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Understanding the mechanisms controlling recruitment in fishes is a major problem in fisheries science. Although 
the literature on recruitment mechanisms is large and growing rapidly, it is primarily species specific. There is 
no conceptual framework to integrate the existing information on larval fish ecology and its relationship to survival 
and recruitment. In this paper, we propose an integrating framework based on body size. Although all larva! fish 
are small relative to adult fish, total length at hatching differs among species by an order of magnitude. As many 
of the factors critical to larval survival and growth are size dependent, substantially different expectations arise 
about which mechanisms might be most important to recruitment success. We examined the evidence for the 
importance of size to feeding and starvation, to activity and searching ability, and to risk of predation. Regressions 
based on data from 72 species of marine and freshwater species suggest that body size is an important factor that 
unifies many of the published observations. A conceptual framework based on body size has the potential to 
provide a useful integration of the available data on larval growth and survival and a focus for future studies of 
recruitment dynamics. 

La comprehension des mecanismes regissant le recrutement des poissons est un sujet important de l'halieutique. 
Bien que !'on dispose d'un grand nombre de documents sur !es mecanismes du recrutement et que ceux-ci 
augmentent rapidement, ii s'agit surtout d'un phE!nomene sf)ecifique d'espece. II n'existe pas de cadre conceptuel 
pour integrer les donnees existantes sur l'ecologie des larves de poisson et son rapport avec la survie et !e recru­
tement. Dans le present article, nous proposons un cadre integre fonde sur la taille. Bien que toutes les larves 
soient petites par rapport a l'adu!te, la longueur totale a !'eclosion differe d'un ordre de grandeur entre les especes. 
Etant donne que plusieurs des facteurs critiques pour la survie des larves et leur croissance sont fonction de la 
tail!e, des hypotheses tres differentes sont formulees relativement aux mecanismes qui pourraient ~tre tres impor~ 
tants pour le succes du recrutement. Nous avons etudie !es donnees relatives a !'importance de la taille par 
rapport a l'a!imentation et a l'inanition, a l'activite eta !'aptitude a chercher !a nourriture, et le risque de predation. 
D'apres des regressions fondees sur des donnees provenant de 72 espe<:es de poissons marins et dul<;aquicoles, 
la taille est un facteur important qui constitue un point commun dans plusieurs observations publiees. Un cadre 
conceptuel fonde sur la tail!e peut permettre une integration utile des donnees disponibles sur la croissance et 
la survie des larves et constitue un sujet en vue d'autres etudes sur la dynamique du recrutement 
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I nterest in larval fishes and factors influencing recruitment 
variation has increased rapidly in recent decades (Blaxter 
1974; Lasker and Sherman 1981). A field that had been 

dominated by a seemingly endless search for the "stock­
recruitment •' relationship has focused increasing effort on 
understanding mechanisms underlying recruitment, whether 
they be largely driven by environmental variation or biotic inter­
actions. Recent interest in earlier life history stages was stim­
ulated by the need to understand sources of variation in the adult 

population size of exploited species. All larval fish are small 
relative to the size of adults, producing the perception that they 
will have similar ecological responses to important abiotic or 
biotic variables. Yet a careful analysis of the literature quickly 
reveals that larvae of different species differ widely in their 
response to these variables. 

1Paper No. 11677 in the Journal Series of the North Carolina Agri­
cultural Research Service, Raleigh, NC 27695, USA. 
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Historically, most studies of factors affecting larval fish sur­
vival and subsequent recruitment to the adult population have 
taken a single-species approach. In general, attempts to extend 
the results of such species-specific research to other larval fishes 
have met with limited success because these studies often 
reached conflicting conclusions regarding the key factors gov-
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eming survival. For instance, some species appear highly vul­
nerable to starvation (Lasker 1975, 1978), while others are more 
likely controlled by predation or abiotic factors (Lett and Koh­
ler 1976; Winters 1976; Hunter 1981; Bailey and Houde 1988). 

Body size has long been recognized as an important variable 
influencing many aspects of the physiology, ecology, and 
behavior of living organisms (Thompson 1917; McMahon and 
Bonner 1983; Peters 1983; Calder 1984). While all larval fish 
are small, length at hatching varies among species by over an 
order of magnitude. Thus, initial weight may vary by three or 
more orders of magnitude. Moreover, while many fish increase 
in weight by more than five orders of magnitude over their life 
span, three orders of magnitude of this change may occur in 
the first year of life (Werner and Gilliam 1984; Houde 1987). 
If one were to aJJocate research effort to fishes scaled by weight 
stanzas (physiological time) rather than by years ( calendar 
time), one would spend much less time on large adults (where 
body size does not change much) and would concentrate on 
dynamics in the first year of life. 

If size-dependent processes are important, one should expect 
substantial differences in larval life histories based on differ­
ences among species in body size at hatching. Many factors 
influencing the behavior and physiology of larval fish are likely 
to be size dependent (Hunter 1981). Small larvae may be more 
susceptible to starvation because of the limited energy reserves 
in their yolk sac (Hunter 1981). In addition, small larvae may 
have short reactive distances and limited swimming abilities 
which will limit their searching ability (Blaxer 1986; Webb and 
Weihs 1986). The size of food particles ingested depends on 
both mouth gape and the ability to capture the particle, both of 
which clearly increase with larval size (Hunter 1981 ). Body size 
wilJ also influence vulnerability to predators through differen­
tial encounter rates, escape ability, and predator gape limitation 
(Blaxter I 986; Zaret 1980). The effects of size-dependent pro­
cesses acting on larval fishes may be profound. They must be 
considered comprehensively and the effects of various size­
dependent mechanisms must be integrated to fully understand 
their role in survival and subsequent recruitment variability. 

Generally, the implications of body size have been wen 
investigated for larger juvenile and adult fishes. But these size­
dependent relationships have not been thoroughly elaborated 
for larval fishes. The purpose of this paper is to examine the 
empirical evidence for the importance of size-dependent pro­
cesses to the ecology of larval fish and to establish a conceptual 
framework that wiU integrate the available species-specific 
observations into a more general perspective. In this way, size­
dependent ecological characteristics of particular species may 
be placed in a larger context, and work on the larval ecology 
of little studied species may profit more directly from previous 
research. 

Methods 

To start our investigation of the influence of body size on 
larval survival and subsequent recruitment, we hypothesized 
functional relationships between a number of life history traits 
and body length at hatching or at later points in the larval or 
juvenile stage. The traits we chose can be divided into four main 
categories related to feeding, activity, vision, and predation risk 
(Table 1). While all of the traits influence subsequent recruit­
ment, for many the effect is indirect, acting through larval 
growth rate to influence the probability of larval survival. 
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To assess our proposed hypotheses, we surveyed the litera­
ture for relevant data, focusing our effort on papers published 
in the last 5 yr. We examined fisheries and aquatic journals as 
well as previously published reviews (Hunter 1981; Blaxter and 
Hunter 1982; Blaxter 1986). We only included studies on spe­
cies that do not show significant parental care after hatching. 

Total length was used as our measure of body size. Some of 
the traits we examined are probably more closely tied to weight 
than length, but weight is more difficult to measure and was 
rarely reported. We recognize that temperature is likely to affect 
some of these traits, particularly those related to metabolic rate. 
Unfortunately, the reviewed experiments were usually done at 
''typical'' temperatures for the species being studied, rather 
than over a range of temperatures. Consequently, it was impos­
sible to account for temperature effects using ANOVA tech­
niques. For appropriate variables, we addressed the influence 
of temperature by repeating our analysis after standardizing 
results to lS'C using Qw = 2.3 (Checkley 1984). This approach 
provides some indication of whether the size effects persist, 
independent of temperature. Other variables, including meth­
odological differences among studies, are likely to contribute 
to variance in size-dependent relationships. However, as an ini­
tial step, using total length as a measure of size should be ade­
quate to identify the generalities we seek. 

We found information on 72 species of marine (54), fresh­
water (16), and anadromous (4) fishes from 30 different fami­
lies (Table 2). The data included here are derived from 128 
references out of more than 500 we examined. 2 The examined 
species provide a wide range of body size at hatching, thus 
enhancing our ability to detect size-related patterns in the data. 
Our analysis includes studies on species with egg diameters 
ranging from 0.8 to 9.7 mm (Fig. la) and length at hatching 
ranging from 1.6 to 17.6 mm (Fig. lb). Although portions of 
the literature have previously been reviewed (Hunter 1981; 
Blaxter and Hunter 1982; Blaxter I 986; Webb and Weihs I 986), 
it has not been reviewed to examine a broad set of a priori 
hypotheses regarding the mechanisms controlling recruitment. 

Criteria for inclusion of data from a particular species for 
each trait were decided prior to the review. Where possible, the 
original literature reference was used instead of later reviews. 
In most cases, data were derived from tables given in the orig­
inal paper, but in some cases, data were interpolated from 
graphs. No single reference provided data on all traits for a 
particular species. If no larval hatching size was given in a 
reference, we substituted an average value from other refer­
ences for that species. These averages were calculated from 
values given in as many references as possible. All other data 
were included as the original authors presented them~ we did 
not judge the data or sort the results according to methods or 
"quality." All data were converted to standard units (Table 1). 
The data were analysed for the degree of fit to the hypothesized 
relationships using either a linear or simple exponential func~ 
tion. We report the function giving the best fit. In all cases the 
value of ••n·· quoted with the regression equation is the number 
of independent observations used by the analysis. Calculations 
were done using Statistical Analysis System (SAS Corporation, 
Cary, NC) at the Triangle Universities Computing Center. 

2A complete listing of the original references used in this review is 
provided in the Appendix. The data used to develop the regression 
relationships given below are available, at a nominal charge, from the 
Depository of Unpublished Data, CISTI, National Research Council 
of Canada, Ottawa, Canada KIA 0S2. 
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TABLE l. Larval traits considered in this their 31ld units of :measurement. 

Trait (_units) 

Yoik absorption (d) 

Point of no return {d) 

First possible feeding (d) 

First typical feeding (d) 

Time to 50% mortality (d) 

Sustained swim speed 
(cm!s) 

Burst swim speed 
(emfs) 

Reac1ive distance (mm) 

Search volume 
(Lib) 

% capture success 

Results 

for each iarval trait (fable l ), we first present our a priori 
hypo!hesis for its relationship with larval length and then the 
data from !he literature 10 evaluate the hypothesis, Within each 
category, some traits relate dlrectly to larval size at hatching, 
while others are general functions of body length for post­
hatching larvae and juveniles, 

Feeding and Larval Size 

Initially, a larva obtains nutrition from its yolk, and later from 
food in the environment, To avoid starvation, a larva must be 
able to feed before its yolk supply is depleted. Accordingly, the 
importance of starvation in early life history depends upon the 
traits that govern access to both endogenous and exogenous 
sources of food. 

Egg size sets a limit on the size of larva that can hatch from 
it (length at hatch = l .96 + 1.89 egg diameter, r' ; 0.40, p 
< 0.0001, n = 100). Within this limit, the partitioning of 
resources between larva and yolk supply may vary (Blaxter and 
Hempel 1963), An index of the amount of yolk available to a 
Jarva, relative to its energy demands. is the time to absorption 
of the yolk supply, Toe time to yolk absorption depends upon 
yolk volume, which is an exponential function ofyolk sac diam­
eter. Therefore, we hypothesized the time to yolk absorption to 
be an accelerating function of hatching length. 

Time to yolk absorption did increase with larval length at 
hatching. Contrary to expectation, a linear model gave the best 
fit (Fig. 2). Times to yolk absorption varied from slightly longer 
than 1 d in 2.9-mm bay anchovy (Andwa mitchilli) (Houde 
l974)to 20 din 9.9-mm Coregonus wartmanni (Braum 1967), 
Times to yolk absorption for marine. freshwater,and anadrom-

. -- -ous species were not significantly different (demonstrated by a 
non.significant habitat x length interaction, F,,,, ; 2.65, 
p = 0.079), although the freshwater species we examined did 
tend to have longer times to yolk absorption. When standard-
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Definition 

Time taken to fuUy absorb the yolk from hatching 

Time after which the effects of starvation .are irreversible, Le. even if 
feeding is re,umed, the larva still dies, It is defined for an individual, 
but nm only be measured for a group 

Time at which a larva is first physically or anatomically capable of 
feeding 

Time at which larvae usually feed for the first Orne. defined for a group 

Time taken for half of the larvae in a group to die when starved 

Speed at which fish swim for extended period of time 

Speed attained in short ~tints, usually during ptey capture attempts or 
in predator avokfance 

Maxirrmm distance at which a potential prey item is recognized as such 

Function of sustained swim speed and reactive distance: eqmvaient to 
the volume- of water searched per unit time 

Percent of all "observed" capture attempts that were suc-c-essful 

iz.ed to !5'C to remove potential temperatllre effects, the 
strength of the size~dependent relationship increased, account­
ing for an additional 7% of the variation, This suggests a robust 
size-dependent relationship. The greater yolk supply of a large 
larva affords it greater flexibility in when it can shift to exog~ 
enous food than does the limited yolk of a small larva, even 
when the temperature differences are accounted for. 

No larva can feed before it is functionally capable (i.e. its 
mouth and digestive system must have developed), but it must 
feed prior to reaching irreversible starvation or a ''point of no 
return" {PNR). These limits define the period within which first 
feeding mu...:;t occur if the larva is to survive. To understand sizeM 
dependent patterns in larva1 susceptibilities to starvation, one 
must understand how siw influences first possible feeding and 
PNR. To assess these patterns, we proposed three hypotheses, 
summarized in Fig. 3. 

Hypothesis J 
As large larvae are generaUy more developed at hatching than 

small larvae, we proposed that time to first possible feeding 
would be a negative function of larval size at hatching. 

Hypothesis 2 
Large larvae have more yolk and a larger body mass than 

small larvae. Therefore, we hypothesized that time to PNR 
would be a positive function ofbody length at hatching. Because 
PNR is likely related to the volume of the larva's energy 
re.serves, we proposed an accelerating function. 

Hypothesis 3 
The difference between time to PNR and first possible feed­

ing is an index of the ilexibility allowed in timing of first feed­
ing. In combination, the two previous hypotheses: suggest that 
iarvae hatching at large sizes experience a greater ''window of 
opportunityn in which to first feed than larvae hatching at small 
sizes. 

Hypothesis I was supported by the data, although the rela­
tionship is rather noisy (Fig, 4). Time to first possible feeding 
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TAmY. 2, FamiJies and species of marine, freshwater, and aoadromous fishes used in this study (listings 
are according to hahjts reported in the studies used). Numbers refer to references (Appendix) used to provide 
data for the 

Marine 

Ammodytidae 
Ammodytcs- hexapteru.,· 

Atherinidae 
A1herina presbyter, sandsmelt 
l,euresthes tenuis, grunion 

Belonidae 
Belone belone. garfish 

Blenniidae 
Coryphoblennius galerila, Montagu's blenny 

Bolhidae 
Paralichthys olivaceus 
Scopthalmus maximus, turbot 

C.arangidae 
Trachurus symmetricus, jack mackerel 

Clupeidae 
Alosa sappidissima, American shad 
BrevMrtia parronus, gulf menhaden 
Brevoortia tyrannus, Atlantic menhaden 
Cfupea harengus. herring 
Harengula pensacolae, scaled sardine 
Sardina piichardus. pilchard 
Sardinops caerula, Pacific pikhard 

Cotti.dac 
Ascelichtlms rhodorus, rosylip scuipin 

Cyprinodontid.ac 
Fwululus hctercu:litus, mumm.ichog 

Engraulida.c 
AncJwa mitchilli, bay anchovy 
Engraulis capensiJ, cape anchovy 
Engmulis japonica., japanese anchovy 
Engraulis mordax. northern anchovy 
Engraulis ringens. Peruvian anchoveta 

Gadldac 
(;adus morhua, Atlantic COO 
Mtrlrm-gius melangus, whiting 
MelanoR.rommus at!gU'finus. haddock 
Merlu.ccius productus, Padfk hake 
Theragra clwlcogramma, walleye poUock 

Ha.emuHdac 
Haemulan plumieri, white grunt 

Labridae 
Lachnoiaimus matimus, hogfish 

Lophiidae 
Lophius pis<:atorius, angler 

Pe:rcichthy1dae 
Mor-one saxatilis, striped hass 

Pleuronectidae 
EmbflsskhthJ$ baihybius, deepsea sole 
Hippoglvssvides plates&<�ides, American plaice 
lsopserw tsolepis, butter sole 
Limamla ferragunea, yellow tailed flounder 
Limanda limanda, dab 
Parophry:r vetr.ius, English sok: 
Platichthysflesus, flounder 
Pleuronecttw pl.atessa, European plaice 
Pseudnpleurone-etes americ,mus, winter flounder 

Scfoenlf1ae 
Genyonemus lun.eatus, white croaker 
l--eW,ttomus xamhurus, spot 
Scia,enaps occliatus, red drum 

92 

90 
8! 

I02 

30 

55 
4, 8, 124 

2, 5, 113, ll4, llS 

58, 109 
38 
37, 38 
9, 10, 12, 13, 76, 77, 83, 103, IOI!, ll5, 116, 123 
47 
II, 13,104 
l, 6(), 65 

79 

58, 95, 109 

45, 48, 58 
17 
33 
31, 51, 52, 54, 63, 66, 67, !14, 89,115,121,122 
57, 101, ll9 

8, 9, 61, 70, llS 
40 
68, 70 
3, 7 
88 

107 

20 

71 

58 

98 
so 
99 
2L 49, 127 
87 
64 
IO 
8, 9, 13, 82, 105, 106, 126 
18, 69 

120 
93, 94 
74 
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Scombridae 
Sccmber japonicus, Pacific mackerel 53, 62 

Semmidae 
Paralabrox cl.athratus, kelp bass 19 
Paralabrax maculatofasciatus. barred sand bass 19 
Paralabrax nebulifer, spotted sand bass 

Soleid.ae 
Achirus llneatus. lined sole 
So/ea so/ca, sole 

Sparidae 
Archosargus rhomboidalis, sea bream 
LiJhognathus mnrmyrus 
Sparus aurata, gilthead 
Stenotomus chrysops, scup 

Sphyraenidae 
Sphyraena boreaiis, northern sennet 

Centrarehidae 
lepomis mucrochirm. bluegill 

Qupeidae 
Alosa pseudoharengus. alewife 

Cyprinidae 
Aspidoparia morar, Indian carp 
Danio rerio, zebra da.nio 
leuciscus leucb.cus, dace 

Percidae 
Percaflavesr.:ens, yellow perch 
Stizostediott canadense, saug:er 
Stizostedfon vitreum vitreum, walleye 

Salmonidac 
Coregorms artedii, lake herring 
CoregQtw11 clllpetiformis, lake whitefish 
Coregorms hoyi, bloater 

19 

45, 48 
13, 124 

45. 46. 48, ll I 
27 
128 
34 

44 

FreshwaJ.et 

110, 117 

36, 58, 59, %, 109 

78 
32 
85, 124 

23, 42, 43, I JO 
86 
43, 58, 75, 80, 86 

23, 39, 56, 109, 124 
15, 23, 41, 109, l 12 
15, 97 

Caret;onus laverutus, Lake Syamozero whitefish 14, 15, 24 
Coregonus pollan. pol!an 25 
Corcgonus schiuzi 26 
Coregonus ii/artmanni, Lake Constance whitefish 16 
Salmo truua, brown trout 6 

Anadromous 

Clupeidae 
Alosa sappidissima, American shad 

Gadidae 
Microgadus tomcad, Atlantic tomcod 

Percichthyidac: 
Morcme saxatilis, striped bass 

Sa!monldae 
Salvelinus alpinus, Arctic char 

varied by a factor of 24 among larvae of different sizes. White 
croaker (Geryonemus lineatus), the species with the smalie-sl 
larvae O .8 mm at haich). first fed after 3 d (Watson 1982). ln 
contrast, the largest species, garfish (Belone be/one), J3.5 mm 
at hatch, first fed after only 5 h (Rosenlhal and Fonds 1973), 
The longest time to first possible feeding, 5 d, was shared by 
a variety of small marine, freshwater, and anadromou.s species. 

.Hypothesis 2 was also supported. Contrary to expectation, a 
linear model gave the best fit to the data (Fig, 4), In species for 
which we have data, times to PNR varied from an avetage of 
3.4d for the smallest (L9 mm) lined sole (Achirus lineatus) 
(Houde 1974) to 18 din the largest(9,4 mm) lake herring (Cor­
egonus artedil) (John and Hasler 1956). Differences in tem­
perature between studies could have a large effect on time to 

22, 125 

91 

29, 100 

118 

PNR. However, when standardized to t5°C to remove temper~ 
ature effects, !he r' changed only slightly (Fig, 4), This sug­
gests a robust size.dependent relationship independenl of Iem­
perature effects. Large values of PNR may be underrepresented 
in the data set, as experiments on a number of larger species 
were ended after a set time, often before the larvae had reached 
their PNR. Data from such species could not be included in !his 
analysis, 

To evaluate hypothesis 3, we analysed the difference between 
PNR and first feeding using only those six studies that repor!ed 
both variables. These restricted data confonn to the general 
regression analysis for !he first two hypotheses found in the 
entire data set (Fig. 4), Re1,,ression analysis indicaied that !he 
difference between PNR and firs! feeding increased signifi-
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Fm. 1. fa) Frequency distribution of egg diameter of 40 species of 
freshwater and marine fishes included in this analysis. (b) Frequency 
distribution of larval total length at batching for 66 species of fre.'ill• 
wate1'. and marine fishes included in Oris analysis. 1n both cases, some 
species are represented more than once. 
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Larval Hatch Size !mm) 
Fln 2. Time to yolk absorption as a function of larval total length at 
luu<hing. DaystQyolkabsorptim, =2.()6 + 0.782length,r' = 0.;!6, 
p < 0.000!, n = 88 independent estimates oftime ro yolk aosorptioo 
for 58 species. When standardized to l5"C: days to yolk absoiption 
= 4.76 + L3 1"""'1 length, r' = 0.33, p < 0.0001, n = 88. 

cantly with larval size (y = 2.46 length - 4.809, r' = 0.89, 
p < 0.0044, n = 6). Even small inereases in body size a! 
hatching apparently confer large benefits in terms of flexibility 
in time to first feeding. For every 0. I-mm increase in length at 
hatching, larvae gain about 6 h in which to find food; for eacb 
I-mm inerease in length a! hatching, the "window of oppor­
tunity'' to feed opens nearly 2.5 d. Larvae that hatch at a large 
size have a broad ''window of opportunity'' between the time 
to first possible feeding and !he time to PNR during which !hey 
can find appt(lpriaw food. 

Basedoo hypothesis 3, we hypothesized that the time when 
larvae first ·typically. feed· should increase and become more 
variable with increased hatching size (Fig. 3). The detennioa-
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Fm. 3. Hypothetical relationship between different points in the feed­
ing chronology of larval fish and larval length at hatching. 
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Larval Hatch Size Imm) 
Fto. 4. Time to point of no retum (circles) or to first possible feeding 
(squares) as a function of larval total length at hatching. Using an 
available data, the regression equations are as follows: days to first 
possible fe,.ding ~ 4.09 -· 0.237 length, r' = 0.169, p = 0.04, 
n = 25 independent estimates based on 19 species (broken line); days 
to PNR = l.82 length - 0.19, r' = 0.61, p < 0.0001, n = 22 
independent estimates based on 16 species (solid line). When stand~ 
aroi1'.ed to l5°C: time to PNR ""' 2.29 + 2,09 length, r1 = 0.57, 
p < 0.0001, n 25, Regression equations were similar fur six spe~ 
des for which both time to first possible feeding and PNR were meas­
urod: daysto fust possible feeding= 5.39 - 0.55 lenglh,r' = 0.52, 
p = O.IO, days to PNR = 0.58 + l.90 length, r' = 0.69, 
p = 0.38. 

tion of time to first typical feeding in the literature is less precise 
than that for first possible feeding. Accordingly, our interpre­
llilion is mere cautious. Measures of first typical feeding may 
depend as much upon when food was offered as upon when the 
fish were first able to feed. Nevertheless, this measure lends 
support to our hypothesis. We found a significant increase in 
typical times to firnt feeding with increased hatching size (time 
to firs! typical feeding = 2.14 + 0.678 length, r' = 0. 178, 
p = 0.0006, 1t = 63). More interestingly, species with large 
sizes at hatching also showed greater variance in timing of first 
feeding. To illustrate !his point, the absolutt! value of the resid­
uals of the predicted values in the time lo first feeding regres­
sion increases significaolly with hatching size (r' = 0.658, p 
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Fm, 5, Days to 50% mortality for a cohort of starved tarvae as a func~ 
tion of larval total length at hatching. Days to 50% mortality 
= 3.60 length - 4.36, r' ~- 0.52, p < 0.()001, n = 29 imlepend­
ent estimates ba,-,00 on 21 species, When standardized to 15°C; tirne 
to 50% mortality = 1.27 + 4.17 length, r' = 0.58, p < OJ)()()!. 
11 = 29. 

< 0.0001, n = 63). This reinforces the expected increase in 
''window of opporttmjty'' to first feeding with increases in lar­
val size at hatching. 

While time to PNR is a meaningful measure of larval ability 
to survive starvation. it is difficuJt to establish empirically. 
lnstead of PNR, many investigators have- meas:ured response to 
starvation as the time to 50% mortality for a batch of larvae. 
These data showed the same trend as time to PNR; time to 50% 
mortality increased significantly with larval size (Fig. 5). 
Again, temperlllllre may have a strong effect on time to 50% 
mortality, When we standardized the data to l5°C to account 
fur these effects, a slightly improved fit was obtained. The 
standardi,.ed equation accounted for an additional 6% of the 
variation in the data. This: suggests a robust size~dependent rela­
tionship. independent of temperature. 

We have been emphasizing the importance of lhe first feed­
ing in larvae beeausc it is generally believed that once larvae 
have fed, the risk of death due to starvation is substllntially 
reduced. This is the kernel of Laskers (1975, 1978) interpre­
tation of Hjort's (1914) critical period hypothesis. To asses., 
this~ we compared resistance to starvation in larvae that had 
already started to feed with those that had never fed. There was 
a significant interaction between prior feeding and length on 
time to 50% mortality (F.,., z 6.5, p ~ 0.015). Regardless 
ofspecies, at any given length, we found equal or greater times 
to 50% mortality in those larvae that were relying on yolk 
reserves when compared with those that had fed and were sub­
sequently starved (Fig. 5). This suggests that first-feeding lar­
vae are no more vulnerable to starvation than larvae that are of 
a similar size which have previously fed and subsequently 
starve. Larvae appear more susceptible to starvation at first 
feeding only because that is when they are smallest! The influ­
ence of starvation or nutritional state on the performance of 
larval fish should be considered for larvae beyond the first feed­
ing stage of their life history. 

In summary, we suggest that a larger hatehing size in fish 
,.,_ confers _resistance to starvation as a result of an increased time 

to 50% mortality, increased time to PNR. and increased flex­
ibility in the timing of first feeding. 
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Fro, 6, (a) Averageswimmlng speed as a function of !arval total length, 
log,, speed = 1.07 logwlength - L II. r' ~ 0.46, p < 0.0001. n 
= 93 independent speed measurements on different sizes of larvae of 
nine species derived frorri 17 studies. (b) Burst swimming speed as a 
function of larval total length. Burst spee<J ::::x 3.33 + 0. 7 l length, F 
= 0.45, p < OJ)001, n = 16 independent speed measurements on 
different si:te..t. of nine species derived from 17 studies. 

Activity and Larval Size 

Two potential determinants of larval survival are encounter 
rate with food (Laurence 1972) and ability £o escape predators 
(Webb l98I). Both arc influenced by larval activity. Conse­
quently, the pattern and extent of larval activity may be an 
important factor in determining growth and survival of larvae 
(Webb and Corolla 1981; Weihs 1980). 

Large larvae generally arc more developed at hatching and 
have more energy reserves than small larvae. We therefore 
hypothesized that large larvae would become active earlier than 
small larvae. The data on larval activity are extremely limited 
but suggest that larvae that hatch at small size., do have a longer 
time to maximum activity than do large larvae. Northern 
anchovies (2. 9 mm} do not reach maximum activity until they 
are more than 4 d post-hatch (Hunter 1972); bloaters (9.5 mm) 
actively swim 100% of the time within 6 h of hatching (Rice 
et al. 1987a). Several other examples of small larvae generally 
agree with the anchovy data (Blaxter 1986), but we need addi­
tional data on the activity of species of intennediate and larger 
sizes to further assess the exact fonn of this relationship. 

Larvae characteristically exhibit two types of swimming 
(Webb and Weihs 1986). Sustained swimming at almost con­
stant speed is most common and is used primruily in searching 
for food (Hunter 1972). Larvae also swim in fast bursts which 
serve as both a-kand escape responses and have a high energy 
requlrement (Webb and Corolla 1981; Eaton and DiDomcnico 
1986). The size dependency of both swimming modes has long 
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been recognizAld (Bainbridge 1958: Webb 1975; Blaxter 1986). ,oo 
Following Blaxter (1969, 1986) and Hunter (!972, 198!), we 
proposed that both within and among species, sustained and 
burst speed would be accelerating positive functions of larval 
length. 

In agreement with this hypothesis, sustained swimming speed 
was positively related to larval length (Fig. 6a), Burst swim­
ming speed alsn increased with larval si,e (fig. 6b). affording 
large larvae an advantage in the ability to gain food ore.scape 
predators. The swimming speed data we reviewed were varia­
ble. Differences in the swimming ability of species with subw 
stantially different morphologies at the same body size account 
for some of the observed variation (Webb and Weihs 1986), 
The differing times over which perfonnance was measured may 
also account for some of the variation, In addition, a variety of 
methods have been used to estimate swimming speeds, such 
that the same species can be ascribed quite different abilities 
(e.g. herring, Clupea harengus) (Rosenthal and Hempel 1969; 
Bla,ter and Staines 1971). 

In summary, s\\'lmming ability is. correlated with body size 
in larval fishes. Large larvae probably become active earlier 
th.an small larvae, affording them increased mobility. More~ 
over, not only can large larvae swim for longer periods of time, 
they alS-O can swim faster. This greater speed is apparent both 
io sustained and burst performance. This implies that large Jar­
vae experience a higher encounter rate with food, Additionally, 
they will experience a higher encounter rate with potential pred­
atorn (see de Lafontaine and Leggett 1988). but are likely better 
able to escape them once encountered. 

Vision arul Larval Size 
Vision is an important sense in larval fish, influencing feed­

ing ability and predator avoidance (Blaxter 1986). Changes in 
Ule complexity of the eye during development lead to increased 
visual perfonnance as measured by reactive distance (Blaxter 
and Staines 1971), visual acuity (Rahmann et al. 1979; Neave 
1984). and sensitivity to light (Blaxter 1968). At hatching, the 
eyes in many teleosts are nonpigmented arul not fully func­
tional. Consequently, the rate at which visual development 
oc<:urs may well regulate survival by influencing when feeding 
begins. We hypothesized that rel!Ctive distance should increase 
with larval size because visual performance is related to larval 
development. Search volume, the product of reactive distance 
and S;Wimming speed, should exhibit a similar increase with 
larval size, 

The limited data availab1e are completely summarized in 
Blrurter (1986) and support these expectations. The relationship 
between reactive distance and size is much stronger within a 
species in a partic.ular.-study than across species, This may be 
due- in -part to investigators using different definitions of reac­
tive distance, In some studies; the estimate of reactive distance 
used may more accurately be interpreted as a strike distance, 
and oonsequeotly, the distances may nnt be comparable from 
one study to another (e.g. Rosenthal and Hempel 1969; Bla.xter 
ll!ld Stail'leS 1971). Further, prey sizes were different between 
studies-; also eontributing to variation in the estimates of reac~ 
tive distance (O'Brien l 979). In general, however, reaetive dis­
tance increases significantly wifh larval length (log,., reactive 
distance = 1.56 log,, length - !.92, r' = 0.58, p< 0.0001. 
n =_31 independent estimates based un three species derived 
from four studies), 

Pttblislred data on search volume are also completely sum­
marized in Blaxrer (!986)>Search wlume also increased sig-
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FIG, 7 (a) C,apture success for different species and sizes of predators 
on different species and sizes of larval prey, Linear regressions were 
fit to the original data so that slopes could he compared, Predator 
~ies and sizes are listed adjacent to each Hne. Heavy lines: indicate 
vertebrate predators; thin lines indicate invertebrate predators. Heavy 
solid lines fur bloater and cape anchovy indicate cannibalism, light 
solid tines indicate larval herring as prey, and broken lines used north­
ern anchovy as prey. AB studies were done in relatively small aquaria 
with no alternative prey available. (b} Slopes of % capture success 
versus prey size regressions from Flg. 7a as a function of predator 
total length, Fish predators are indicated by solid circles; invertebrate 
predators are indiCMed by open circles. A large negative slope indi­
cates a rapid decline in capture .success with increasing prey size. The 
fitted equation ls slope = -!(predator size + 63.8)1255)•·rn. 

nificantly with larval length (search vnlume = 0.307 length 
- l.237, r' = 0.421,p < 0.0001, n = 51 independent esti­
mates based on seven spedes derived from eight studies). The 
Umited range of reactive distances reported suggests that: size­
dependent swim speeds probably have a significant influence 
oo search volume estimates (Blaxter 1986). In addition, labo­
ratory stndies may have underestimated swim speeds by up to 
20% due to sensory deprivation (Westemhagen and Rosenthal 
1979), which may increase the variability .in the data. None­
theless. general trends in the vision data among species are 
similar (Bla,ter 1986). 

In conclusion, large larvae should be better able to visually 
detect both food and potential predators, presumably affording 
them a higher probability of survival than small larvae. 

Predation and Larval Size 

Predation has frequently been cited as a significant cause of 
mortality in both fish eggs and larvae (Crowder ! 980; Hunter 
1981 ). The predators may come from a variety of taxa including 

Cml. J. Pi,th..-Aquat. Sci,. Vol. 45, 1988 

200 



100 ~----:.-----. 
:--:- C 

• -., 
!50 

• 
~ " ..Q. 

(.) 

0 
0 10 20 30 

Predator : Prey Size Ratio 
FIG. 8. Capture success as a function of predator to prey length ratio, 
Pointi, are origlnal data from regressions included in Fig, 7a, Open 
circles represent invertebrate predators and solid circles represent fish 
predator&, The equation for the fitted line is capture = 100 - {(ratio 
+ 3,37)144,76) '°, 

several phyla of marine invertebrates~ other fishes, and even 
eonspecitics (Hunter 1981; Brownell 1985), Although many 
factors influence the impact of predation, sizes of both preda­
tors and prey have been found to be imporumt determinants of 
predation in aquatic systems (Brooks and Dodson 1965; Werner 
and Gilliam 1984; Kerfoot and Sib 1987), The ratio of predator 
size to prey size has been suggested as a reasonable scalar of 
predator-prey interactions (Werner and Hall 1974; Werner 
1977; Werner and Gilliam 1984; Crowder !985), 

In general, we expected that probability of capture per 
attempt would decline with increasing larval length (Folkvord 
and Hunter 1986), When alternative prey are available, one 
might expect risk of predation by a predator of a particular size 
to depend upon the relative sizes of prey (Werner 1977; Werner 
and Gilliam 1984), Both small and large prey may be of lower 
utility (sensu Werner 1977) titan those of intermediate sizes, In 
terms of optimal foraging theory, risk of predation for larval 
fish of a particular size should depend upon the size structure 
of the predator field and the abundance and utility of alternative 
prey, Unfortunately, few experiments on predation risk for lar­
val fish have been performed with alternative prey (but see Pepin 
et al. 1987; de Lafontaine and Leggett 1988), 

Published experimental studies on size-based patterns of pre­
dation on larval fish included predation by both invertebrates 
and other fish species, as well as cannibalism, We used captnre 
sueeess, the percentage of capture attempts observed that were 
sueeessful, as a measure of size-based predation risk because 
few studies estimated predation rates or functional responses to 
prey density directly, 

We investigated capture- success of different sized predators. 
as a function of prey size by fitting simple linear regressions to 
the published data for each predator-prey pair (Fig, 7a), Two 
features. of the predator-prey interactions are evidenL First, 
small predators are restricted to both smaller sil.es and a nar~ 
rower range of prey than large predators. Second, the capture 
success of small predators is influenced more dnunatically by 
changes in prey size than is success of large predators. To dem• 
onstrate this, we plotted the slopes of the capture success 
regressions as a function of predator size (Fig. 7b), These slopes 
appear to describe one functional relationship despite the fact 
that they include different types and sizes of predators from 
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euphausiids (8.5 mm) to adult Pacific mackerel (Scomber 
japonicus) (20 times larger). A steep slope indicates a large 
change in capture success for a small change in prey sir,e. As 
a predator's size increases, its expected capture success wili be 
influenced less by prey size, For example, predators greater 
than 120 mm are affected little by the size of larval prey once 
encountered. yet for predators less than 50 mm the size of prey 
attacked is criticatly important in determining capture -success. 
However, even though 190-mm Pacific mackerel have a high 
probability of capture for 10-mm northern anchovy larvae, they 
may not select these prey in the field if alternative prey are 
available, 

To place these relationships in a more general context1 we 
analyzed the relationship between capture suceess and the 
predator-prey si1,e ratio using the raw data rather than the slopes 
of the relationships from individual studies, The results further 
underscored the importance of size in regulating predation pro­
cesses as well as the generality of this dependence (Fig, 8). 
Capture success varied from zero in several cases to a maximum 
of96% for l35-mm bloater eating IO,9-mm bloater larvae (Rice 
et al, 1987a), There was no subsrantial difference between the 
capture successes of similar sized vertebrate and invertebrate 
predators which included body forms as different as euphau­
siids and jellyfish, The analysis suggests that a predator 15-17 
times larger than its prey would experience I 00% success pc'r 
attempt at capturing prey, Below this size ratio the relative si1.,es 
of predator and prey exert considerable influence on capture 
success, In fact, the smaller the size ratio, the greater the influ­
ence of changes in size in determining capture success. 

In summary, the incidence of predation is affected by both 
predator size and prey size. Larvae may drastically reduce their 
susceptibility to smaller predators by outgrowing them, But 
there seems to he 110 larval size refuge from predatora that are 
l5 or more times the size of the larva) prey. Future studies 
should examine risk of predation with alternative prey, so that 
prey selectivity for larvae can be assessed in more realistic 
terms. 

Discussion 

Sire-based scaling of physiological and ecological processes 
is well known from juvenile and adalt fish (Breit and Groves 
1979; Mittelbach 1981; Werner and Gilliam 1984) and has been 
broadly applied to other ecological questions (Peters 1983; 
Calder 1984), Until now, no analyses bad been done for larval 
fish, We reeognized that species of larval fish differ dramati­
cally in morphology, developmental status at hatching, envi­
ronmental temperature, and physiological or behavioral capa, 
biHties. so we questioned whether body size akme could 
integrate the existing data, Although body size alone clearly 
has limitations, we were plea,ed by how well the published data 
fit our general size~based expectations. 

In particular, we view several of the results of this analysis 
as contributing: new insights. Most important was the com­
monality of the relationships we found among fishes from 
diverse taxa and different habitats, Clearly, the importance of 
starvation as a factor in the recruitment of larval fish diminishes 
with increasing size, Larvae that are large at hatching are resist­
ant to starvation, but more importantly, they have a greater flex­
ibility (window of opportunity) in first feeding limes, For 
example, herring from different geographic stocks hatch out at 
body sizes between 6 and 8.2 mm (Blaxtcr and Hempel 1963), 
If we ignore temperature, our analysis suggests that at this dif � 
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ference in body size, the larger larvae would have about 55 d 
more time to find appropriate food before they reach a point of 
no return. This suggests that even small size differences of Jar~ 
vae at hatching can have significant ecological implications and 
ilia! even within a species (e.g. herring), size at hatching might 
be an adaptive respon.se to local geographic conditions. 

We found no evidence to suggest that first-feeding larvae are 
any more vulnerable to starvation than larvae of a similar size 
which have been fed and subsequently starved (if anything, the 
reverse is true because the first-feeding larvae often still have 
yolk). This suggesls !hat nutritional condition may be important 
for larvae at any stage; there is nO!hing "critical" about the 
first feeding period per se. Small larvae are simply more vul, 
nerable to stal'Vatlon than larger latvae. Not surprisingly. stud· 
ies promoting the starvation hypothesis and a "critical period" 
at first feeding (Lasker 1975, 1978, 1981) involved relatively 
small marine larvae. If this work had been done with a larger 
larva~ perhaps the current emphasis on the starvation hypothesis 
in the literature would not have been so strong. 

The strong size dependence of capture success shown among 
predators from euphausiids lo adult Pacifie mackerel has sub­
stantial implications for understanding pre-dation mortality of 
larvae. It suggests tbat if the siz.e of a larva is known, some 
predators can be eliminated a priori as being too small to have 
much effect, while others which may be important can be iden­
tified from the extent of spatial overlap with appropriately sized 
predators. Surprisingly, the predators on larval fish need not he 
large or have a typical predator morphology. Most predators in 
our review could capture prey up to 40,.50% of their body 
length. Probability of capture per attempt approaches l .Oas the 
predator-prey length ratio approaches 15-17. 

Further generalization regarding ptf/4iator-prey interactions 
will become possible if two limitations can he addressed. first, 
the existing data are for probability of capture per attempt; there 
is little basis to model or predict the encounter rate between 
predators and larvae. Second, we know little about prey choice 
by predators once prey (latval fish) are encountered. The avail­
able experiments on pre<lalion on fish larvae generally were 
done without alternative prey (but see Pepin et al. 1987; 
de Lafontaine and Leggett, 1988). If we are to understand the 
potential effects of predalors on larval fish recruitment, we need 
to be able to forecast prey choice in predators (i.e. will !hey 
select larval fish from among their alternatives?). We will also 
need estimates of consumption rates (e.g, functional responses 
of predators to latval fish density with and without alternative 
prey). Some of the current optimal foraging models (Werner 
l977; Mittelbach 1981; Werner and Gilliam 1984) and bio­
energeties models (Kitchell et al. 1977; Kitchell 1983) should 
prove helpful as starting points. 

It is important to note that starvation and predation cannot 
be considered to be alternative (or independent) recruitment 
mechanisms. Because predation risk is size dependent, growth 
rates wiU directly influence the probability of mortality due to 
predation (Post and l'ran](evicius 1987). Starvation or poor 
nutrition can directly intluence risk of predation by reducing 
swim speed or escape ability of larvae (Fmnk and Leggett 1982; 
Rice et al. 1987a). Reducedgrowthratesalsoprolongtheperiod 
of vulnerability 10 gape-limited pre<lators (Werner and Gilliam 
1984), leading to reduced recruitment. Clearly, we need to bet, 
ter understand how feeding, growth rates. and risk of predation 
interact in the ecology of larval fishes. 

Some of the relationships we demonstrate are neither new 
nor unexpected. Several previous workers have published sim-
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ilar results (e.g. Blaxter 1986). Previously, however, the effect 
of si1.<: has not been eomprehensively considered. It should be 
clear !hat many of the traits examined interact. An advantage 
in one leads to an advantage in another, forming a positive feed­
back loop. Consequently, even tiny initial size d,ifferences may 
translate into substantial differences ln survival and subsequent 
recruitment (Adams and DeAngelis 1987). In light of this, we 
fee! that it is important to focus researeb efforts on individuals 
rather than populations. Population statistics such as average 
growth rate or cohort mortality rates may contain less infor~ 
mation than an analysis based on individual larvae (Rice et aL 
1987b). As !he avemge Ja,-val fish in a cohort dies in the first 
\Veek of life, it is more relevant to know what is unique about 
the survivors. 

Recently, seveml techniques have been developed that allow 
us to follow individuals. Otolith analysis, where possible, 
allows characterization of individuals. In this way, patterns of 
survival can be related to abiotic and biotic variability (Methot 
1983; Crecco and Savoy 1985; Rice et al. 1987b). There is 
evidence that scale ageing could be used in a similar way 
(Healey 1982). The increased power of modern computers 
allows for growth and survival models that follow the fates of 
individuals. Huston et al. (1988) clearly demonstrated the 
advantages gained by using individual-based analyses. Such an 
analysis allows abiotic factors such as temperature and biotic 
factors such as food availability and predatioo to be integrated 
to forecast individual growth rates and survival (Kitchell et al 
1977; Stewart and Binkowski 1986). Finally, new genetic tech­
niques, such as those involving mitochondrial DNA, may a!Iord 
a finer understanding of the pattern of reproductive success of 
individuals in a population (Wilson et al. 1987}. 

The approach we present here lends itself to addressing indi­
vidual-based questions. It suggest< strongly that even subtle 
differences in size between individuals may have profound 
effects on their fates. Not only is an average value important, 
but the variance around that average may have equal impor­
tance. Further, oar approach implicitly recognizes the impor­
tance of interactions between factors controlling survival in Jar, 
val fish. 

The general size-based frarnework we have proposed is not 
meant to be the final statement, nor is it meant to be predictive 
for particular species. But it does seem useful as a general con• 
text in which to think further about the early life histories of 
fishes. If larval size at hat.:hing is known, the relationships we 
report provide important insights into which factors are likely 
to be important to the survival and growth of individual larvae. 
But more importantly, there may be factors which can be dis­
regarded a priori. Further, small differences in latval length at 
hatching can have profound implications for which recruitment 
mechanisms are likely to be important. This framework has 
already begun to assist us in addressing old conflicts in the 
literature; we hope it also admits new questions that more read­
ily take advantage of the previous research on recruitment 
mechanisms in larval fishes, 
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