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Abstract. The variation with depth in water, lipid,
protein, carbon and nitrogen contents (% wet weight) of
42 species of midwater fishes, collected in November 1976
off the west coast of Oahu in the Hawaiian Archipelago,
was measured. The Hawaiian fishes show significant rela-
tionships between these components and depth of occur-
rence. The slopes of these relationships are not signifi-
cantly different from those reported for midwater fishes
from off California, USA. However, the [ishes from
Hawaii have significantly lower lipid levels and higher
protein levels than do the species from off California. The
deep-living Hawaiian species (500 m and deeper) have
significantly lower lipid (% wet weight), but there is no
significant difference in protein (% wet weight). The dif-
fercnce in lipid contents at all depths appears to be an
evolved characteristic, with the greater lipid levels off
California being selected for by greater spatial and tem-
poral variation in the food supply for these fishes off the
California coast than off Hawaii. The higher protein con-
tents in the shallow-living Hawaiian fishes appear to re-
flect greater muscle power selected for in these fishes by
the greater water clarity, and therefore greater “reactive
distances”, in the surface layers off Hawaii, These conclu-
sions support the general hypothesis that the lower
protein contents of bathypelagic fishes are not directly
selected by food limitation at depth, but rather result
from the relaxation of selection for rapid-swimming abil-
ities at greater depths due to the great reduction at greater
depths in the distance over which visual predator-prey
interactions can take place. The lower lipid levels in the
deeper-living species are apparently made possible by the
reduced metabolic rates of these species which reduces
their need for energy stores.

Introduction

Deep-sca fishes have long been regarded as different from
shallower-living fishes in many ways for a variety of rea-
sons. In recent years, attention has focussed on their met-

abolic processes. Midwater fishes and crustaceans living
at greater depths have much lower metabolic rates than
shallower-living pelagic species (Childress 1971, 1975,
Torres et al. 1979, Smith and Laver 1981, Donnelly and
Torres 1988, Torres and Somero 1988). The difference in
rates between surface-living species and those living at
1000 m is ca. 15-fold. The activities of enzymes of inter-
mediary metabolism have a comparable decline with
depth, indicating that these lower metabolic rates are
determined at the subcellular level (Childress and Somero
1979, Somero and Childress 1980, Siebenaller and
Yancey 1984, Torres and Somero 1988). The proximate
composition of midwater fishes off California also
changes as their habitat-depth increases (Childress and
Nygaard 1973, Torres et al. 1979). In particular, lipid and
protein concentration (% wet weight) both decline and as
a result water concentration (% wet weight) increases
with increasing depth of occurrence.

We have suggested that this combination of lower
metabolic rates and lower energy-density allow deeper-
living midwater fishes to allocate a greater fraction of
their ingested food energy to growth than do shallower-
living species (Childress and Nygaard 1973, Childress
etal. 1980). However, because of the generally larger
sizes of the deeper-living midwater species, the result of
these adaptations is not an absolute lower energy usage,
but only a relative one. This led us to reject the hypothesis
that these characteristics of deeper-living species were
selected primarily by lower food availability at greater
depth (Childress et al. 1980). Instead we hypothesized
that these energy-conserving adaptations (which appear
to be of adaptive value at all depths) were allowed to be
evolved by the relaxation of selection for robust bodies
and powerful swimming abilities at greater depths. In
particular, visual predator-prey interactions have been
suggested as the selective factor which is relaxed at depth
(Childress et al. 1980, Childress and Mickel 1985).

These hypotheses can be tested by comparing the
characteristics of midwater fishes from regions which dif-
fer greatly in their characteristics. The original studies
were all done with fishes from the Southern California
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borderland region, which is characterized by high pro-
ductivity. A central North Pacific site with low produc-
tivity is the obvious choice for comparison. One could
predict that if energy limitation is the primary selective
factor for a given trait, then that trait should be found in
fishes living closer to the surface in lower-productivity
regions if all other factors are equal (Bailey and Robison
1986). However, central North Pacific sites differ from
California sites in many ways in addition to low produc-
tivity. We suggest that the most important of these are
that primary and secondary production are much less
variable (Hayward 1986), water clarity near the surface is
greater (Kampa 1970, Young et al. 1980), and tempera-
tures above 400 m are warmer at the central Pacific sites.
The present study compares the proximate compositions
of midwater fishes from the Hawaiian region with those
reported for California fishes (Childress and Nygaard
1973, Torres et al. 1979).

We have examined our data and the similar data of
Bailey and Robison (1986) in the light of previous studies
on the composition of midwater and other animals. This
analysis indicates that higher lipid contents are selected
for not by higher levels of food availability, but by higher
spatial and temporal variability in food availability. In
contrast, the major selective factor for protein content is
suggested to be visual predator-prey interactions as af-
fected by such factors as walter clarity, illumination and
body size.

Materials and methods

Capture and proximate analysis of Hawaiian fishes

All specimens were collected with a 3.1 m Isaacs-Kidd midwater
trawl 10 to 25 km off the west coast of Oahu, in the Hawaiian
Archipelago, in the fall of 1976. Immediately after capture, they were
identified, quickly blotted, scaled in preweighed plastic vials, and
frozen. These frozen samples were brought to the University of
California at Santa Barbara (UCSB) where they were thawed and
then weighed while still sealed. The wet weight of each fish was
taken as the additional weight in the sealed vial. The vials were
opened after weighing, dried to constant weight (60°C) and
reweighed.

The remainder of the analytical procedure was the same as that
described in Childress and Nygaard (1974) and Childress and Price
(1983). The dried fish were homogenized in distilled water and
aliquots were laken for the analyses. The ash-free dry weight
(AFDW) was measured by ashing 1o constant weight at low temper-
ature in a plasma asher (Childress and Price 1983). Carbohydrate
was measured spectrophotometrically according to the method of
Dubois et al. (1956), Lipid was measured gravimetrically by a meth-
od derived from Folch et al. (1956). Protein was measured spec-
trophotometrically (Lowry et al. 1951), with bovine serum albumin
as the standard. Carbon and nitrogen were analyzed by combus-
tion, with measurement of resulling gases in a Perkin-Elmer 2408
clemental analyzer. Energy values were caleulated using the follow-
ing factors: carbohydrate, 4.1 keal g~ ' lipid, 8.7 keal g~ protein,
5.7 keal g~ ! (Brett and Groves 1979); and then converted to kJ g!
using the conversion [actor ol 0.23885 cal/J,

The depths at which the fish live were characterized as the
“minimum depth of occurrence” (MDO) following Childress and
Nygaard (1973), defined as “the depth below which 90% of the
population of each species lives”. This parameter emphasizes the
shallow end of the depth range occupied by a species. The MDO for
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each species was estimated from publications on the vertical distri-
bution of midwater fishes off Hawaii (Clarke 1973, 1974, Clarke
and Wagner 1976) and unpublished data of T. Clarke and J,
Childress. Species which come to the surface or near il were assigned
MDO values of 10 m to aveid distorting the regressions produced
after log-transformation of the data.

Standing-stock measurements

Data on the abundance of major micronekton groups in the San
Clemente basin off Southern California were obtained from 11
oblique trawls taken in July 1970, January 1971, October 1972 and
January 1974. These trawls are described in Childress and Price
(1978, their Table 1), where the catch of Grathophausia ingens is
described. The gear used was either a Tucker trawl with a 9.6 m?
mouth or a 3.1 m Isaacs-Kidd midwater trawl, both with liners
which had 6.4 mm mesh on cach side. The 9.5 to 12 h-long trawls
were done entirely in darkness. The trawl net was lowered quickly
to the greatest depth and then slowly retrieved for the duration of
the trawl. Succeeding trawls ran reciprocal courses. When the trawl
was recovered, the catch was sorted to species for (he major compo-
nents of the micronekton and into larger groupings for the less
abundant species. These groupings were then [tozen and returned to
the laboratory at UCSB, where they were weighed.

Statistical analysis

Because the proximate compositions varied with depth as well as
between the two sites, a good deal of effort was devoted to the
statistical analysis of the data. All data were initially viewed as
scattergrams, including both the Hawaiian data from this report
and the Californian data described below, The Californian midwater-
fish data used for comparison consists of the data sets from
Childress and Nygaard (1973) and Torres et al. (1979) augmenled
with the data for four additional deep-living species (Kali normani,
Chiasmoden niger, Tactostoma macropuy, and Taaningichthys pau-
rolyehnus) analyzed since the latter publication (Childress in prepa-
ration). All the California data were recaleulated in terms of pereent
wet weight, and their énergy contents were recalculated using the
procedures described above. The carbohydrate values for the Cali-
fornia data were doubled because a factor-of two error was made in
the carbohydrate calculations in the earlier papers. We also used
data from Stickney and Torres (1989) for the proximate composi-
tion of midwater fishes from the eastern Gulf of Mexico to provide
a comparison with another tropical region.

In order to compare the compositions of the fishes from these
regions, it was necessary to make the comparisons in such a way
that the variation with depth and the different depth distributions
at the two sites did not bias the results. Regression lines of the form
y=ax"were fitted to these data by linear regression using log-trans-
formed data, with y being a given component in percent wet weight,
and x being the minimum depth of occurrence. The power equation
was chosen for this analysis after comparing the fits of the linear
(y=a+hx) equation and the logarithmic (y=a+ 4 In x) cquation
with those of the power equation for the Hawaii and California data
as well as data from the castern Gull of Mexico (Stickney and
Torres 1989). For most parameters, at most geographic locations,
the relationship between y and x was most highly correlated when
the power transformation was used. Further, visual inspection of
the residuals suggested that the log-transformed data used in fitling
the power curve were linear. In addition to these considerations, it
is apparent that the linear equation is not an appropriate model for
these relationships, since for most of the parameters studied the
litted line passed through the x-axis within the observed depth
range, while the measured components can never go to zero in a
living organism. The power and log equations provide a more real-
istic model ol the changes in composition at greater depths. OF these
two, the power equation (fitted as a linear equation using log-trans-
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formed data) appeared to be the best compromise for fitting both
the Hawaii and the California data sets. For the same reason, the
analysis of covariance (ANCOVA) was carried out on log-trans-
formed data because these were more nedrly linear in most cases
than the nontransformed data.

The initial examinations indicated that, for some components,
the Hawaii data appeared to lie consistently above or below those
of the California data while the slopes of the relationships appeared
similar. The slopes of the power equations fitted for each compo-
nent as a function of minimum depth of occurrence (MDQ) were
compared using an F-test (Sokal and Rohlf 1981). Since no signifi-
cant difTerences in slopes were found, the lines were compared by
ANCOVA for homogeneity of the y-intercepts. The mean values for
each component adjusted to the mean In MDO of the two groups
combined (J,,,) are presented as an additional comparison of the
elevations of the data sets. Where one or both of the regions lailed
to have a significant relationship between a component and MDO,
the Mann-Whitney U test was used to compare the values of that
parameter in the two regions. Statistical computations were either
done manually following Sokal and Rohlf (1981), or done by com-
puter using the programs Statview SE + (Abacus Concepts), Supet-
ANOVA (Abacus Concepts), and Fastat (Systat Inc.).

Results

The data from the chemical analyses are presented in
Table 1. The regressions of the various components (%o
wet wt) as functions of minimum depth are given in Table
2.1In general, the Hawaiian data consist of relatively more
shallow-living species (mean MDO =257 m) than do the
Californian data (mean MDO =440 m). None of the re-
gression coefficients are significantly different between
the Hawaiian and Californian data sets (Table 2, ANCO-
VA, F-test; Sokal and Rohlf 1981). The data presented
here are generally similar in magnitude to data from anal-
yses of ten species of midwater fishes from the central
North Pacific Gyre north of the Hawaiian Islands (Bailey
and Robison 1986), except that those data show lower
water and higher lipid contents for most species.

Water

The water content of Hawaiian midwater fishes increases
significantly with increasing minimum depth of occur-
rence (Kendall rank correlation, tau=0.446, P <0.0001;
Fig. 1A, Table 2). There is no significant difference be-
tween the slopes or intercepts of the regressions of water
content as a function of MDO of Hawaiian and Califor-
nian fishes (Table 2).

Ash-free dry weight

The ash-free dry weights (% wet weight) of Hawaiian
midwater fishes decline significantly with increasing min-
imum depth of occurrence (Kendall rank correlation,
tau= —0.421; P<0.0001; Table 2). There is no signifi-
cant difference between the slopes or intercepts of the
regressions of ash-free dry weight as a function of MDO
of Hawaiian and Californian fishes (Table 2).
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Fig. 1. Relationships between water (A), lipid (B), and protein (C)
contents and minimum depth of occurrence of Hawaiian midwater
fishes compared with those for Californian midwater fishes. Regres-
sion equations for lines are given in Table 2

Carbohydrate

The carbohydrate contents (% wet weight) of Hawaiian
midwater fishes decline significantly with increasing min-
imum depth of occurrence (Kendall rank correlation,
tau= —0.293, P=0.0066; Table 2). Since there is no sig-
nificant relationship between carbohydrate content and
MDO for Californian fishes (Kendall rank correlation,
tau= —0.195, P=0.14; Table 2), the Hawaiian and Cali-
fornian carbohydrate contents were compared by the
Mann-Whitney U test and found to be significantly dif-
ferent (P=0.043).

Lipid

The lipid content of Hawaiian midwater fishes decreases
significantly with increasing minimum depth ol occur-
rence (Kendall rank correlation, tau= —0.273, P=0.011;
Fig. 1 B; Table 2). There is no significant difference be-
tween the slopes (P =0.46) of the regressions of lipid con-
tent as a function of MDO of Hawaiian and Californian
fishes (Table 2). However, the Hawaiian fishes have sig-
nificantly lower lipid contents (Fig. 1 B; Table 2). Exami-
nation of the scatterplot (Fig. 1B) suggests that this dif-
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ference continues at greater depths. Comparison of the
lipid contents of Hawaiian (n=8) and Californian
(n=15) fishes with MDO values of 500 m or greater sup-
ported this (P=0.028, Mann-Whitney).

Protein

The protein contents (% wet weight) of Hawaiian midwa-
ter fishes decline significantly with increasing minimum
depth of occurrence (Kendall rank correlation. tau=
—0.368; P=0.0006; Fig. 1 C: Table 2). There is no signif-
icant difference between the slopes (P=0.59) of the re-
gressions of protein content as a function of MDO of
Hawaiian and Californian fishes (Table 2). However. the
Hawaiian fishes have significantly higher protein con-
tents (Fig. 1 C; Table 2). Examination of the scatterplot
(Fig. 1 C) suggests that this dilference does not continue
at greater depths. Comparison of the protein contents of
Hawaiian (n=8) and Californian (n=15) fishes with
MDO values of 500 m or greater supported this (P =0.37.
Mann-Whitney).

Carbon

The carbon contents (% wet weight) of Hawaiian midwa-
ter fishes decline significantly with increasing minimum
depth of occurrence (Kendall rank correlation, tau=
—0.411, P<0.0001: Fig. 2A, Table 2). There is no signif-
icant difference between the slopes (P=0.26) of the re-
gressions of carbon content as a function of MDO of
Hawaiian and Californian fishes (Table 2). However, the
Hawaiian fishes have significantly lower carbon contents
(Fig. 2 A; Table 2).

Nitrogen

The nitrogen contents (% wet weight) of Hawaiian mid-
water fishes decline significantly with increasing mini-
mum depth of occurrence (Kendall rank correlation,
tau= —0.472, P<0.0001; Fig. 2 B; Table 2). There is no
significant difference between the slopes (P=0.26) of the
regressions of nitrogen content as a function of MDO of
Hawaiian and Californian fishes (Table 2). However, the
Hawaiian fishes have significantly higher nitrogen con-
tents (Fig. 2B; Table 2).

Energy content

The energy contents (kJ g~! wet weight) of Hawaiian
midwaler fishes decline significantly with increasing min-
imum depth of occurrence (Kendall rank correlation,
tau= —0.353, P=0.001; Fig. 2C, Table 2). There is no
significant difference between the slopes (P=0.33) or the
intercepts of the regressions of energy content as a func-
tion of MDO of Hawaiian and Californian fishes
(Fig. 2C; Table 2).
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Fig. 2. Relationships between cuarbon, nitrogen, and energy con-
tents and minimum depth of occurrence of Hawaiian midwaler
fishes compared with those for Californian midwater fishes. Regres-
sion equations for lines are given in Table 2

Lipid and protein as % ash-free dry weight

When lipid and protein are compared on an ash-free dry
weight basis (Table 2), the partitioning of organic matter
between these components is made more obvious. While
neither lipid (%o AFDW) nor protein (% AFDW) have
significant regressions with MDO, protein (% AFDW)
does show a significant increase with increasing depth
(Kendall rank correlation, tau=0.389, P=0.0003) while
lipid (% AFDW) does not (Kendall rank correlation,
tau=0.044, P=0.68). Since the regressions of these com-
ponents (Y% AFDW) as functions of MDO were not sig-
nificant, Mann-Whitney U tests were used to compare
the Hawaiian and Californian fishes. The Hawaii species
have lower lipid as percent ash-free dry weight
(P <0.0001). As expected, the opposite is true of protein,
with the Californian fishes having significantly less of
their organic matter in the form of protein (P<0.0001).

Biomass comparison

The biomasses of the major micronekton groups found
off Hawaii and California are presented in Table 3. The
total abundances of fishes, crustaceans, cephalopods, or
cnidarians are not significantly different between the two
regions. The Oahu site has significantly more biomass of
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anguilliform fishes and caridean crustaceans, while the
California site has significantly more biomass of mysid
crustaceans. Other differences are found in groups which
were not quantified (because of very low abundance) in
one of the areas. For example, the bathylagid and melam-
phaid fishes are more abundant off California, while fish-
es of the genus Gonostoma are important components off
Oahu but not off California. The data available for the
central gyre north of Hawaii suggest that it has similar or
lower biomass values compared with the Oahu site, de-
pending on the group being considered (Table 3).

Discussion

The midwater fishes off Hawaii have lower lipid and car-
bon contents and higher protein and nitrogen contents
(% wet weight) than those off California. Bailey and
Robison (1986) found generally similar relationships
when comparing 12 central North Pacific Gyre midwater-
fish species with the same or closely related species from
the California Current. However, their analyses in-
dicate that the gyre fish, except for the sternoptychids,
from the location more remote from Hawai have appre-
ciably higher lipid contents than we found in fish off
Oahu. Like Bailey and Robison, we believe that the dif-
ferences between California and gyre species must result
from environmental differences between these two re-
gions. Although our central Pacific site is close to Oahu,
while Bailey and Robison’s site is several hundred miles
north and east, and our California site is within the
Southern California borderland while theirs is just out-
side it, the fish compositions show similar trends between
the California sites and the central Pacific sites. The Oahu
site probably has higher primary productivity than the
central gyre site due to the island-mass effect (Gilmartin
and Revelante 1974), and this is apparently reflected in
the biomasses at higher trophic levels (Table 3), although
both central Pacific sites lie within the North Pacific Cen-
tral Gyre faunal province (McGowan 1986). The general
similarity in compositions of fishes at the two central
Pacific sites compared to the California sites leads us to
believe that they must share the property(s) which are
responsible for the differences between the central Pacific
and California regions. Thus, in our discussion of differ-
ences between the regions, we will combine data from
large areas which, while each may be somewhat heterog-
enous internally, differ substantially from each other.
The differences in temperature at shallow depths, water
clarity at shallow depths, average food supply, and vari-
ability in food supply are those most likely to be impor-
tant in understanding the compositional differences.

Temperature at shallow depths

The surface temperature off Hawaii is about 10C°
warmer than that off Southern California (San Clemente
Basin), and temperature is elevated down to about 400 m.
Below 400 m the difference is less than 1 C°. This differ-
ence could have little effect on deeper-living non-migra-
tory species, but would be expected to have a substantial
effect on the metabolic rates of surface-living and verti-
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Table. 3. Micronekton standing stocks (biomass, g wet wt 100 m™~2)
in top 1 400 m of ocean in San Clemente Basin off Southern Califor-
nia (the first 11 trawls described in Table 1 of Childress and Price
1978), in top 1200m off lee side of Oahu, Hawaiian Island
(Maynard et al. 1975), and in top 1 000 m of North Pacific Central
Gyre and California Current (Bailey 1984). One standard deviation
is shown in parentheses following means. San Clemente values are
means of 11 trawls taken on 4 cruises, Oahu values are means of 9

J.J. Childress et al.: Composition of Hawaiian midwater fishes

trawls taken on 1 cruise; Bailey’s values are not from oblique trawls
like the others, but are integrations of discrete depth trawls. Null
hypotheses comparing San Clemente and Oahu data sets were test-
ed using a test of equality of the means of two samples whose
variances are assumed to be unequal (Box 13.3; Sokal and Rohlf
1981). The San Clemente and Oahu studies used nets with 6.44 mm
mesh on each side, Bailey nets with 4.5 mm mesh

Group San Oahu P Gyre California
Clemente Current

Myctophidae 71.2 (324) 65.7 (20.4) NS 36.9 129.4
Cyclothone 59.8 (15.7) 459 (11.3) NS 58.3 44.9
Other Gonostomatidae 149 (8.5) 5.5 0.5
Sternoptychidae 13.1 (15.7) 25.1 (14.0) NS 10.3 17.9
Other Stomiatoidei 27.3 (38.9) 15.6 (12.5) NS 12.0 93.2
Anguilliformes 10.7 (10.9) 48.2 (43.7) <0.05 12.7 4.3
Bathylagidae 17.0 (10.4) 1.9 19.4
Melamphaidae 18.8 (13.1) 5.3 41.7
Miscellaneous fishes 42.4 (50.6) 41.4 (40.2) NS 8.2 8.5
Caridea 18.1 (5.0) 50.5 (21.1) <0.001 42.5 36.1
Penaeidea 42.6 (20.7) 31.6 (10.6) NS 42.4 39.5
Euphausiacea 6.2 (4.9 18.5 (4.0) NS 5.1 40.9
Mysidacea 61.5 (28.3) 8.8 (9.8) <0.001 26.8 57.6
Miscellaneous Crustacea 42 (4.2) 1.1 (1.9) NS

Total fishes 260.3 (71.80) 256.7 (81.3) 151.1 359.8
Total Crustacea 133.1 (50.64) 110.5 (36.2) NS 119.9 181.1
Total Cephalopoda 128.5 (151.9) 48.7 (47.5) 6.8 173.5
Total Cnidaria 45.6 (20.15) 40.9 (46.9) 4.2 20.7

cally-migrating species. All else being equal, one would
also expect the Hawaiian fishes which enter the surface
waters to have greater muscle power available to them
due to decreased contraction times made possible by the
higher temperatures (Bennett 1984).

Water clarity at shallow depths

The central Pacific waters have greater clarity, as indicat-
ed by a depth to 1% light of 80 to 120 m (Cullen and
Eppley 1981, Hayward etal. 1983, Hayward and
McGowan 1985) as compared to 30 to 66 m (Owen 1974,
Cullen and Eppley 1981, Smith et al. 1987) off California.
This translates to overall attenuation coefficients of 0.04
to 0.06 in the central Pacific compared with 0.07 to 0.15
off California. As a result of the difference in water clarity
and surface irradiance, daytime irradiance is greater at
depth off the lee shore of Oahu (Young et al. 1980) than
in the Southern California Borderland (San Diego,
Trough, Kampa 1970). One would also expect similar
differences in nighttime irradiance near the surface. The
higher irradiance off Hawaii at the depths occupied by
these midwater fishes means that predators and prey of
given sizes at comparable depths could detect each other
visually at appreciably greater distances off Hawaii than
off California.

Average food supply

The primary production off California is about two to
three times that in the Central Pacific (Owen 1974, Cullen

and Eppley 1981, Hayward and Venrick 1982, Hayward
1986) and off the lee shore of Oahu (Station 19 in
Gilmartin and Revelante 1974, Bienfang et al. 1984). The
macrozooplankton biomass is also greater off California
than in the central Pacific (Reid 1962, Owen 1974,
McGowan and Williams 1973, Loeb et al. 1983, Hay-
ward 1986) or off Hawaii (Nakamura 1967). Thus, it
appears that the standing stock of potential food organ-
isms for midwater fishes is greater by a factor of 2 to 4 or
more off California. The standing stock of midwater fish-
es and other micronekton off California, however, is not
significantly greater. Maynard et al. (1975) measured the
total biomass (including the plankton component cap-
tured by their trawl) in the upper 1200 m off the lee side
of Oahu as 2.6 g wet wt m~2 using a “10 foot” Issacs-
Kidd midwater trawl. They also measured the biomasses
of particular micronekton components. Using similar
size gear and procedures, we found no significant differ-
ence between the two areas in the major micronekton
groups (Table 3). Bailey (1984), using different gear and
sampling procedures, found considerably lower biomass-
es in the central North Pacific Gyre than off California.
His central gyre biomasses were also generally below
those of Maynard et al. for Hawaii (see Table 3 of present
study).

Spatial and temporal variability in food supply

The meso- and large-scale spatial variability in primary
production and zooplankton biomasses off California is
much greater than that in the central North Pacific (Hay-
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ward 1986). However, it is not clear whether this would
have much effect on midwater fishes, which may be mo-
bile enough to find the denser patches. The seasonal and
interannual temporal variability in primary production
and macrozooplankton also is greater off California than
in the Central Pacific by a factor of about 2 to 3 (Smith
and Eppley 1982, Hayward et al. 1983, Hayward 1986).
The primary production off the lee side of Oahu (Bien-
fang et al. 1984) has about the same degree of variability
as at the more remote gyre site, and much less than off
California. The zooplankton biomass off the lee of Oahu
also has very low seasonal variability in macrozooplank-
ton (15 to 30 ml 1 000 m~? in the top 60 m during the day
and 25 to 55 ml 1 000 m 2 at night, with a 0.656 mm net
over 19 mo of monthly sampling; Shomura and Naka-
mura 1969). Thus, the fishes off California are exposed to
food abundances ranging from about the same as in the
central North Pacific to much greater, depending upon
where and when they are feeding. The central North
Pacific fishes would always have about the same amount
of food available to them. Thus, mechanisms to compen-
sate for fluctuations in food would have little adaptive
value for the central North Pacific Gyre fishes. On the
other hand, populations in more variable environments
would, in the absence of compensatory mechanisms, be
limited by the minimum food supply which they encoun-
ter. The most obvious compensatory mechanism is the
storage of materials in the body during periods of abun-
dance for use during periods of relative deprivation.

Basis of compositional differences

The observed differences in composition could be either
ecophenotypic responses to different environmental con-
ditions or evolved differences (adaptations), selected for
by the different environmental conditions. The simplest
explanation would be that one or some combination of
the suggested factors reduces the energy and material
available for growth, resulting in relatively less deposi-
tion of material. The contrasting differences of lipid and
protein concentrations in fishes from the two environ-
ments argues against such a simple ecophenotypic re-
sponse, since food limitation results in the utilization of
both lipid and protein in fish (Love 1970, 1980). The
growth rates of Hawaiian midwater fishes are similar to
those of Californian fishes (Smoker and Pearcy 1970,
Childress et al. 1980, Clarke 1974, Clarke and Wagner
1976). This would be unlikely if the observed differences
are ecophenotypic responses, since reduction of energy
and material availability sufficient to produce composi-
tional changes should affect growth rates in the absence
of compensating adaptations.

Therefore, the observed differences in composition
are probably the result of evolved differences in the spe-
cies and populations in the different regions and not
ecophenotypic responses to environmental differences.
Bailey and Robison (1986) also support this view. The
observation that standing stocks of midwater animals are
similar off Oahu and California further suggests that the
compositional properties of these fishes are evolved for
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the environraent and not the result of phenotypic re-
sponses to limited food. The adaptive roles of lipid and
protein must be considered to understand adaptation to
the possible factors.

Lipid

Beyond the small amounts of lipid present in cell mem-
branes, the primary roles of lipids in these fishes are as
density-reducers and stores of energy and material. The
lower lipid levels of the Hawaiian fishes indicate that
these species rely more on mechanisms other than lipid
(zas bladders or active swimming) to maintain their posi-
tions in the water column. The energetic consequences of
this are unclear, but might result in a slight increase in
metabolic energy demand, although Childress (1975)
found no relationship between buoyancy and metabolic
rate in midwater crustaceans. The magnitude and func-
tions of lipid stores in marine fishes and invertebrates
have been reviewed extensively by previous authors (Slo-
bodkin and Richman 1961, Love 1970, 1980, Lee et al.
1971, Lawrence 1976, Griffiths 1977, Clarke 1983, 1988,
Norrbin and Bimstedt 1984, Clarke and Holmes 1986.
The reviews cited indicate that the major function of
stored lipid is as a reserve of material and energy avail-
able for use during periods of increased demand (such as
reproduction) or decreased ingestion (seasonal or other
temporal variation in food availability). These studies do
not support the concept that higher lipid stores are the
result of higher food levels per se.

It appears, then, that lipid storage would be most
strongly adaptive under conditions in which either repro-
ductive output represents a large fraction of the fish’s
energy and material reserves and is discontinuous, or
where the food supply is variable to the extent that energy
and material are partitioned to storage to allow the fish
to pass through periods of low food with little effect.
Therefore, one would expect low lipid storage to be adapt-
ive in the absence of high variability (spatial or tempo-
ral) in food supply or where discontinuous reproductive
output is not a large fraction of the [ish’s energy and
material budget. A lower level of lipid storage would
allow more of the fish’s resources to be put into more
rapid growth in body size or more rapid achievement ol
maturity and reproduction. The presence of a relatively
high micronekton biomass off Oahu, although primary
and secondary production are appatently low, is a possi-
ble result of such an adaptation.

Of the four suggested factors affecting the adaptive
value of body organic composition, we believe thal water
clarity is irrelevant for lipid storage. Temperature effects
on lipid storage are apt to be only indirect, either through
their generally inverse correlation with stability of pro-
duction or through reduction of metabolic rates at lower
temperatures making more energy available for other us-
es such as storage.

Among the possible responsible factors, food level
must be considered, since primary production and
zooplankton biomasses differ greatly between the central
Pacific and the California sites. In addition, lipid contents
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in individual fish respond to feeding intensity (Love
1980). However, the higher lipid contents found for the
lower biomasses at the site away from Oahu (Bailey and
Robison 1986) suggest that food availability and lipid
content are not closely associated. The higher protein
contents in the Hawaiian fishes show that the lower lipid
contents of these fishes are not simply part of an overall
reduction in the organic content or energy content. II
they are related Lo lower food levels, they must be part of
an adaptive strategy for surviving in this environment by
partitioning less of the ingested food energy to lipid and
more to protein. Food-supply differences cannot explain
the higher protein contents of the Hawaiian fishes. On
this basis, we can reject the hypothesis that the lower lipid
contents result from an overall selection for lower energy
content. It is possible that the low lipid contents are the
result of genetically based differences in partitioning of
food energy to lipid due to the selective pressure of lower
food supplies in the central Pacific, but this is not consis-
tent with the reviews cited above.

The fourth explanation, that the lipid levels are low in
the Hawaiian fishes because of lack of spatial or temporal
variation in food supply or energy demand is the most
probable. Variability in supply would seem to be the most
important, since Clarke (1984) has shown that
mesopelagic fishes from ofl' Hawaii generally have low
fecundity and low gonad masses, properties which would
reduce the variability in energy and material demand. A
variety of evidence from many different environments
indicates that variability in food supply selects for high
levels of lipid storage (Slobodkin and Richman 1961,
Love 1970, 1980, Lee et al. 1971, Lawrence 1976, Calow
and Jennings 1977, Grilfiths 1977, Clarke 1983, Norrbin
and Bamstedt 1984). The higher lipid levels found sea-
sonally in more polar pelagic species could be a necessary
adaptation to the highly variable, seasonal pattern of
primary production. The seasonal variation in produc-
tion is much less in the central Pacific. Hayward (1986)
estimated that the seasonal variation in macrozooplank-
ton biomass is more in the California Current (factor
of 3) than in the central North Pacific (factor of < 1.5).
He also estimates that interannual variation is much
greater in the California Current (factor of 5) com-
pared with the central North Pacific (factor of 1 .5). Fur-
ther, the spatial variation is also much greater off Califor-
nia than in the central Pacific, a factor which might also
select for increased lipid storage off California. For ex-
ample, Hayward estimates that the spatial variation in
macrozooplankton biomass at the mesoscale has a range
of 50-fold in the California Current while it varies by only
a factor of 2 to 3 in the central North Pacific. Such differ-
ences in food-supply variability could select for greater
lipid storage in the more variable California habitat.

The presence of significant differences in lipid content
in fishes with MDO values of 500 m and greater suggests
that deeper-living species also encounter spatial and tem-
poral variation in food supply. However, because their
metabolic rates are lower, the magnitude of lipid stores
can be smaller than those of the shallower-living fishes.
This release from the need for large energy stores may
enable these deeper-living species to reach much larger
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sizes for a given energy investment in growth, due to their
low energy densities (Childress et al. 1980).

Protein

The protein contents of midwater fish, as Bailey and Ro-
bison (1986) and Stickney and Torres (1989) noted. are
not correlated with food availability. The higher protein
contents of the Hawaiian fishes indicate that these fishes
are more structurally robust than those off California. At
the higher water temperatures off Hawaii they should
have greater muscle power (Bennett 1984), all else being
equal. This would require more robust skeletal and con-
nective tissue structure to support the use of this higher
fhuscle power. Thus, the higher protein contents proba-
bly reflect the structural demands of higher muscle-power
outputs in the shallower-living Hawaiian fishes. The
adaptive value of such a difference in properties might be
explained by greater water clarity and irradiance in the
surface layers off Hawaii compared to California. Such a
difference would presumably increase the “reactive dis-
tances™ for predators and prey of particular sizes and
therefore select for greater swimming abilities off Hawaii
to compensate for this (Somero and Childress 1980).

If the increased water clarity and irradiance off Hawaii
are important selective factors, one would predict that
smaller body size, to increase reactive distances, as well as
greater muscle power, to compensate for reduced reactive
distances, would be adaptive. In fact, as Clarke (1973)
has shown, the shallower migrating myctophids off
Hawaii generally mature at much smaller sizes and reach
much smaller maximum sizes than do myctophids of sim-
ilar depth range off California. This is consistent with the
proposed importance of visual predator-prey interac-
tions as a selective factor in midwater environments
(Childress et al. 1980, Childress and Mickel 1985, Bailey
and Robison 1986, Stickney and Torres 1989, Childress
and Somero 1990, Somero and Childress 1990). The ab-
sence of significant differences in protein content in fishes
with MDO values of 500 m or greater, where light levels
would be expected to be quite low and comparable in
both regions due to bioluminescence (Cowles 1987), also
supports the hypothesis that visual predator-prey inter-
action, or its attenuation, is the key selective factor re-
sponsible for the variation with depth in protein content
as well as metabolic rates.

Comparison with fishes from the eastern Gulf of Mexico

Stickney and Torres (1989) have analyzed the proximate
composition of midwater fishes from the eastern Gulf of
Mexico, another tropical, low-productivity, relatively
stable region. Their results are quite similar to our results
off Hawaii, ANCOVA of their complete data set with our
data sets {rom Hawaii and California (Table 4) showed
no significant differences in slope among the three areas
and highly significant correlations with MDO for water.
ash-free dry weight, carbohydrate, lipid, protein and en-
ergy. The intercepts were also not significantly different
between the Hawaiian and eastern Gulfl fishes for any
components. Further, when the 11 species analyzed in
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Table 4. Comiparison of proximate composition of fishes from off
Hawaii and Southern California (present study) and eastern Gulf of
Mexico (data set of 31 species from Stickney and Torres 1989).
Independent variable in all cases was minimum depth ol occurrence
(MDO). ANCOVA was carried out on log-transformed (both de-
pendent and independent variables) data, P values (F-test) are given
for probability that there is no significant variation with depth for
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all three regions combined or ne significant difference among the
three regions in the slopes or intercepts for relationship ol each
parameter with depth. In all three regions, only species with mea-
surements ol all listed components were used for tests ol any of the
compenents, Games-Howell is post-hoc test of signilicance of differ-
ences among the groups (Games and Howell 1976); differences
shown correspond to P<0.05

Dependent n Slopes In MDO Intercepts Games-Howell
variable

In % H,0 101 P=0.62 P <0.0001 P= 0155 -

In % AFDW 101 P=0.16 P <0.0001 P= 0.299 —

In % CHO 101 P=0.71 P 0.0033 P= 0.0063 Calif. > EGulf

In % lipid 101 P=0.093 P <0.0001 P=<0.0001 Calif. > Haw. = EGulf
In % protein 101 P=0.21 P <0.0001 P= 0.0013 Haw.=EGulf> Calif.
InkJg! 101 P=0.058 P <0.0001 P= 0.238 -

both studies were compared (Wilcoxon sign-rank test),
there was no significant difference in water, ash-free dry
weight, carbohydrate, lipid, protein or energy contents
(% wet wt) between the regions. Thus, tropical, low-
productivity, stable midwater habitats appear to result in
the same compositions in midwater fishes whether these
habitats are central oceanic regions or more limited areas.
As for the Hawaii vs California comparison, the Califor-
nian fishes had higher lipid and lower protein contents
than the fishes from the eastern Gulf of Mexico (Table 4).
One surprising aspect of this comparison is that there was
no significant difference in energy content of fishes
among the three regions. This apparently results because
of the increase in energy due to increased protein (5% wet
wt) replacing the decrease due to reduced lipid.

Conclusion

We propose that differences in lipid and protein contents
between Hawaiian and Californian midwater fishes are
selected for by different factors. The lower lipid content
off Hawaii is apparently allowed by the much lower levels
of spatial and temporal variation in food supply there.
The lipid contents of deeper-living fishes are apparently
affected by this variation, but the lipid contents are re-
duced at greater depths because the metabolic demands
are reduced. The higher protein contents in the Hawaiian
fishes are probably selected for by predator-prey interac-
tions acting over greater distances in the clearer, more
strongly illuminated surface waters off Hawaii. The ab-
sence of a significant difference in protein in the deeper-
living species indicates that in terms of the factor selecting
for decreased protein contents in the deeper-living spe-
cies, these two environments are equivalent. However,
since the macrozooplankton and micronekton biomasses
are higher off California and therefore presumably the
food supply is higher, food availability is not the critical
selective factor determining the protein contents of deeper-
living fishes.
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