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Differences in the dynamics (growth and mortality) and energetics properties of marine
and freshwater fish larvae have important implications for determining the life stages at
which year-class size is established. After correcting for temperature effects, marine fish
larvae, which typically weigh less at hatch, can be shown to experience higher mortality
rates, have higher metabolic requirements, and have longer larval stage durations than
do freshwater fish larvae. Growth rates and growth efficiencies are similar for the two
categories of larvae. The difference in body size between typically small marine and
typically large freshwater fish larvae is an important factor affecting their dynamics and
energetics. Predicted mean survivorship to metamorphosis of a cohort of freshwater fish
larvae is 5.30%, while that of marine larvae is only 0.12%. The probability of significant
density-dependent regulation during the larval stage could be relatively high for marine
species, based upon their life-history properties. The probability that episodic mortalities
of larvae will have significant impacts on recruitment may be higher for freshwater fish
than for marine fish. Starvation mortality is more probable for marine larvae, primarily
because of their small body size, associated high metabolic demands, and possibly higher
ingestion requirements. Because expected mean survivorship of freshwater larvae is 44
times higher than that of marine larvae, juvenile-stage dynamics will be relatively
important in controlling/regulating recruitment levels of freshwater fishes. In contrast,
properties of marine species indicate that larval-stage dynamics will have a greater
influence on recruitment success.
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Introduction

Research on fish early life stages has proliferated in recent
years, particularly on marine species. The high fecundities
of fishes ensure high larval abundances, which are subject
to: (1) density-independent controls that are believed to
bc a primary cause of recruitment variability; and (2)
possible density-dependent regulation, which will tend
to stabilize recruitment levels (Cushing, 1974a,b;
Rothschild, 1986). Growth rates, mortality rates, stage
durations, and energetics properties of teleost larvae,
when compared across taxa and ecosystems (Houde and
Zastrow, in press), have many similarities, but they also
show significant differences that have implications for the
recruitment process, as well as for development of fishery
research and management plans.

Fishes in both marine and freshwater habitats exhibit
diverse morphologies and behaviors. This diversity
extends to the larval stages in which morphologies and
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ontogenies vary widely (Balon, 1981). Development
during the larval stage may be brief or protracted, result-
ing in either short- or long-stage durations. Because of the
variability in morphologics and body sizes of larvae, as
well as stage durations, it is not surprising that many
biological properties differ substantially among species
(Miller er al., 1988; Pepin, 1991; Pepin and Myers, 1991).
The vital rates (mortality rates, growth rates, stage
durations) and cnergetics of larvae are strongly affccted
by temperature (Houde, 1989a; Morse, 1989). Tempera-
ture and body size probably are the main variables affect-
ing egg and larval stage dynamics (Pepin, 1991) and
prey consumption rates (Mackenzie et «al., 1990). Their
cffects on larval-stage durations may have had important
consequences in theevolution of teleost life-history modes
(Houde, 1989a).

There are taxa-specific as well as ecosystem-specific
differences in vital rates and cnergetics properties of fish
larvac (Houde and Zastrow, in press) that could affect
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recruitment levels, in addition to influencing dynamics
and energetics of older life stages. Houde and Zastrow (in
press) noted some probable differences in larval-stage
properties of marine and freshwater fish larvac in a
broader analysis across aquatic ecosystems and taxa.
In the present paper, | critically compare averaged
properties of larvae from the combined marine eco-
systems with properties of larvac from freshwater
ecosystems and discuss the potential for regulation and
control of recruitment during the larval and juvenile
stages in each system.

Methods

Data on larval dynamics (vital rates) and energetics,
categorized by ccosystems and by taxonomic groups,
were compiled by Houde and Zastrow (1991, in press).
Those reports included data on both freshwater and
marine teleost larvae, but the analysis and intcrpretations
did not focus on implications for recruitment in fresh-
water and marine ccosystems. Here, the analysis is
extended explicitly to examine and compare the relation-
ships between size at hatching and vital rate paramecters
in the two categorics of larvae. Recruitment levels in
each case are predicted for mean values of rates estimated
during larval life, and simplc simulations are run to
demonstrate the extent to which average dynamics in the
larval stage must vary to precipitate important changes in
recruitment levels.

Most teleost taxa for which published data were avail-
able are included in the analysis. Exceptions werc a few
taxa of principally freshwater fishes with unusually large,
precocial (sensu Balon, 1981) hatchlings that have either
a curtailed or absent larval stage, c.g. Salmonidac,
Acipenseridae, Ictaluridae. The variables that were con-
sidered are: W, =dry weight at hatching (pg); W_ . =dry
weight at metamorphosis (pg); G =wecight-specific
growth coefficient (pg pg ' day~!'): Z=instantaneous
mortality coefficient (day~!); D=larval-stage duration
(day); i.e. days to grow from W to W_; QO, = weight-
specific oxygen uptake (ul O, mg™' h™'); I=weight-
specific food ingestion (day ™), i.e. fraction of larval body
weight consumed daily; and K| = gross growth efficicncy,
defined as G/1.

Temperature-adjusted mean values of each parameter
for larvac from five marine ecosystems and freshwater,
and from ninc broad taxonomic groups, were estimated
(Houde and Zastrow, 1991, in press). Adjustments for the
substantial temperature effects werc accomplished via
analysis of covariance. Mean values that are reported herc
for data from pooled marine ecosystems and from fresh-
water systems are those compiled by Houde and Zastrow
(in press), except for minor differences resulting from a
few additions or changes to the earlier data sct. These
values are referred to as “typical’ or “*average” for larvae

from marine or freshwater systems, acknowledging that
such characterization does not recognize species which
arc atypical and whose life histories may deviate signifi-
cantly from the norm. Differences between means were
judged to be significant at a=0.10, rather than at 0.0,
to increasc the power of the tests to detect probable
differences in these quite variable data, which often were
based upon few observations.

Regression statistics relating G, Z, D. and QO, to W,
were calculated to determine if thesc variables were de-
pendent upon weight at hatching, and if the dependence
differed between freshwater and marine larvae. Expected
numbers of metamorphosed survivors, at mean values of
vital rates and ontogenic attributes, were calculated for
fishes from freshwater and marine ccosystems, based
upon the relationship:

—Z(log, W,,,,—log, W,
N,a=PxNge ¢ = 2 ) - (N
G
where N_ ., =number of mctamorphosed survivors;

N,=initial number of larvae; and P=probability of
surviving “‘episodic’ mortality events.

The ratio of N, rw:Npmeomar for equal N was calcu-
lated to indicate relative stage-specific survivorship. By
varying Z. G. and P in Equation (1), the changes in rates
or episodic loss probabilities were calculated that are
required to equalize survivorship at metamorphosis in the
marinc and freshwater ecosystems. Effects of initial egg
or larval numbers (i.e. variability in N_), caused by
differences in mean fecundities between marinc and fresh-
water fishes, and the consequences for survivorship at
metamorphosis, were considercd. Teleost fecundity data
compiled by Winemiller and Rose (1992) were uscd for
this purpose.

The potential for density-dependent regulation of
larval survival via growth-rate responses to initial larval
abundances was compared for marine and freshwater fish
larvae by simulating responscs of N, in Equation (1) to
variability in G and N_. In an example, G was reduced by
10, 25, or 50% per five-fold increase in N,. Then, the
expected survivorships were compared for marine and
freshwater larvae to determinc their sensitivities to
density-dependent growth.

Results

Marine fish larvae, on average, are smaller at hatch.
suffer higher mortality rates, have higher weight-specific
respiration ratcs, and have longer stage durations than do
freshwater larvae (Table 1). The 10-fold difference in
mean weight at hatching potentially has important consc-
quences for larval-stage dynamics and recruitment.
Weight-specific growth rates do not differ significantly.
nor do gross growth cfficiencies, although the data-
base for the latter is small. The calculated mean,
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Table 1. Temperature-adjusted (by analysis of covariance) means of dynamic and energetics
properties of marine and freshwater fish larvae. Symbols for variables are defined n text (sec
Methods). Significance indicates p<0.10. n=number of taxa, S.E.=standard error of the

mean.
Marine Freshwater

Variable X S.E. n X S.E. n Significance
W, 37.6 6.4 77 359.7 72.8 20 sig.
W 10 845.6 953.0 77 9276.9 1604.3 16 n.s.
G 0.200 0.011 80 0.177 0.019 26 n.s.
VA 0.239 0.021 26 0.160 0.040 7 sig.
D 36.1 1.1 79 20.7 1.1 15 sig.
QO, 5.90 038 15 2.79 038 15 sig.
K, 0.29 0.03 14 0.32 0.03 8 n.s.
I 0.57 0.07 14 0.46 0.09 8 n.s.

Table 2. Expected energy budgets (cal mg ' day ') of marine and freshwater fish larvac.
(a) Temperature-adjusted mean cnergy budgets (from Houde and Zastrow, in press). (b)
Temperature-adjusted energy budgets. standardized to one unit of growth. (Note that no
standardization was required for marine larvae whose mean budget by concidence was 1.0 for
the growth component.) (c¢) Temperature-adjusted energy budgets, standardized to one unit of

ingestion

Category Ingesion = growth + metabolism + urine + feces

(a) Marine 3.44 = .00 + 0.98 + 024 + 1.21
Freshwater 2.78 = 08 + 0.47 + 019 + 1.23

(b) Marine 3.44 — 1.00 + 0.98 + 024 + 121
Freshwater 313 = 1.00  + 0.53 + 022 + 139

(c) Marine 1.00 = 0.29 + 0.29 + 007 + 0.35
Freshwater 1.00 0.32 + 0.17 + 007 + 044

weight-specific ingestion rates, which were derived from
the growth rate and growth efficiency data, are 0.57 for
marine larvae and 0.46 for freshwater larvac. These
values were not found to differ significantly at the a =0.10
level.

Weight-specific growth rates (G) for the pooled data
of marine and freshwater larvae, and of the freshwater
larvae alone, are significantly correlated with W  (Fig.
la), but no relationship betwecen G and W is apparent for
the marine larvae over the relatively small range of W
that is represented. No significant rclationship between
instantaneous mortality rate (Z) and W was demon-
strated (Fig. 1b), although the highest rates are reported
for some of the smallest marine larvae. There is also no
significant correlation between larval-stage duration (D)
and W, (Fig. Ic), but the longest-stage durations were
estimated for some of the smallest marine larvae. The
quite strong relationship between weight-specific oxygen
uptake (QO,) and W,. which was reported previously for
combined marinc and freshwater larvae by Houde and
Zastrow (in press) is illustrated (Fig. 1d). In the present
analysis, the QO, vs. W relationship was significant for
the freshwater larvae, but not for the marine larvae.

Applying mean values (Table 1) in Equation (1) indi-
cates that relative survivorship at metamorphosis of a
“typical”” cohort of freshwater fish is expected to be 44
times higher than that of a “typical” cohort of marine
fish. At metamorphosis. 5.30% of an initial freshwater
cohortisexpected to be alive compared to only 0.12% of a
marine cohort. Thus. a much larger fraction of a typical
freshwater, larval cohort will survive to enter the juvenile
stage.

Quite large changes in either Z or G are necessary to
cqualize expected survivorships at mctamorphosis of
marine and freshwater fish larvae. A 2.3-fold increase in Z
or decrease in G by a typical cohort of freshwater larvac is
nccessary to reduce its survival at metamorphosis to
0.12%, the estimated survivorship of a typical cohort
of marine larvae. Exactly the opposite applics to marine
larvae; a typical cohort of marine larvae would need to
experience 2.3-fold lower Z or higher G to support
survivorship of 5.30% at metamorphosis, the expected
level for a typical freshwater cohort.

If episodic mortalities of larvae i.c. weather-related
events, are morc prevalent in freshwater than in marine
environments, such losses would tend to equalize
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Figure 1. The relationships between dry weight at hatching and
(a) weight-specific growth rate. (b) instantaneous mortality rate.
(c) larval stage duration, and (d) weight-specific oxygen uptake
for marine and freshwater fish larvae.

expected survivorships at metamorphosis in the two sys-
tems. But, at the mean Z and G levels of freshwater fish
larvae (Table 1), additional episodic losses [P in Equation
(1)] would have to reduce initial cohort abundance by
97.8% to match the expected survivorship of a typical
cohort of marine larvae. If episodic mortalities, e.g.
caused by aberrant transport or storm events, are an
important element contributing to mortality of marine
fish larvae, any such losses would tend to reduce further
their expected survivorship at metamorphosis, and thus
widen the gap even more between expected survivorships
of freshwater and marine larval cohorts.

Decreases in growth rate, if density-dependent, poten-
tially could have relatively strong effects of survivorship
at metamorphosis of marine fish larvae compared to
freshwater larvae (Fig. 2). The potential for regulation
of abundance of marine larvae via density-dependent
growth is relatively high because their stage durations are
long, their ratio of G: Zis low, and their ratio of W_ ;W
is \high. Reductions in weight-specific growth rate of
<25% per five-fold increase in initial larval abundance
will induce a strong density-dependent response in rela-
tive survival of marine larvae. But, considerably greater
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reductionsin G are required to generate a similar response
in freshwater larvae. The result indicates that survival
of marine fish at metamorphosis not only is relatively
more sensitive to external controlling factors that affect
mortality rates and stage durations, but that marine
species also have more potential to regulate their
abundance in the larval stage.

The expected encrgy budgets for marine and freshwater
fish larvae, calculated from the temperature-adjusted
mean growth rates, ingestion rates, and weight-specific
oxygen uptakes, are similar in most respects (Table 2a).
After standardizing budgets to one unit of growth (Table
2b), the budgets differ principally in the metabolism
component, which is nearly two times higher for the
smaller marine larvae. Budgets standardized to one unit
of ingestion (Table 2¢) show that metabolism is 29% of
ingested energy for marine larvae but is only 17% for
freshwater larvae. Avcrage assimilation efficiencies
[(Ingestion — Feces) — Ingestion] apparently are higher
for marine (65%) than for freshwater fish larvae
(56%), primarily because marine larvae have a higher
metabolic level, not because they grow faster or more
efficiently.

Discussion

It has been presumed since the important contribution by
Hjort (1914) that dynamics in the early larval stage play a
dominant role in controlling or regulating year-class
strengths of marine fishes. Numerous studies of concep-
tual, theoretical, and applied nature have supported this
assumption (Jones, 1973: Jones and Hall, 1974; Cushing,
1974a, 1990; Lasker, 1978; Beyer, 1989; Hcath, 1992).
Less emphasis on larval-stage dynamics is apparent in the
literature on freshwater fishes. Results of the present
analysis suggest that larval-stage dynamics generally will
have less influence on control or regulation of year-class
strengths in freshwater fishes, and that trophic inter-
actions, competition for resources, and such factors as
overwinter mortality during the juvenile stage, may be the
predominant factors affecting their recruitment levels
(Forney, 1976; Mills et al., 1987; Post and Evans, 1989;
Shuter et al., 1989).

The relatively large size at hatching, short-stage
duration, and low mortality rate of freshwater fish larvae
favor the probability that recruitment level will be con-
trolled during the juvenile stage. In contrast, marine fish
hatch at relatively small size, have longer-stage durations,
and suffer higher larval mortality rates, indicating a
higher probability that recruitment levels are controlled
primarily in the larval stage. Minor variability in larval
growth and mortality rates are likely to register bigger
effects on recruitment potential of marine fishes because,
on average, the larval stage duration is 15 days longer
in marine species (Table 1). Mean survival through the
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