of the model output, we
determined that the model may have had a bias in at-
tributing hatch dates to the cohorts in 1981, erroneously
influencing the estimated age of the larvae in that year.
This could have confounded our estimates of mortality;
hence, we decided that a second, independent analysis
of mortality in 1981 was required to either corroborate
or refute these findings. Mortality during the late larval
to early juvenile stage was examined from a stage-
specific life table analysis. Mortality during 1981 (with
the highest initial density) was higher than any other
year from 1982 to 1996 (Fig. 4). This corroborates the
finding that late larval mortality was high in 1981.
These 2 estimates of unusual larval mortality in 1981
are consistent with a pattern that might be expected if
density dependent competition played a significant role
in overall larval survival.

Body measurements and gut contents

We examined 367 larval walleye pollock collected
over the 3 ichthyoplankton cruises conducted in 1981
(Table 4). There were no significant differences in
sizes (p = 0.25) or anal body depths (p = 0.32) of larvae
collected in-patch versus out-of-patch; however larvae
collected during the late cruises were significantly
larger than larvae collected during the early cruise (p <
0.001). Larger larvae during the late spring cruise
could be due to differences in size-selective mortality,
though it is more likely that larvae grew during the
3 wk interval between cruises. There was no signifi-
cant interaction between the 2 factors (patch, cruise;
p = 0.06). The percentage of larvae feeding was statis-
tically similar between the cruises as well as in-patch
versus out-of-patch, though a trend toward a greater
proportion of feeding larvae was noted during the later
cruises (Table 4). The mean number of prey ingested
per larva generally increased with increasing larval

Stage mortailiy (mxt)
n (]
i

0 T T T T 1
25 26 27 28 29 30
Ln (initial late larval abundance)

Fig. 4. Theragra chalcogramma. Stage-specific mortality (m X ¢)

for the late larval to early juvenile period plotted against the

initial late larval abundance. Shown are values for 1981 (®)
and average (+1 SD) for 1982 to 1996 (M)

size, and no significant differences in number of prey
consumed were detected between larvae in-patch or
out-of-patch (Table 4). There were also no significant
differences in mean prey size in-patch versus out-of-
patch, although it was noted that mean prey size
among in-patch larvae tended to be smaller than
larvae out-of-patch on each cruise (Table 4).

There were consistent trends in type of prey con-
sumed by larvae in-patch and out-of-patch, with many
in-patch walleye pollock larvae possessing large num-
bers of invertebrate eggs in the gut, both during the
early and late spring cruises (Fig. 5). Eggs consumed
ranged from 80 to 350 pm in size, while the majority of
eggs ranged from 100 to 200 pm in size (87 %). The
diets of larvae outside the patches were dominated by
copepod nauplii (78 % for early stage larvae), although
invertebrate eggs were also consumed (Fig. 6). Differ-
ences in diet between in-patch and out-of-patch larvae
were not significant during the early cruise (3MF81;
p > 0.1), even though it was noted that invertebrate
eggs made up more than half of the diet among all in-
patch larvae. It is likely that the lack of detection of sig-
nificant differences during the early cruise was due to
low power. Statistical differences in diet type were
detected among late-stage larvae. Walleye pollock
larvae consumed significantly greater numbers of in-

Table 4. Theragra chalcogramma. Sizes and feeding indices of larval walleye pollock collected in late April (3MF81) and late May
(4MF81, 3SH81) in the Gulf of Alaska, 1981. Values presented are means + 1 SD unless otherwise indicated

Parameters 3MF81 4MF81 3SH81 —
In-patch Out-of-patch In-patch Out-of-patch In-patch Out-of-patch

Time of day (range) 10:20-13:05 11:35-13:10 11:15-15:08 12:14-13:51 12:31-14:21  No samples

Size (mm SL) 5.6 0.6 6.0 +£0.6 85x14 7.5+1.2 8.1x1.5

Size range (mm SL) 4.0-6.9 5.0-7.1 6.0-11.9 44-104 5.6-12.2

Anal body depth (mm) 0.28 + 0.06 0.29 + 0.05 0.73 £ 0.22 0.66 + 0.27 0.71 +0.23

Total number examined 74 74 75 65 79

Feeding (%) 78 80 100 94 91

Number prey fish™! 2.7+23 24+23 122+94 11.2+6.5 4.4+38

Prey length (nm) 158.5 + 81.1 214.6 £95.8 156.9 + 168.7 2343+ 1153 273.3+298.3
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Fig. 5. Theragra chalcogramma. Representative larva collected
from inside a larval patch on the early spring cruise (3MF81). Note
the numbers of invertebrate eggs present in the foregut, midgut

and hindgut. Actual larval size = 5.7 mm total length

vertebrate eggs (p = 0.03) and fewer copepod nauplii
(p = 0.05) in-patch than out-of-patch. No significant
differences in consumption of copepods (+ copepodids)
and ‘other’ food items were found.

Since no significant differences in anal body depth
were detected between in-patch and out-of-patch lar-
vae in 1981, data were pooled for comparison to body
depths in another year, namely 1988, a strong recruit-
ment year. Linear regressions were fitted to describe
the relationship between fish size (SL) and anal body

1 Nauplii Eggs K= Copepods B Other

100 4

80 {

60 -

40 |

% Gut contents

20 1

3MF81 In-Patch -
3MF81 Out-of-Patch -
4MF81 In-Patch -
4MF81 Out-of-Patch -
3SH81 In-Patch

Fig. 6. Theragra chalcogramma. Percent composition of the
gut contents of larvae collected inside and outside of larval
patches during each cruise in 1981. 3MF81 (April 26 to May 2),
4MF81 (May 20 to May 24) and 3SH81 (May 20 to May 28)

depth in 1981 and 1988, and it was found that the rate of
increase was significantly greater in 1988 than in 1981
(p < 0.001). This suggests that the overall condition of
larvae collected in 1981 was worse than the overall con-
dition of larvae in a good recruitment year (Fig. 7).

Bioenergetics model

During the 45 d bioenergetics simulation, larval pol-
lock dry weight increased from 0.17 to 4.61 mg in the
in-patch scenario, and from 0.20 to 4.43 mg in the out-of-
patch and normal-in-patch scenarios. Consumption rate
of out-of-patch and normal-in-patch larvae decreased
from 25.5 to 20.4 % of body weight d™! from the start to
the end of the simulations. Consumption rate of in-patch
larvae was slightly higher, 27.0 and 21.5% of body
weight d! at start and end, respectively; this was due
mainly to the higher proportion of eggs in their diet.

Predicted cumulative consumption of larval walleye
pollock in 1981 suggests that there was a strong poten-
tial for food depletion of naupliiar resources among in-
patch larvae, although no such potential was evident
for larvae out-of-patch (Fig. 8A). In addition, the poten-
tial for resource depletion was not apparent for inver-
tebrate eggs, either in the in-patch or out-of-patch sce-
narios (Fig. 8B). The model predicted that high, mean
in-patch larval abundances (27440 larvae per 10 m?)
could deplete the typical naupliiar resources in
Shelikof Strait within 14 to 40 d when using estimated
rates of growth and mortality. Finally, model results
indicated that there was scant potential for food deple-
tion in-patch during years of more typical larval abun-
dance (Fig. 8A), even at very high estimates of normal
larval density and using conservative estimates of
mortality (Table 3).
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Fig. 7. Theragra chalcogramma. Relationship between fish size
and anal body depth for 1981 (0) and 1988 (e). Equations for
linear regressions shown. Dashed line = 1981; solid line = 1988
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Fig. 8. Theragra chalcogramma. (A) Results of a bioenergetics

simulation of walleye pollock larval population consumption

of copepod nauplii. (B) Results of a bioenergetics simulation of

walleye pollock larval population consumption of inverte-

brate eggs. Solid line = in-patch; dashed line = normal-in-

patch; dotted line = out-of-patch; hatched area = estimation
of standing stock

DISCUSSION

The data presented here provide substantial support
for the occurrence of density dependent prey depletion
by larval walleye pollock in Shelikof Strait in 1981.
Walleye pollock larvae in patches consumed greater
numbers of invertebrate eggs and fewer copepod nau-
plii compared to their counterparts outside of patches.
This shift in diet type did not appear to affect the num-
ber of prey consumed per larva in-patch relative to
out-of-patch, although the mean size of prey ingested
was smaller among in-patch larvae, likely reflecting
their tendency to ingest eggs. Larval sizes in-patch and
out-of-patch were similar, both in body length and
body depth, despite the fact that overall larval condi-

tion in 1981 was worse than in a year of strong recruit-
ment (1988). Larval mortality appeared to increase
with larval age in 1981, the only year in our 12 yr time
series that this phenomenon has been observed (Bailey
et al. 1996a). These data suggest that the unusually
high densities of larvae entrained in patches in 1981
may have locally grazed down the standing stock of
copepod nauplii, resulting in a shift in feeding from
nauplii, their primary food source, to feeding on inver-
tebrate eggs. For reasons outlined below, we suggest
that invertebrate eggs are not an adequate prey
resource, potentially contributing to the overall poor
recruitment success of the 1981 year class.

Larval feeding

We did not attempt to identify the types of inverte-
brate eggs ingested, although we speculate that the
majority were copepod eggs. Most ingested eggs (over
85 %) ranged from 100 to 200 pm, coinciding with the
egg sizes of a variety of copepod species (Oithona,
Pseudocalanus, Metridia and Calanus) that are present
in the GOA at approximately the same time as feeding
larval walleye pollock. Most eggs were found loose in
the gut and in many cases, there was no evidence that
an adult copepod was ingested at all, indicating the
majority of eggs that were consumed were probably
produced by copepods that broadcast spawn. As such,
most of the eggs may have been Calanus spp. (fecun-
dity = 38 eggs d!; Runge 1984) and/or Metridia spp.
(fecundity 1-6 eggs d°!; Napp et al. 1996) rather than
Oithona or Pseudocalanus (egg bearers).

A few studies have demonstrated that copepod eggs
are poorly digested by larval fishes. Conway et al.
(1993) observed that subitaneous eggs of Acartia spp.,
Eurytemora spp., Oncaea spp., Corycaecus spp. and
Euterpina spp. appeared to pass through the guts
of larval turbot Scophthalmus maximus undigested.
Conway et al. (1994) later demonstrated that the
viability of eggs egested by larval turbot ranged from
0% (Corycaeus spp.) to 91.7 % (Eurytemora spp.), and
Flickman et al. (1994) found that 60% of the Eury-
temora affinis eggs passed into the feces by Baltic her-
ring Clupea harengus membras could be hatched to
nauplii. We noted that the invertebrate eggs in the guts
of walleye pollock larvae collected in 1981 appeared to
be similar in shape, size, and internal content between
the foregut and the hindgut, and that many of the eggs
on the verge of being egested through the anal
opening were visually intact (Fig. 4). If larval walleye
pollock in 1981 grazed down their naupliiar prey
resources and switched to eggs, it seems likely that
they obtained less nutritional value from the un-
hatched eggs than from hatched nauplii.
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It is important to note that copepod eggs form a sub-
stantial portion of the larval walleye pollock diet even
in years of typical larval abundance in the GOA and
Bering Sea (Grover 1990, Canino et al. 1991, Hillgruber
et al. 1995, Nakatani 1995). However, these prey items
generally occur in the stomachs secondarily to copepod
nauplii, usually making up only 15 to 30% of the total
diet. In the present study, copepod eggs made up 50 to
75% of the diet of in-patch larvae, far exceeding the
normal proportion of these prey items in the gut con-
tents and potentially providing larvae with less energy
per prey item than they would otherwise ingest.

It seems likely that the consumption of large num-
bers of copepod eggs by walleye pollock larvae in 1981
was due to density dependent resource depletion,
although in the absence of microzooplankton data
from 1981, we cannot dismiss the possibility that a mis-
match occurred between larval consumption and
copepod production. Such an event would also result
in a scarcity of nauplii at the time of larval feeding.
However, this scenario seems less probable for several
reasons. First, invertebrate eggs were found in the guts
of out-of-patch larvae in nearly the same proportions
as during years of normal larval abundance (approxi-
mately 25 %). The remainder of the gut contents of out-
of-patch larvae comprised copepod nauplii (78 % for
early stage larvae) or copepods and nauplii combined
(71% for late-stage larvae). If prey were limiting in
1981 due to a zooplankton production mis-match,
presumably nauplii would not have been available to
out-of-patch larvae. Second, the results of the bioener-
getics model indicate that even conservative estimates
of the densities of larvae in a patch in 1981 (X = 27 440
larvae per 10 m?) were capable of depleting available
nauplii prey resources in as little as 2 wk, irrespective
of the often much higher larval densities noted during
that year (50000 to 100000 larvae per 10 m?). Finally,
the 2 approaches for estimating age-specific mortality
in 1981 indicate aberrations that are consistent with
notion that sufficient prey resources were available to
larvae for a portion of time (as evidenced by the com-
paratively low mortality rates observed among young
larvae), but became limiting with time (as indicated by
increasing rates of mortality among older larvae and
early juveniles).

Larval condition

Although we saw differences in the diets of larvae
in-patch versus out-of-patch in 1981, differences in fish
length, body depth and calculated growth rates (Gy)
were not apparent. It is inherently difficult to deter-
mine significant differences in larval size in the wild
due to the high individual variation in growth rate and

larval size-at-age. Moreover, ichthyoplankton disinte-
grate quickly upon dying, rendering the weakest larvae
unavailable to our sampling gears. As such, we can
only effectively sample the larvae that are surviving in
the population, the individuals that are able to grow
regardless of whether they are located inside or out-
side of a larval patch. Therefore, our inability to deter-
mine significant size or growth rate differences among
in-patch and out-of-patch larvae was not entirely
unexpected.

Bioenergetics model

The bioenergetics model used to estimate larval pol-
lock consumption corroborates well with other inde-
pendent estimates of daily consumption and respira-
tion. Yamashita & Bailey (1989) estimated a daily
consumption rate of 37.0% body weight d™! for a 90 g
(dry weight) larval walleye pollock. Our model predicts
arate of 36.0 % body weight d~* for a similar larval size.
Although some of the Yamashita & Bailey (1989) results
were used to parameterize the model, their larval con-
sumption estimates were independent from our model
because they were assessed using non-bioenergetics
methods, i.e. gut evacuation rates. Porter (1999) esti-
mated respiration rates of larval pollock to vary from 4.6
to 2.31 0, mg ! h™! in specimens ranging from 0.105 to
0.272 g dry weight, respectively. Our model predicted
2.9and 2.61 0, mg ! h™! for a similar size range.

The bioenergetics model that we used was relatively
simple, and we intentionally excluded several factors
that could potentially influence larval feeding and
growth efficiency. However, these exclusions could
contribute to the uncertainty of our estimates of larval
consumption. For example, wind or tide turbulence
(Rothschild & Osborn 1988, MacKenzie & Leggett 1991,
Dower et al. 1997), larval visual range (Aksnes & Utne
1997, Fiksen et al. 1998), or exposure to heterogeneous
thermal scenarios (Wieser et al. 1988, Porter 1999) are
a few of the factors that can increase larval prey cap-
ture probability or reduce metabolic expenditures.
However, we believe that the predicted 1981 grazing
impact of in-patch pollock larvae is more robust than
the inherent uncertainties of the model. First, the esti-
mate of in-patch population larval consumption should
be considered conservative because it was based on
high rates of larval mortality (0.15 d™!) equally applied
throughout the 45 d simulation period. Second, the ini-
tial in-patch population density used in the model was
actually lower than many other high larval densities
observed that year (50000 to 100000 larvae per 10 m?).
Finally, a variety of other species consume copepod
nauplii in addition to larval walleye pollock (other
larval fishes, polychaetes, crustacean larvae and jelly-
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fish); therefore, the grazing effect of walleye pollock
alone in 1981 actually underestimates the effect of an
ecosystem of predators on standing stocks (Brodeur &
Terazaki 1999, Purcell & Sturdevant 2001).

It also should be noted that we intentionally con-
ducted the model using a static estimate of naupliiar
abundance, eliminating production from the model
simulation. Of course, copepod production would con-
tribute to the overall microzooplankton standing stock.
However, a variety of assumptions need to be made
prior to the inclusion of copepod production into the
model, including accurate production estimates for
each copepod species in the GOA, assumptions re-
garding the availability of phytoplankton to assure
maximum egg production as well as assumptions of
hatching success of copepod nauplii in 1981.

Mortality

Our estimates of mortality may have been con-
founded if drift or advection served to transport larvae
out of the sampling range. Indeed, mortality calculated
between the 3MF81 and 4MF81 cruises may overesti-
mate actual field rates since the 4MF81 survey grid
was essentially identical to that of the early spring
cruise and did not account for larval drift. Estimating
larval drift between these same 2 cruises, Kim & Bang
(1990) determined that approximately 20 % of the lar-
vae may have been flushed out of the grid. Compen-
sating for this loss, they suggested that mortality rates
were approximately 0.07 d!, considerably lower than
our calculations. However, our estimates of mortality
derived between 3MF81 and 3SH81 are probably more
reliable, since the 3SH81 grid was extended to the
southwest, and these values compare well with our
values derived between 3MF81 and 4MF81. Moreover,
an eddy resolving biophysical model (S-Coordinate
Primitive Equation Model, SPEM; Hermann & Stabeno
1996, Stabeno & Hermann 1996) of circulation in She-
likof Strait suggests that the flow regime in 1981 was
comparatively low and that a number of eddies were
part of the flow field. A lower flow regime coupled with
a increased number of larvae retaining eddies makes it
less likely that walleye pollock larvae were rapidly
flushed out of Shelikof Strait in 1981 and more proba-
ble that the larvae were retained within the confines
of our sampling grids.

In summary, our observations present evidence that
particularly dense aggregations of larvae appear to be
capable of locally depleting the prey community. Such
phenomena may occur as events rather than as typical
occurrences, but the capacity for such episodes to
shape recruitment among marine fish populations
should be recognized.
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