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Abstract. The proximate and elemental chemical compo- 
sitions of 25 species of pelagic decapod and mysid crus- 
taceans collected from the eastern Gulf of Mexico 
(~  27~ 86~ 1984 to 1989) was examined. Water level 
ranged from 63 to 95 % and increased slightly with spe- 
cies' increased depth of occurrence. Protein levels were 
generally high (1.5 to 18.3% wet wt, WW; 27.6 to 62.4% 
ash-free dry wt, AFDW) and comprised the primary or- 
ganic component in the majority of species. Protein, both 
as % WW and % AFDW, decreased with increased depth 
of occurrence. In contrast to protein, lipid levels were low 
(0.5 to 8.9% WW; 5.7 to 60.9% AFDW), and increased 
with increased depth of occurrence. Carbon and nitrogen 
best mirrored measured lipid and protein levels when 
considered as non-protein carbon and non-chitin nitro- 
gen, respectively. C:N ratios increased with increased 
depth, consistent with changes in protein and lipid with 
depth. Because of their compositional attributes, resident 
Gulf of Mexico species have a low total wet weight energy 
content relative to species from more productive regions. 
Energy content showed no significant trend with depth. 
Vertical migration patterns were distinctly different be- 
tween shallow- and deep-living gulf species and these dif- 
ferences were largely responsible for the relationships ob- 
served between composition and depth. In migrating 
species, the protein and nitrogen content were higher, the 
lipid and carbon contents and C :N ratio lower, than in 
non-migrating species. Three deep-living species of the 
genus Acanthephyra were found to be compositionally 
atypical, resembling shallow, migrating types rather than 
other deep-living, non-migratory species. 

Introduction 

The eastern Gulf of Mexico is a stable, oligotrophic, trop- 
ical/subtropical region typical of open-ocean gyre sys- 
tems. Species inhabiting the Gulf would be expected to 
exhibit compositional traits reflective of warm surface 

water and low, but seasonally stable, levels of food 
availability. Environmental conditions such as these are 
usually associated with high protein levels and low lipid 
levels among pelagic crustaceans (Raymont et al. 1967, 
1969b, Donaldson 1976, Goswami et al. 1981). Previous 
compositional studies in the eastern Gulf have examined 
the copepod/euphausid zooplankton fraction (Morris 
and Hopkins 1983) and the mesopelagic fish fraction 
(Stickney and Torres 1989) of the midwater community. 
In both groups, protein levels are high and represent the 
dominant compositional component in the majority of 
species. Lipid levels are generally low; however, certain 
species of both zooplankton (Rhincalanus cornutus, Eu- 
calanus monachus) and fish (Notolychnus valdiviae) are 
lipid-rich, with levels more typical of those found in cold- 
er-water forms. 

Few previous investigations examined the chemical 
composition of micronekton crustaceans. The majority 
of these investigations considered only the lipid fraction 
(Fisher 1962, Culkin and Morris 1969, Vinogradov et al. 
1970, Lee et al. 1971, Morris 1972, Herring 1973, Lee and 
Hirota 1973), and showed that deeper-living species tend 
to have a higher total lipid content and a higher percent- 
age fraction of wax ester. In order to best comprehend the 
physiological and ecological implications of a species' 
compositional make-up, it is necessary to examine all the 
major compositional fractions individually and simulta- 
neously (cf. Raymont et al. 1964, 1966, 1969a). Follow- 
ing this approach, early studies by Raymont et al. (1967, 
1969 b) found high protein and generally low lipid levels 
in several species of pelagic decapod and mysid shrimp 
from two tropical/subtropical regions. As the authors 
themselves noted, however, their results dealt with a lim- 
ited sample size, both in number of species and in total 
number of individuals. Donaldson (1976), assaying all 
the major components for four species of sergestids from 
waters near Bermuda, also found protein to be high but 
variable among similar species as a function of migration 
distance. The results from that study are presented only 
as percent dry weight, and thus do not provide informa- 
tion on composition in relation to total body weight. The 
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mos t  comprehens ive  s tudy  to da te  p rov id ing  a comple t e  
p r o x i m a t e  and  e lementa l  e x a m i n a t i o n  o f  a large  n u m b e r  
o f  species f rom a single a rea  is t ha t  o f  Chi ldress  and  
N y g a a r d  (1974), which  examines  pe lagic  species f rom a 
m o r e  t empera te ,  p roduc t ive  reg ion  of f  sou the rn  Cal i for -  
nia. There  are  no comprehens ive  b iochemica l  s tudies  in- 
ves t iga t ing  a large  n u m b e r  o f  species o f  c rus t acean  mi-  
c r o n e k t o n  f rom o l igo t roph ic ,  t r o p i c a l / s u b t r o p i c a l  re- 
gions.  

The  p u r p o s e  o f  this  s tudy  was:  (1) to  fu r the r  o u r  un-  
de r s t and ing  o f  mesope lag i c  c rus taceans  by  assay ing  the 
p r o x i m a t e / e l e m e n t a l  c o m p o s i t i o n  and  ca lor ic  dens i ty  o f  
the m i c r o n e k t o n  f rac t ion  o f  the mesope lag i c  a s semblage  
wi th in  the eas te rn  G u l f  o f  Mexico ;  (2) to examine  var ia -  
t ions in c o m p o s i t i o n  wi th in  the m i c r o n e k t o n  f rac t ion  in 
re la t ion  to the dep th  o f  occur rence  and  m i g r a t i o n  p a t t e r n  
o f  the va r ious  species. 

Materials and methods 

Col lec t ion  o f  spec imens  

Vert ical  d i s t r ibu t ions  

Species were grouped into three categories based on their vertical 
migration patterns. Those species having a migration range of 
> 200 m and entering the epipelagic zone (0 to 200 m, Marshall 
1979) at night were considered shallow migrators. Species that 
reside in the mesopelagic zone (200 to 1000 m, Marshall 1979) 
during the day and migrate _> 200 m at night without entering the 
epipelagic zone were considered deep migrators. Non-migrators 
were those species exhibiting no directed vertical movement within 
the upper 1000 m on a diel basis. Using this grouping, 10 species 
were catagorized as shallow migators, 5 as deep migrators, and 6 as 
non-migrators. Migration/non-migration could not be definitively 
determined for Systellaspis cristata, Parapasiphaea sulcatifrons, 
Eucopia sculpticauda and Gnathophausia ingens due to the low inci- 
dence of capture. All available catch data (T. L. Hopkins unpub- 
lished data) for these species indicate that they are all deep-living 
(>  600 m) and non-migratory. 

All the depth information reported for the species examined 
was compiled from both published (Heffernan and Hopkins 1981, 
Hopkins etal. 1989, Flock and Hopkins 1992) and unpublished 
records of the University of South Florida midwater ecology group. 
Minimum depth of occurrence (MDO) is defined as "that depth 
below which 90% of the population lives" (Childress and Nygaard 
1973). 

Specimens were collected in the upper 1000 m of the water column 
in the eastern central Gulf of Mexico within a 10 nautical-mile 
radius of 27~ 86~ during nine cruises over a period from May/ 
June 1984 to July 1989. During all cruises prior to 1989, individuals 
were collected using a mouth-closing Tucker trawl with either a 
3.2 m z or 6.5 m 2 mouth-area. For cruises in 1989, a seven-net, 
4.0 m 2 mouth-area MOCNESS trawl (multiple opening-closing net 
and environmental sensing system; Wiebe et al. 1976) was used for 
sampling. 

Following net retrieval, species selected for analysis were mea- 
sured to the nearest millimeter standard length (SL) and carapace 
length (CL), blotted to remove excess moisture, and placed in indi- 
vidual polypropylene vials. Samples were kept frozen at - 2 0  ~ 
until analyzed. Length was measured from the back of the eye for 
those species with large or extended rostrums (e.g. carideans). For 
all other species, measurements included the rostrum. 

Sample  analyses  

Stat is t ics  

Regression analyses of compositional components with depth were 
performed using those species with n>2  as well as with the entire 
data set (n > 0). Regression data points represent the mean compo- 
nent value for each species. Unless otherwise noted, values for 
regressions are significant at P <  0.05. Comparisons between shal- 
low migrators, deep migrators and non-migrators were done using 
a Mann-Whitney U-test, with differences significant at P<0.05. 
Composition as a function of migration pattern was also examined 
using both the n > 2 and n > 0 data sets. The two types of data 
manipulations were used to ensure that observed trends in compo- 
sitional attributes were not caused primarily by species with a small 
(n < 3) sample size. Species with low n are rare in the Gulf and, 
consequently, rare in our collections. Results from analyses using 
the n > 0 data set were included only when they supported the 
primary findings reached using the n > 2 data set. 

Dry weight, ash weight, protein, lipid, carbohydrate and caloric 
values were determined following procedures outlined in Stickney 
and Torres (1989). For chitin, aliquots of homogenate (0.125 ml; 
3.1 mg dry wt, DW) were dispensed into two preweighed test tubes. 
Samples were then dried at 60 ~ to a constant weight, weighed, and 
hydrolyzed with 6 N HC1 at 100~ for 4 to 6 h. Hexosamines were 
determined using the method of Tsuji et al. (1969), with D-glu- 
cosamine hydrochloride (Sigma) as the standard. The caloric value 
of chitin was estimated using the same conversion factor as that for 
carbohydrate (4.1 kcal g-  1). In all specimens analyzed, the carapace 
and integument was of normal rigidity for each species; consequent- 
ly, individuals were considered to be at an intermolt stage. Speci- 
mens were not separated on the basis of sex, with the exception of 
obviously gravid females which were excluded from the data set. All 
proximate analysis results are expressed both as percent wet weight 
(% WW) and percent ash-free dry weight (% AFDW). 

Sample size permitting, an additional aliquot of 0.4 ml (10 mg 
DW) was dispensed into a screw-cap glass vial for determination of 
elemental composition. Samples were dried at 60 ~ to a constant 
weight and then stored in a vacuum desiccator. Analysis of carbon 
and nitrogen content was conducted using a Control Equipment 
Corporation Model 240XA automated CHN analyzer. Results of 
elemental analyses are expressed as % AFDW only. 

Results 

A to ta l  o f  25 species were examined  e nc ompa ss ing  five 
d e c a p o d  and  two mys id  families.  A list o f  species, dep th  
da ta ,  c a r apace  lengths,  weights ,  wa te r  and  ash con ten t s  is 
shown in Table  1. The  species list is r epresen ta t ive  o f  the  
endemic  m i c r o n e k t o n i c  c rus tacean  as semblage  wi th in  the  
u p p e r  1000 m of  the  eas tern  G u l f  o f  Mexico  (see H o p k i n s  
and  Lanc ra f t  1984). 

P r o x i m a t e  and  e lementa l  c o m p o s i t i o n s  and  e s t ima ted  
ca lor ic  values  are  shown in Table  2. Al l  the c o m p o s i t i o n a l  
values  (bo th  p r o x i m a t e  and  e lementa l )  m e a s u r e d  for  spe- 
cies in this d a t a  set are  wi th in  the range  o f  values  previ-  
ously  r e p o r t e d  for  pelagic  c rus taceans  ( R a y m o n t  et al. 
1967, 1969 b, Cu lk in  and  Mor r i s  1969, V i n o g r a d o v  et al. 
1970, M o r r i s  1972, Her r ing  1973, Lee and  H i r o t a  1973, 
Chi ldress  and  N y g a a r d  1974, D o n a l d s o n  1976, G o s w a m i  
et al. 1981, I k e d a  1988). In  all cases o f  changes  in com-  
pos i t i on  with  depth ,  t rends  were ident ica l  in bo th  the 



Table 1. Species ofmicronekton crustaceans investigated in present 
study, their migration patterns, depth ranges, carapace lengths 
(CL), wet weights (WW), water and ash contents. Values are means 

(SD), unless otherwise noted. SM: shallow migrator; DM: deep 
migrator; NM: non-migrator; []: migratory pattern uncertain; 
MDO: minimum depth of occurrence; nd: no data 

Order, (Species' Migra- Day/night 
family, Code No.) tion depth 
species (n) pattern range (m) 

MDO CL (mm) WW (g) % Ash 
(m) (range) (range) water (% dry 

wt) 

Decapoda 
Oplophoridae 

Acanthephyra acanthe- (1) NM 
tetsonis (1 I) 

A. acut~frons (3) (2) NM 

A. curth'ostris (4) (3) NM 

A. purpurea (12) (4) DM 

Ephyrina hoskyni (1) (5) NM 

Meningodora vesea (1) (6) NM 

Notostomus elegans (1) (7) DM 

Oplophorus gracilirostris (8) SM 
(/6) 

Systellaspis cristata (1) (9) [NM] 

S. debilis (13) (10) SM 

Pandalidae 
Parapandalus richardi (13) (11) SM 

Pasiphaeidae 
Parapasiphaea sulcatifrons (12) [NM] 

(1) 
Pasiphaea merriami (9) (13) SM 

Penaeidae 
Funehalia villosa (4) (14) SM 

Gennadas valens (8) (15) SM 

Sergestidea 
Sergestes henseni (11) (16) SM 

S. paraseminudus (11) (17) SM 

S. pectinatus (4) (18) SM 

S. (Sergia) filictum (1) (19) DM 

S. (Sergia) grandis (6) (20) DM 

S. (Sergia) robustus (10) (21) DM 

S. (Sergia) spendens (11) (22) SM 

Mysidacea 
Eucopiidae 

Eucopia sculpticauda (5) (23) [NM] 

E. unguiculata (5) (24) NM 

Lophogastridae 
Gnathophausia ingens (2) (25) [NM] 

700-1 000/800-1 000 700 13,8 1.777 72.6 17.3 
(95-20.0) (0.72-4.66) (0.9) (3.8) 

800-900/700-900 800 21.8 4.637 85.2 23.5 
(13.5-31.0) (1.23-9.41) (2 .4 )  (1.1) 

700-1 000/600-1050 700 17,5 3.618 76,7 20,5 
(16.0-19.0) (2.09-4.09) (5.6) (4.4) 

150-1 000/150-550 300 14.1 2.341 73.6 25.2 
(11.5-18.0) (0.87-4.74) (2 .4 )  (7.0) 

900-1 000/900 ] 000 900 18.0 0.825" nd 10.1 

900/900 900 21.0 1.571 a nd 7.2 

700-800/300-600 300 38.0 9.600 95.3 31.2 

450 600/50-250 75 11.5 0.998 68.8 30.8 
(7,5-19.0) (0.26-2,57) (t .9) (6.3) 

900/nd 900 16.0 0.869 a nd 7.9 

150 1 000/50-600 75 15.3 1.312 75.3 21.3 
(12.0-33.0) (0.60-2.29) (1 .7 )  (3.4) 

150-650/50-350 50 6.9 0.249 76.0 21.0 
(6.0-8.0) (0.14-0.45) (1 .6 )  (2.6) 

rid/800 800 13.0 0.610 72.1 23.7 

400-600/75-600 75 21.6 2.251 75.5 16.8 
(18.0 31.0) (1.23-4.83) (2 .1 )  (2.8) 

150-1 000/0-900 70 20.3 3.968 72.8 24.5 
(16.0 24.0) (1.08-6.59) (0.8) (6.0) 

250-800/100 425 150 10,5 0.941 77.2 29.4 
(8.0 13 .0)  (0.56-1.28) (2.1) (4.7) 

450-700/50-200 100 12.6 0.476 75.5 17.5 
(8.5 15 .5 )  (0.17-0.73) (3 .3 )  (2.3) 

450-700/50-200 100 10.0 0.250 67.0 18.0 
(5,4-14.0) (0.05-0.49) (3.8) (3.1) 

125-700/50-250 100 4.8 0.039 65.5 21.3 
(4.5 5.1) (0.03-0.05) (0 .4 )  (1.6) 

400-1 000/250 550 300 I7.5 1.011 63.8 18.1 

600-1 000/300-600 400 18.2 1.805 74.5 19.8 
(15.0-23.0) (1.06 3.14) (0.9) (2.6) 

200-1 050/100-450 200 16.6 1.675 75.5 27.1 
(9.0-20.0) (0.81-2.85) (1 .5 )  (7.1) 

100-1050/50-350 100 8.2 0.301 71.6 17.5 
(5.2-10.0) (0.05-0.79) (2.2) (2.4) 

600 1 000/nd 600 11.5 3.641 93.0 11.8 
(10.0-14.5) (2.68-4.81) (1 .2 )  (4.2) 

600-1 000/600-980 600 10.1 0.570 82.6 18.6 
(7.3 12 .0 )  (.020-.087) (0.4) (4.2) 

700/nd 700 29.5 6.215 85.7 29.5 
(22.0-37.0) (1.18-11.25) (0 ,0)  (11.1) 

a Dry weight 
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n > 2 and n > 0 data sets. However, r 2 values increased 
considerably in all regressions using the n > 0  data set. 
Five of  the seven species with n < 2  are deep-living 
(MDO > 700 m), balancing this fraction of all the compo- 
sition vs depth curves. 

No significant difference in any compositional compo- 
nent was found between shallow and deep migrators. 
Consequently, these groups were combined for compari- 
son with non-migrators. With the exception of water lev- 
el, differences between migrators and non-migrators be- 
came significantly more pronounced when the entire data 
set (n > 0) was used. This may be attributable to the fact 
that 5 of  the 7 added species are non-migratory as well as 
deep-living. 

Water level 

Water level (W) ranged from 63.8 to 95.3% WW (Table 
1) and increased with increased minimum depth of 
occurrence (D), as expressed by the equation: 
W=71.29+0,01  D, r2=0.36 (P=0.008,  n > 2  data set). 

The mean water level for migrators (73.1 _+ 3.8%) was 
significantly (P = 0.030) lower than that for non-migra- 
tors (82.0__ 7.9%) when considering species with n >  2. 
This difference is also apparent when considering the 
entire data set, but the level of  significance drops to 
P =  0.067, This drop in significance can be attributed to 
the inclusion of  Notostomus elegans, a deep migrator with 
a very high water level (95.3%). 
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Fig. 1. Protein (Pr) content (% AFDW) as a function of minimum 
depth of occurrence (MDO) for Gulf micronekton crustaceans. 
Species' code numbers correspond to those for species listed in 
Table 1. o: species with n>2; o: species with n_<2; curve: n>0 data 
set 

Ash weight 

Ash weight ranged from 7.2 to 31.2% DW and showed 
no trend with depth of occurrence (Table 1). The finding 
of  Chitdress and Nygaard (1974) that ash content and 
water level may be positively correlated was not evident 
in this data set. Mean ash content was slightly higher in 
migrators vs non-migrators, but the difference was not  
significant. 

Protein 

Protein was the principal biochemical component  in the 
majority of species examined, ranging from 1.5 to 18.3% 
WW and from 27.6 to 62.4% AFDW (Table 2). Both as 
% WW and % AFDW, protein showed a decrease with 
increasing MDO. As % WW, the decline in protein (Pr) 
with depth (D) is expressed by the equation: Pr = 11.63- 
0 . 0 0 6 8  D ,  r 2 = 0,36 (P = 0.008, n > 2 data set). The decline 
in protein (% AFDW) as a function of increasing depth 
(Fig. 1) is significant at the P=0 .077  level for the n > 2  
data set and at the P = 0.00004 level for the n > 0 data set. 

The mean protein level (% WW, n > 2) was significant- 
ly (P = 0,023) higher in migrators (10.9 _+ 1.6) than in non- 
migrators (6.5+3.6). As % AFDW, the mean protein 
level was also higher in migrators (52.5+4.8 vs 
42.4-t- 10.8, P =  0.076). 
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Lipid 

Lipid content was low in the majority of species, ranging 
from 0.5 to 8.9% WW and from 5.7 to 60.9% AFDW 
(Table 2). As % WW, lipid increased with depth in both 
the n > 2  (rZ=0.21, P=0.054) and n > 0  (rZ=0.30, 
P=0.009) data sets. As % AFDW, lipid also increased 
with increasing depth (Fig. 2), being significant at the 
P = 0.010 level for the n > 2 data set and at the P = 0.0000 
level for the n > 0 data set. 

The mean lipid level, both as % WW and % AFDW, 
was significantly lower in migrators than in non-migra- 
tors. Mean values were 1.5+0.4 and 2.9+1.4% WW, 
respectively, and 7.1_ 1.3 and 23.5-t-17.5% AFDW, re- 
spectively. 

As expected, lipid (% AFDW) showed a significant 
inverse relationship with protein (% AFDW) (Fig. 3). 
Unexpectedly, this relationship was multiplicative (rather 
than linear as found by Childress and Nygaard 1973). 
The observed deviation from linearity was primarily a 
consequence of differences in % AFDW recovered be- 
tween the low-protein (<  31% AFDW) and high-protein 
(>  42% AFDW) species. Total % A F D W  recovered was 
lower in the high-protein low-lipid species due to the 
greater refractive nature of protein in proximate analysis. 
Additionally, several of the high-lipid species have rela- 
tively low ash levels, a factor that would also serve to 
skew that portion of the curve. 

Lipid (% AFDW) also showed a significant relation- 
ship with both total carbon (re=0.57) and non-protein 
carbon ( r  2 = 0.79, Fig. 4). 
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Carbohydrate 

Carbohydrate content was uniformly low in all species, 
ranging from 0.0 to 0.3% WW and from 0.3 to 1.1% 
AFDW (Table 2). There were no apparent trends in car- 
bohydrate content as a function of depth of occurrence or 
migration pattern. 

Chitin 

Chitin (% WW and % AFDW) showed no discernible 
trend with increasing MDO. Overall values ranged from 
0.2 to 2.7% WW (x=1.2___0.5) and from 3.1 to 14.9% 
AFDW (x=7.0_+3.2) (Table 2). The observation by 
Childress and Nygaard (1974) that protein and chitin 
may show an inverse relationship when occurring in high 
concentrations was not evident in our data. Four species 
had higher than average chitin values (12.5 to 14.9% 
AFDW, x = 13.4 _+ 1.1) and 6 species had lower than aver- 
age values (3.1 to 4.6% AFDW, x =  3.8 __ 0.6). The values 
for the remaining 15 species ranged from 5.3 to 8.9% 
AFDW, with a mean of 6.5___0.9. 

Overall, mean chitin content was similar between mi- 
grators and non-migrators. The six species with lower 

t h a n  average chitin levels are all deep-living and non- 
migratory. However, there was no consistent pattern 
among the four high-chitin species; Acanthephyra 
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acutifrons and Gnathophausia ingens are both deep-living 
non-migrators, while Notostomus elegans and Oplophorous 
gracilirostris are shallow and deep migrators. 

Elemental composition 

Total carbon content ranged from 43.3 to 67.2% AFDW, 
with a mean value of 53.1 _+7.1 (Table 2). For the n>2  
data set, neither total carbon nor non-protein carbon 
showed significant trends with depth or migration pat- 
tern. For the n > 0 data set, however, both components 
displayed a significant linear increase with depth (Fig. 5, 
non-protein carbon), and both were significantly lower in 
migrators than in non-migrators. 

Total nitrogen content ranged from 5.7 to 16.2% 
AFDW (x=11.7_2.7) (Table 2). Both total nitrogen 
(Fig. 6) and non-chitin nitrogen decreased with increas- 
ing minimum depth of occurrence. Also, both were signif- 
icantly higher in migrators than non-migrators. Unlike 
carbon, the observed trends in nitrogen and non-chitin 
nitrogen were significant in both the n > 2 and n > 0 data 
sets, 

Levels for non-protein non-chitin nitrogen (estimated 
using mass fraction values from Gnaiger and Bitterlich 
1984) were as high as 43% of the total nitrogen 
(x= 26.3 _+ ] 1.6). For all the species examined, however, 
recovery of organic matter was less than 100% 
(x=72.1 +7.8). If we assume that all the unrecovered 
organic matter was refractory protein (Sibuet and 
Lawrence 1981), all of the total nitrogen could then be 
accounted for solely by protein and chitin. Although lev- 
els of non-protein non-chitin nitrogen as high as 43% 
seem unlikely, it is also unlikely that there was a complete 
absence of any non-protein non-chitin nitrogenous com- 
pounds. For comparison, Raymont et al. (1967) reported 
levels of non-protein nitrogen in pelagic crustaceans to 
range from 20 to 25% of the total nitrogen. Also, 
Childress and Nygaard (1974) give a value of 23.3% for 
non-protein non-chitin nitrogen in Sergestes phorcus. 

The ratio of carbon to nitrogen increased exponential- 
ly with depth (Fig. 7). The mean C:N value was also 
significantly lower in migrators than non-migrators 
(3.8_+0.3 vs 6.7_+2.5). 

Energy content 

Estimated caloric values expressed as kcal/100 g WW 
ranged from 14.1 to 127.5 with a mean value of 
77.5 4-25.4 (Table 2). Expressed as kJ/100 g WW, values 
ranged from 58.9 to 533.6. Only three species had caloric 
values greater than 100 kcal/100 g WW (=420 kJ/100 g 
WW), indicating that the majority of the species comprise 
low-energy food items. For the n>2  data set, energy 
content as a function of wet weight showed a slight but 
significant (P = 0.046) trend of decreasing with increasing 
MDO (r2=0.23), primarily due to low values for 
Acanthephyra acutifrons and Eucopia sculptieauda. This 
trend was not significant when considering the entire data 
set, due to increased variability among the added species. 
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Energy content as a function of ash-free dry weight in- 
creased significantly (P=  0.015) with increased MDO, a 
consequence of the increases in lipid (% AFDW). A sim- 
ilar contrasting pattern was observed between migrators 
and non-migrators. Mean energy content as a function of 
wet weight was similar between migrators and non-mi- 
grators, being only slightly higher in migrators. Mean 
content as a function of ash-free dry weight was signifi- 
cantly lower in migrators, again as a consequence of the 
different lipid levels between the two groups. 

In the following discussion, comparisons of estimated 
energy levels both within the present data set and between 
these data and those from other authors use values calcu- 
lated from recovered organic matter only; however, cor- 
rected energy levels are provided for all species (Table 2), 
based on the assumption that any unrecovered organic 
matter is due to refractory protein (Sibuet and Lawrence 
1981). 

Discussion 

The finding of increasing water level, decreasing protein 
and increasing lipid with increasing minimum depth of 
occurrence is in general agreement with the two previous 
biochemical studies in the Gulf of Mexico (Morris and 
Hopkins 1983, Stickney and Tortes 1989) as well as with 
earlier studies examining pelagic crustaceans from other 
regions (Morris 1972, Herring 1973, Childress and Ny- 
gaard 1974). The dissimilarity regarding water level and 
depth between our findings and those of Childress and 
Nygaard (1974), who report lowest water levels in inter- 

mediate depth species and high levels for shallow and 
deep species, can be explained largely by the fact that 
their data set includes crustaceans from several different 
taxonomic groups. Taking into consideration just the 
mysid and decapod species from their data set, the regres- 
sion of water level (W) against MDO (D) is best expressed 
by the equation: W=73.83+0.009D, r2=0.25. This 
equation is very similar to that generated in the present 
study (see "Results - Water level") as well as to that 
reported by Morris and Hopkins (1983) for copepods and 
euphausids (W=79.27+0.0087D, r2=0.44). The low 
slopes for these equations indicate that changes in water 
level with depth are relatively small. The low correlation 
coefficients for each regression reflect the highly variable 
nature of water level in pelagic crustaceans, a condition 
that underscores the importance of considering taxonom- 
ic and/or ecological affinities among species when exam- 
ining compositional attributes. It is interesting that the 
regressions correlating water level and depth in pelagic 
crustacean groups are best expressed linearly, whereas a 
multiplicative relationship exists for midwater fishes (cf. 
Childress and Nygaard 1973, Bailey and Robison 1986, 
Stickney and Torres 1989, Childress et al. 1990). The re- 
gressions reflect a difference between crustaceans and 
fishes in biological response to changing conditions with 
depth. Midwater fishes show a much greater increase in 
water level within the upper 150 m. Below this depth, 
both groups then show roughly the same percentage in- 
crease with depth (~  10% from 100 to 1000 m). 

The observed changes in the primary organic con- 
stituents, protein and lipid, are more clear and consistent 
than those for water level. The decrease in protein as 
percent wet weight accompanied the general increase in 
water with depth, reflecting a lowering of the total body 
protein, a pattern seen repeatedly in both midwater crus- 
taceans and fishes (Childress and Nygaard 1973, 1974, 
Morris and Hopkins 1983, Bailey and Robison 1986, 
Stickney and Torres 1989, Childress et al. 1990). Protein 
as percent ash-free dry weight also decreased with depth, 
reflecting a change in organic partitioning in deeper-liv- 
ing crustaceans (Fig. 1 of present study, Childress and 
Nygaard 1974, Morris and Hopkins 1983), a trend not  
reported for midwater fishes (Childress and Nygaard 
1974, Bailey and Robison 1986, Stickney and Torres 
1989, Childress etal. 1990). Although Childress etal. 
(1990) found no significant regression of protein 
(% AFDW) with MDO, they did find a significant posi- 
tive relationship using the Kendall rank-correlation anal- 
ysis. When the five data sets from the other three midwa- 
ter fish studies are also re-examined using a Kendall 
rank-correlation procedure, only two (Gyre and Transi- 
tion data sets, Bailey and Robison 1986) fail to show a 
significant protein/depth relationship. The two non-sig- 
nificant results are probably a consequence of the small 
sample size in Bailey and Robison's study (n = 12), since 
a much larger data set from a similar locale did produce 
a significant correlation (n=42, Childress et al. 1990). 
These observations indicate that changes in organic par- 
titioning with depth also occur in midwater fishes, al- 
though perhaps to a different degree or not as ubiqui- 
tously as in crustaceans. 
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The significant increase in lipid with depth, both as 
% WW and % AFDW, for pelagic crustaceans contrasts 
with the pattern observed in fishes. Midwater fishes show 
a decrease in lipid content as % WW and essentially no 
trends as % AFDW with increasing depth (Childress and 
Nygaard 1973, Bailey and Robison 1986, Stickney and 
Torres 1989, Childress et al. 1990). Furthermore, the lack 
of correlation between lipid (% AFDW) and depth per- 
sists whether the data are examined using regression anal- 
ysis or rank-correlation analysis (Childress et al. 1990). 
As stated by Childress and Nygaard (1973): "Crus- 
taceans cannot achieve neutral buoyancy in the ways fa- 
vored by deeper living fishes, because crustaceans appar- 
ently have not evolved either swimbladders or hypo-os- 
motic regulation in salt water." The higher lipid levels in 
deeper living crustaceans thus reflect group-wide adapta- 
tions aimed both at buoyancy control and energy storage 
in a food-limited environment. These adaptations are 
both quantitative and qualitative, as reflected by the in- 
crease in the wax ester component of the total lipid in 
deeper living crustaceans (Lewis 1967, Morris 1972, Her- 
ring 1973, Lee and Hirota 1973). The finding of Childress 
and Nygaard (1974) that lipid shows a secondary decline 
in the deepest living species was not observed in the pres- 
ent study. This may be a consequence of the different 
physical and biological conditions which exist in the Cali- 
fornia Current and Gulf of Mexico systems. 

Regional hydrographic and biological differences af- 
fect depth trends both directly, by influencing species 
compositional attributes (Bailey and Robison 1986, 
Childress et al. 1990), and indirectly, through variation in 
depth distributions of congeneric and conspecific individ- 
uals. Directly, differences are evident for three identical 
species examined in both our study and in that of 
Childress and Nygaard (1974). For Acanthephyra cur- 
tirostris, protein is higher in the Gulf (42.8 vs 36.9% 
AFDW) and lipid is higher in California (36.1 vs 15.1% 
AFDW)_ For SysteIlaspis cristata, protein is higher in 
California (35.8 vs 28.6% AFDW) and lipid is higher in 
the Gulf (60.9 vs 49.0 % AFDW). For Gnathophausia 
ingens, protein is similar (36.8 vs 35.4% AFDW) and 
lipid is higher in California (45.2 vs 24.0% AFDW). Indi- 
rect effects are shown by the fact that the majority of 
species in the California Current system inhabit shallow- 
er minimum depths, especially the deeper living forms. 
For example, the reported minimum depths for the three 
conspecifics mentioned above are _> 200 m shallower in 
the California Current system. The result is a 0 to 1000 m 
depth profile in the Gulf of Mexico that is roughly 
analogous to a 0 to 800 m profile in the California Cur- 
rent. The observed decreases in lipid levels reported for 
the latter system occur in species living below 800 m. It 
should be noted that decreased lipid contents could very 
well be present in very deep-living Gulf of Mexico species, 
but Sampling would have to extend much deeper than 
1000 m to examine this. 

The levels of elemental carbon and nitrogen were gen- 
erally consistent with those of lipid and protein. Howev- 
er, the relationship between elemental components and 
proximate tissue measurements was stronger for non- 
protein carbon and non-chitin nitrogen than for total 
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carbon and total nitrogen. In species that have high 
protein levels and low lipid levels, total carbon may not 
be an accurate measure of true lipid content. High chitin 
content may also be reflected in both total carbon and 
non-protein carbon values (e.g. Oplophorus graciliros- 
tris). As a consequence, any imprecision associated with 
relating total carbon and, to a lesser degree, non-protein 
carbon with lipid, is exaggerated when these elemental 
values are examined as a function of depth changes (e.g. 
Fig. 5) and migration pattern. The relationship between 
total nitrogen and protein content is also weakened due 
to the presence of variable amounts of non-protein non- 
chitin nitrogen. Although both total nitrogen and non- 
chitin nitrogen show trends with depth (e.g. Fig. 6) and 
migration pattern that closely resemble those shown by 
measured protein, an accurate estimate of true protein 
content cannot be determined solely by elemental analy- 
ses. To most accurately measure the actual chemical com- 
positional of an individual, both proximate and elemen- 
tal analyses should be conducted in order to best under- 
stand the information provided by each method. 

The overall low energy levels found in this' study re- 
sulted from the high protein and low lipid composition 
characteristic of the majority of crustacean species and 
reflect the general oligotrophic nature of the pelagic envi- 
ronment in the Gulf of Mexico. Changes in energy con- 
tent with depth are 'variable, and dependent upon the 
particular changes exhibited in a species' water level and/ 
or organic composition. As noted earlier (see Results - 
subsections "Protein", and "Lipid"), the majority of 
deeper-living species display decreased protein and in- 
creased lipid levels. This difference was expressed by a 
significant increase in energy content as % AFDW with 
increasing depth. As a function of total body wet weight, 
however, energy content in deeper species ranged from 
slightly lower to slightly higher than that of shallower 
species. For deeper species such as Eucopia sculpticauda 
and Gnathophausia ingens, water level was high; conse- 
quently, their wet weight energy content was slightly low- 
er than that of shallower species. For species such as 
Parapasiphaea sulcatifrons, in which there was essentially 
no change ia water level relative to shallower species, wet 
weight energy content increased slightly. This range of 
energy content values among deeper living crustaceans 
indicates that certain species may be more energetically 
"rewarding" than others and thus more important 
trophically than their' numbers alone might indicate. 

Perhaps more appropriate than simply examining 
compositional changes with depth is the strategy of 
simultaneously considering intra-specific changes in 
lifestyle and habit in resident midwater species. Pelagic 
crustaceans in the Gulf of Mexico can be divided into 
essentially two groups: (I) A vertically migrating group 
with minimum depths _< 400 m (typified by the majority 
of species in the upper 1000 m); (2) a deeper living, non- 
migratory group. Species within the first group have low- 
er water and lipid contents and a higher protein content; 
Group 2 species have similar to slightly higher water lev- 
els, considerably higher lipid, and considerably lower 
protein contents. The pattern is consistent among mi- 
cronekton species (present data set) and zooplankton 
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(Morris and Hopkins 1983). Although Morris and Hop- 
kins reported no significant regression relating composi- 
tion with migration distance, a re-examination of their 
data set reveals that all of the deeper living species studied 
were non-migratory (or very weakly migratory), with 
compositional attributes characteristic of Group 2 spe- 
cies. Thus, while it is common practice to simply examine 
compositional changes with depth, environmentally 
linked behavioral changes may be more important and 
may actually constitute the underlying factor responsible 
for the observed regressional relationship. Within the 
Gulf of Mexico community there is a clear dichotomy 
between the migration patterns of shallow- and deep-liv- 
ing species. 

Another way to examine biochemical patterns among 
pelagic species is by taxonomic division. In the present 
data set, the penaeid and sergestid decapods examined 
are all strong vertical migrators (both shallow and deep) 
and accordingly had high protein, low lipid and moderate 
water levels. This pattern-type characterizes the majority 
of common species comprising the upper 1000 m crus- 
tacean assemblage in the Gulf of Mexico, both in terms 
of chemical composition and migration behavior. In di- 
rect contrast to the penaeids and sergestids, the mysids 
examined are all deep-living, non-migratory species and 
had reduced protein, increased lipid, and water levels, 
ranging from similar to higher than species in the shal- 
lower-living groups. The caridean decapod group includ- 
ed individuals which displayed each of the previous two 
patterns as well as three species that were notably atypi- 
cal. The common, shallower-living, migratory species 
(e.g. Acanthephyra purpurea, Oplophorus gracilirostris, 
Systellaspis debilis) exhibited the dominant composition- 
al pattern and were similar to penaeids and sergestids. 
The less common, deeper-living, non-migratory species 
(e.g. Ephyrina hoskyni, Meningodora vesca, Systellaspis 
cristata) followed the pattern shown by mysids. The atyp- 
ical pattern was present in three of the four Acanthephyra 
species analyzed (A. acanthetelsonis, A. acutifrons, and A. 
curtirostris). All three are deep-living (MDOs > 700 m) 
and reportedly non-migratory, yet compositionally they 
resembled the shallow-living, migratory forms rather 
than their deep-living cohorts. Protein levels were very 
high (42.8 to 53.6% AFDW) and lipid levels, while slight- 
ly higher than those of the average shallow migrator, 
were considerably lower than for the typical deep non- 
migrator (7.6 to 15.1% AFDW). This disparity is evident 
in all the graphs of composition vs depth (Figs. 1, 2, 5, 6 
and 7; Species Code Nos. 1, 2 and 3). 

There are three possible explanations of the atypical 
pattern observed in Acanthephyra spp. 

First, the species could be migrating within a much 
deeper portion of the water column, maintaining the ro- 
bust musculature and high protein level associated with 
increased mobility. As noted by Hopkins et al. (1989), the 
population centers for these three species is below 
1000 m, so that sampling programs concentrating above 
this depth fail to adequately sample these species. Pelagic 
sampling data from great depths are limited, but even 
comprehensive studies directed primarily at sampling 
deep-living Caridea (i.e., Chace 1940, Pequegnat et al. 

1971, Ziemann 1975) give no indications of migration in 
these three species. Although distributional accounts of 
deep-living species are scant, the problem with a migra- 
tion scenario is essentially one of ecoIogical motive. Ver- 
tical migration, in the classical sense, requires some 
causal mechanism. At shallower, epi- and mesopelagic 
depths, daily changes in incident light levels affect species 
distributions via selective pressures associated with pred- 
ator-prey interactions (cf. Childress et al. 1990, Cowles 
et al. 1991). At greater depths, especially below 1000 m, 
environmental and biological conditions are essentially 
constant. Thus, there are no readily discernible diurnal 
variations which would serve to elicit a cyclic distribu- 
tional response. 

A second possible explanation involves increased mo- 
bility as a consequence of feeding habit. Diet analyses of 
Gulf of Mexico carideans indicate that fish are a predom- 
inant prey item in several of the larger, more robust 
oplophorid species (T. L. Hopkins unpublished data). 
Dietary incidences of fish (in terms of frequency of occur- 
rence) for Acanthephyra acanthetelsonis and A. curtiros- 
tris were 35 and 23%, respectively. The high occurrence 
of larger, more mobile prey items implies an active 
trophic strategy, a condition which would require the 
maintenance of a more robust musculature and higher 
protein levels. 

A third explanation is that the compositional pattern 
seen for Acanthephyra spp. is a function of taxonomy. 
The genus has representatives inhabiting a wide range of 
depths (Chace 1940, Foxton 1970, 1972) from meso- 
pelagic (A. purpurea) to bathypelagic (A. acanthetelsonis 
and A. eurtirostris) to benthic (A. eximia). Composition- 
ally, all the species examined thus far are similar, the only 
difference being that the bathypelagic species tend to 
have slightly higher lipid levels than the mesopelagic or 
benthic forms (present data set, and Morris 1972, Her- 
ring 1973). Of the three deep-living species examined in 
the present study, A. acutifrons has a notably lower lipid 
level than both A. acanthetelsonis and A. curtirostris. 
Chitin is also notably higher in A. acutifrons. These com- 
positional differences tend to substantiate early distribu- 
tional accounts reporting that A. acutifrons may have 
benthic ties (Chace 1940, Pequegnat et al. 1971). The dif- 
ference in lipid contents between bathypelagic and ben- 
thic forms is qualitative as well as quantitative, as illus- 
trated by the increased wax ester component in bathy- 
pelagic representatives (Lewis 1967, Culkin and Morris 
1969, Morris 1972). For Acanthephyra spp., the buoyan- 
cy role of lipid is particularly important due to the high 
level of protein in the deep-living pelagic species of this 
genus. The observation of compositional consistency 
among Acanthephyra congeners is not necessarily evident 
among other oceanic genera. Two distributionalty sepa- 
rate species of the genus Systellaspis serve to highlight 
this point. The common, shallower living, migratory rep- 
resentative (S. debilis) is high in protein and low in lipid 
content, compositional attributes typical of mesopelagic, 
migratory species. In contrast its congener, S. cristata is 
low in protein and high in lipid content, a compositional 
makeup typically expected of deep-living, non-migratory 
species. 
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Table 3. Compositional comparison of identical/congeneric species from Gulf of Mexico (present 
and Nygaard 1974; species indicated by asterisk) systems 
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study) and California Current (Childress 

Species MDO % AFDW Protein 
(m) water % DW 

% WW % AFDW 

Lipid kJ/lOOg 
WW 

% WW % AFDW 

Acanthephyra curtirostris 700 76.7 79.5 7.9 42.8 
A. curtirostris * 500 75.9 86.4 7.7 a 36.9 
Pasiphaea rnerriami 75 75.5 83.2 12.2 62.4 
P. chacei* 75 79.5 84.7 10.5" 60.5 
Gennadas valens 150 77.2 70.6 8.6 54.0 
G. propinquus* 400 76.7 90.3 8.7 a 41.5 
Sergestes henseni 100 75.5 82.5 10.9 53.9 
S. similis* 10 76.6 87.1 10.9 a 53.4 

3.0 15.1 314.7 
7.5 a 36.1 480.6 
1.2 6.0 373.3 
2.6" 14.7 365.8 
1.0 6.2 263.1 
6.6" 31.5 476.0 
1.4 6.8 334.8 
3.3 a 16.4 399.3 

a WW values derived from % AFDW values using % water and % ash values reported for each species 

The  present  d a t a  set toge the r  wi th  tha t  o f  Chi ldress  
and  N y g a a r d  (1974) a l low a c o m p o s i t i o n a l  c o m p a r i s o n  
o f  pelagic  c rus taceans  f rom two dif ferent  oceanic  regions.  
Prev ious  c o m p a r i s o n s  involv ing  mesope lag ic  fishes have 
shown tha t  a la rger  degree  o f  spa t ia l  a n d  t e m p o r a l  var ia -  
t ion in food  ava i l ab i l i ty  wi th in  pelagic  systems results  in 
h igher  l ipid levels a m o n g  represen ta t ive  species. A l t e rna -  
t ively, p ro t e in  levels a re  inf luenced p r imar i l y  by  fac tors  
assoc ia ted  wi th  species '  m o b i l i t y  and  p r e d a t o r - p r e y  in- 
te rac t ions  (Bailey and Rob i son  1986, St ickney and  Torres  
1989, Chi ldress  et al. 1990). F o r  four  conspeci f ic /con-  
generic  c rus taceans ,  l ipid levels (% W W  and  % A F D W )  
are  cons ide rab ly  h igher  in ind iv idua ls  f rom the m o r e  
food -va r i ab l e  sou the rn  Ca l i fo rn i a  sys tem than  in those  
f rom the eas tern  G u l f  o f  Mex ico  (Table 3). In  cont ras t ,  
p ro t e in  levels a re  m o r e  s imilar ,  being on ly  sl ightly h igher  
as % A F D W  in G u l f  representa t ives .  As  a consequence  
o f  h igher  l ip id  levels and  s imi lar  wa te r  and  p ro te in  levels, 
to ta l  b o d y  energy con ten t  is also h igher  in three  o f  the 
four  Ca l i fo rn ia  species. The  f indings  o f  this s tudy  s u p p o r t  
the ear l ier  conc lus ions  r ega rd ing  mesope lag ic  fishes, and  
indica te  tha t  l ipid levels in pe lagic  c rus taceans  also reflect  
the p r i m a r y  causa l  m e c h a n i s m  o f  va r i a t ions  in food  sup- 
ply.  The  s imi la r i ty  in p ro te in  levels implies  tha t  a l t hough  
env i ronmen ta l  fac tors  inf luencing v isua l ly-cued p reda -  
t o r - p r e y  in te rac t ions  differ  be tween  systems,  resu l tan t  
c o m p o s i t i o n a l  effects m a y  reflect  m o r e  subt le  species- 
specific responses  a m o n g  s imilar  species. 
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