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ABSTRACT. The relative homogeneity and cont~nuity of the deep sea may provide a habitat in which 
species can maintain widespread, genetically homogeneous populations. This study examines the 
lysianassoid amphipod Hirondellea gigas (Birstein & Vinogradov 1955) to determine whether popula- 
tions from spatially-disjunct habitats in the deep sea maintain genetic homogeneity. H. gigas is a scav- 
enger which rapidly responds to and consumes experimental baitfalls at depths of > 10000 m. It ap- 
pears to be endemic to western Pacific trenches, having been collected only within the 
Kurile-Kanichatka, Japan, Izu-Bonin, Volcano, Yap, Mariana, Palau, and Philippine Trenches. To esti- 
mate the degree of isolation of populations from the last 3 trenches, morphological variation was quan- 
tified through a discriminant analysis of surficial morphometric characters. Discriminant classification 
results were compared to 'null-populations', generated using a bootstrap randomization procedure, to 
determine the significance of the discrimination. Variation was sufficient to allow 68.4 to 84.5 % of in- 
dividuals to be correctly reclassified into their population using discriminant functions. Bootstrapped 
randomizations of the data indicate that the classification success was significantly greater than ran- 
dom. Results indicate that these geographically-isolated trench populations may have reduced levels of 
gene flow between them, causing them to diverge lnorphologically 

INTRODUCTION 

A major unresolved question in deep-sea biology 
involves the geographical extent over which species 
can maintain interbreeding populations. Questions 
regarding population structure and the extent of gene 
flow are critical to understanding species distributions 
and speciation processes in the deep sea, yet few stud- 
ies have focused on population-level processes. Geo- 
graphical patterns of genetic variation can reveal the 
population structure of a species. Patterns of geo- 
graphic variation can provide information on the evo- 
lutionary history of a species (Gould & Johnston 1972). 
Thus, to learn more about the extent of gene flow in 
the deep sea, it is necessary to examine populations. 

Abyssal and bathyal species have historically been 
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assumed to have widespread or cosmopolitan distribu- 
tions, because the deep sea has generally been viewed 
as a single, vast, homogeneous habitat (Wilson & 
Hessler 1987). But on the scale of the organism, the 
deep sea is not homogeneous and free of dispersal bar- 
riers. At a gross level, immense distances within this 
continuous habitat may restrict gene flow between 
widespread populations of poor dispersers, although, 
on a smaller scale, dispersal between adjacent popula- 
tions may produce a cline in gene frequencies from 
one end of the range to the other (Endler 1977). 
Benthic species may be isolated by topographic bar- 
riers, such as undersea ridges and continental margins, 
and/or currents. Differences in temperature (e.g. warm 
bathyal basins such as the Sulu Sea, Mediterannean 
Sea), bottom type (hard vs soft), nutrient input (e.g. 
phytodetritus; Rice et al. 1986), oxygen (e.g. anoxic 
basins, oxygen minimum zones), and community struc- 
ture (e.g. biological structures as habitat; Thistle 1979) 
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contour is also shown (adapted from Mogi 1972) 

may have major effects on the local environment and, 
therefore, introduce gaps in appropriate habitat. 
Despite these hypothesized barriers, a number of 
deep-sea morphospecies nevertheless have broad geo- 
graphic distributions (Gage & Tyler 1991). 

Scavenging lysianassoid amphipods are one group 
of deep-sea organisms that has received considerable 
attention, due in part to their ubiquity, importance in 
energy transfer and ease of capture in baited traps 
(reviewed by Sainte-Mane 1992). Many lysianassoids 
have distributions that span multiple abyssal basins 
(Thurston 1990) and some are worldwide cosmopolites 
(e.g. Eurythenes gryllus, Alicella gigantea, Abys- 
sorchomene abyssorum). For my initial studies, 1 have 
chosen to focus on species that have a disjunct distri- 
bution. Benthic fauna restricted to abyssal basins 
(Barnard 1961), trenches (Belyaev 1966), hydrothermal 
vents (Van Dover & Hessler 1990) and seamounts 
(Wilson & Kaufmann 1987), all have patchy distribu- 
tions within their ranges imposed by patchiness of hab- 

itat. For such species, definition of a sampling unit can 
unambiguously be assigned by geographic isolation. 
Th.e question then becomes whether genetic homoge- 
neity is being maintained among spatially isolated 
populations through gene flow, or whether each popu- 
lation is genetically isolated, possibly a relic of a previ- 
ously continuous distribution. 

Hadal faunas would be expected to display disjunct 
distributions if they are stenobathic; without hadal 
continuity, such a fauna may be endemic to specific 
trenches. Previous hadal sampling has shown the scav- 
enging lysianassoid amphipod Hirondellea gigas to be 
present in the trenches of the northwestern Pacific, 
extending from the Kurile-Kamchatka Trench (Birstein 
& Vinogradov 1955) south to the Palau Trench 
(Kamenskaya 1981) and west to the Philippine Trench 
(Dahl 1959). In the present study, I report on morpho- 
metric variation among populations from the Palau, 
Philippine and Mariana Trenches (Fig. l ) ,  with a goal 
of determining whether the individuais aii beluny to a 
single interbreeding population, thus implying recent 
gene flow, or whether the population of each trench is 
morphologically distinct, implying some degree of 
genetic isolation. 

MATERIALS AND METHODS 

Amphipods were collected using baited, free-vehicle 
traps (see Hessler et al. 1978, Ingram & Hessler 1983 
for description of trap sets) during 3 separate cruises on 
board the RV 'Thomas Washington': expedition EURY- 
DICE in February 1975 to the Philippine Trench, expe- 
dition INDOPAC IX in January 1977 to the Mariana 
Trench, and expedition PAPA-TUA in March 1986 to 
the Palau and Philippine Trench (Table 1) .  Trap sets, 
deployment times and some life-history data for the 
amphipods collected in the Philippine and Mariana 
Trenches have previously been published (Hessler et  
al. 1978). All Palau Trench individuals collected were 
measured and the sex determined. Sex was deter- 
mined by presence of penes on the sternum of pereon 

Table 1. Hirondellea gigas. Sampling locations 

Date Locality Coordinates Depth (m)  Sample sized 

Feb 1975 Philippine Trench (PHP) 10" 36.5' N, 126' 36.6' E 
Jan  1977 Mariana Trench (MAR) 11" 18.8' N. 141' 58.7' E 
Jan  1977 Mariana Trench (MAR) 11" 22.1' N. 141' 35.4' E 
Mar 1986 Palau Trench (PAL) 7' 46.7' N,  134" 57.3' E 
Apr 1986 Philippine Trench (P86) 10" 24.3' N, 126' 40.9' E 

"These  are sample sizes used in the morphometric analysis; samples collected were greater in all cases except for the Palau 
Trench, where all indviduals were measured 
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V11 for males, and by presence of oostegites on the 
coxae of pereopod V for females. Individuals without 
either of these structures were classified as juveniles. 
Hessler et  al. (1978) estimated the developmental 
stage (instar number) based on the development of 
sexual characters. For females, I measured the length 
of the oostegite of pereopod V and for males the num- 
ber of articles in the flagellum of the second antennae. 

Studies of deep-sea amphipods typically present 
total length data for individuals collected. However, 
the bodies of preserved individuals are flexed to vary- 
ing degrees, making measurement of total length 
time-consuming and imprecise. For the present study, 
I endeavored to find a measure which could approxi- 
mate total unflexed body length. I examined 50 indi- 
viduals from each of the 3 trench populations. For a 
series of measures collected during the morphometric 
analysis, I calculated geometric mean regressions on 
total unflexed body length to see  which measurement 
would be the best estimator of total length. The length 
of the dorsal edge of the first pereonite (thoracic seg- 
ment) in lateral view (measure Th3) produced the best 
estimate of total length (Palau Trench, total length = 

9.477 Th3 - 0.263, r2 = 0.976). I used Th3 in the remain- 
der of the analyses as an  indicator of total size. 

To evaluate size and shape variation anlong 
Hirondellea gigas populations, several different meas- 
urements were made covering the lateral surface of 
the pereon and 3 of the pereopods. Measurements 
were not made over the pleon and urosome since vary- 
ing degrees of flexion in preserved specimens could 
distort comparisons. Pereonal measurements were 
made by placing individual amphipods in a plasticine 
well filled with 70 % ethanol under a Wild-M5 dissect- 
ing microscope. A camera lucida attached to the micro- 
scope allowed visualization of the amphipod on a 
HIPAD digitizer. Measurements were digitized di- 
rectly into a computer using the program Sigma-Scan. 
Pereopods were removed from each individual after 
thoracic measures were taken, and pereopodal meas- 
urements were made as above. In a preliminary study, 
more than 70 length measurements were made per 
individual; principal-components analysis of the data 
demonstrated that most of the information was con- 
tained in a set of 13 measurements (Fig. 2), so all anal- 
yses described below were of these non-redundant 
measures. Because I could not determine specific in- 
star stages for each individual, a range of body sizes 
from each population was included in the analyses. All 
measurements were log-transformed to meet the as- 
sumption of equality of variances. To ensure that the 
effect of size did not influence the results, I adjusted 
the data set for possible effects of growth and size dif- 
ferences using Burnaby's method for size correction, as 
described by Rohlf & Bookstein (1987). 

The extent of geographic variation among popula- 
tions from the 3 trenches was assessed by discriminant 
analysis of the morphometric measurements. This 
analysis produces weighted linear combinations of 
variables (discriminant functions) which maximize dis- 
criminating power between groups (Gould & Johnston 
1972, Thorpe 1976, Pimentel 1979). To proceed with 
the analysis, a MANOVA test must first detect a signif- 
icant difference between groups. The degree of diffe- 
rentiation among groups can be assessed by using the 
discriminant functions to reclassify all the individuals 
to population. If  the populations are strongly divergent 
in morphological characters, then it should be rela- 
tively easy to discriminate them, and individuals from 
each population will be reclassified correctly by the 
discriminant functions. Successful classifications are 
scored a s  'hits' and misclassifications a s  'misses'. 

In the absence of measurable environmental differ- 
ences among the trenches (Belyaev 1966), and there- 
fore a selective gradient, one may assume that pheno- 
typic (morphological) variation among populations 
reflects genetic variation resulting from random pro- 
cesses; morphometlic measurements should detect 
genetic variation to the extent that it 1s phenotypically 
expressed. In this case, genetically distinct populations 
should have high hit percentages whereas subpopula- 
tions of a single interbreeding population should have 
high misclassifications. Thus, one may estimate the 
degree of genetic isolation of the populations based on 
the observed proportion of misclassifications. How- 
ever, this proportion underestimates the true mis- 
classification probability since the individuals being 
classified are  the same ones used to generate the dis- 
criminant functions (Afifi & Clark 1990). A better 
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Fig. 2.  Hirondellea gigas. Thirteen length measures used in 
this study. There are 3 measures on the thorax, 5 measures 
each on pereopods V and VII, consisting of 2 penmeter 
lengths (articles 2 & 4 )  and 3 diagonal lengths (articles 4 to 6) 
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estimate of the misclassification probability can be cal- 
culated using a cross-validation procedure (e.g. 
pseudo-jackknifing procedure in BMDP P7M); how- 
ever Solow (1990) recommends a randomization test 
rather than cross-validation. 

I employed the 'bootstrap' as a randomization test 
(Marcus 1990, Efron & Tibshirani 1991). In a bootstrap 
algorithm, one generates a number of new samples by 
randomly resampling the data set with replacement, 
and then calculates the desired parameter for each 
new sample. In theory, individuals are 'replicated' 
thousands of times to produce a large bootstrapped 
population which is representative of the actual popu- 
lation from which the sample was collected. An under- 
lying assumption of the bootstrap method is that the 
original sample is a random, independent sample. The 
resultant bootstrap-sample mimics a random, indepen- 
dent sample collected from the field from which the 
desired parameters may be calculated. Repeating this 
process several hundred times produces a distribulion 
of values of the parameter of interest, from which a 
grand mean and confidence interval may be com- 
puted. I derived estimates from 500 bootstrap samples 
of each of the 3 trench populations in order to calculate 
a grand mean and 95 % confidence interval for classifi- 
cation hits and misses in each population. The confi- 
dence intervals were empirically derived by removing 
2.5 % of values from each tail of the distribution of 500 
bootstrapped means. 

To test the significance of the observed (and boot- 
strapped) discriminant cla.ssifications from random, I 
generated 'null' bootstrap samples. Individuals from all 
3 trench populations were pooled prior to replication. 
Sampled individuals were then randomly assigned to 
'null' populations of sizes equal to those of the original 
trench samples (i.e. n = 95, n = 81, or n = 168). Each of 
these null populations is made up of individuals ran- 
domly sampled from all 3 trenches and therefore 
should be indistinguishable from one another. In com- 
parison to geographic populations, the null popula- 
tions should include more misclassifications if the for- 
mer are morphometrically differentiated. If  there is no 
difference in the classification hits, then we can con- 
clude that based on the characters measured, there IS 

no detectable systematic variation in these popula- 
t ion~ .  The bootstrap routine (a C-language program 
written by Alex Leonard of the Scripps Institution of 
Oceanography) was run concurrently with the statisti- 
cal package SYSTAT, which performed the discrimi- 
nant analyses, on a Compaq PC. Discriminant analyses 
were repeated using the mainframe package SAS to 
calculate Mahalanobis' distances (D2) between popu- 
lation~. The Mahalanobis' D2 is a non-dimensional 
normalized distance between centroids and is useful as 
a relative estimate of the distance between multi- 

variate means of each population. The distance, or dif- 
ference, among populations is graphically represented 
by plotting each individual's discriminant scores on 
canonical axes. 

A final estimate of differentiation between popula- 
tions comes from the percent-overlap statistic. This sta- 
tistic was developed by Royce (1957, 1964) to estimate 
the proportion of one group having characteristics 
identical to those of another. Inferences, based on the 
similarity of the groups compared, can be made of the 
degree to which the groups 'intermingle', or inter- 
breed. Although a high percent overlap cannot be 
used as proof of extensive interbreeding, very low 
overlap values can provide evidence of little or no 
interbreeding (Mais 1972). Studies in fisheries stock 
assessments have used a percent-overlap critical value 
of 25 % or less to indicate clearly separate groups 
of fish (Sharp et al. 1978, Haug & Fevolden 1986, 
Christensen et al. 1990). In this study, percent overlap 
is calculated from an adjusted Manaiano'uis' D2 esii- 
mate derived from the discriminant analysis. This ad- 
justment accounts for a small bias in D 2  due to unequal 
sample slzes by subtracting the value: 

where P = no. of characters in the analysis; and n, and 
n2 are sample sizes (Mais 1972). 

RESULTS 

Trapping results 

The free-vehicle trap sets deployed in the Palau 
Trench captured 174 individuals of Hirondellea gigas 
and 11 individuals of a second undescribed lysianas- 
soid, tentatively assigned to the genus Tmetonyx. 
Previous baited-trap sampling of trenches of the west- 
ern Pacific had found that H. gigas was the only am- 
phipod responding to bait (except for a single uniden- 
tified individual in the Mariana Trench reported by 
Hessler et al. 1978). An interesting feature of the unde- 
scribed species of Tmetonyx is that 7 of the l l speci- 
mens were brooding females. Brooding deep-sea lysia- 
nassoid females are not typically captured in baited 
traps, an indication that they do not feed, possibly be- 
cause they are avoiding cannibalism of embryos 
(Hessler et al. 1978, Ingram & Hessler 1983) 

The range in total length for the Palau Trench speci- 
mens (11 to 40 mm, estimated by regression equation 
from Th3 length) is comparable to that of the 
Philippine Trench (11 to 43 mm) and that of the 
Mariana Trench (10.5 to 43 mm) specimens. That the 
maximum total length measured in the Palau Trench is 
slightly smaller than in the other 2 trenches may be a 
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females trapped were 
young instars, i.e. only 
11 % of the oostegites 
were longer than 0.6 mm, 
which corresponds to 
instar 3 (out of 6) based 
on the Philippine-Trench 
sample analyzed by 
Hessler et al. (1978). No 
brooding females were 
trapped. Multiple modes 
which could be related to 
an  instar could not be  
detected for males. The 
number of articles on 
the flagellurn of the 

Th3 Length (mm) antennae does not ap- 

Fig. 3. Hirondellea gigas. Frequency distribution of individuals from the Palau Trench. Total pear to be  a useful char- 

body length = 9.477 Th3 - 0.263 (see 'Results'). Solid bars: males; open bars: females; hatched acter for instar estima- 
bars: juveniles (see text for definitions) tion. 

sampling artifact. The largest individuals are final 
instar females, the brooding stage. Brooding females 
are not attracted to baited traps and therefore larger 
females are under-represented in the sample. In the 
original Philippine-Trench sample, only 1 % of females 
trapped belonged to the final instar (Hessler et al. 
1978). However, although the Marianas and Philippine 
Trench individuals showed a slightly longer upper 
size, the mean lengths of the individuals used in this 
study were not significantly different (Variable Th3, 
ANOVA, p = 0.1842). Fig. 3 shows a length-frequency 
histogram of Palau Trench individuals by size and sex. 
The sample consisted of 14 juveniles (11 to 21 mm), 85 
males (16 to 33 mm), and 69 females (20 to 40 mm). The 
number of individuals available is too small to allow for 
a modal analysis; all that can be said is that most of the 

Table 2. Hirondellea gigas. Mean values (SD) in mm for the 13 
variables measured in the 3 populations 

Variable Philippine Mariana Palau 
Trench Trench Trench 

Th3 2.56 (0.58) 2.69 (0.66) 2.63 (0.55) 
Th19 1.96 (0.43) 1.96 (0.50) 1.94 (0.44) 
Th20 4.17 (0.96) 4.39 (1.14) 4.14 (0.94) 
Pep28 13-17 (3.10) 13.84 (3.75) 13.23 (2.85) 
Pep29 3.96 (0.93) 4.04 (1.02) 3.90 (0.84) 
Pe29 1.61 (0.39) 1.66 (0.43) 1.56 (0.35) 
Pe30 2.15 (0.58) 2 21 (0 63) 2.16 (0.53) 
Pe3 1 2.41 (0.63) 2.45 (0.66) 2.38 (0.59) 
Pep39 10.87 (2.55) 11.45 (3.06) 11.05 (2.38) 
Pep40 3.37 (0.78) 3.47 (0.93) 3.40 (0.74) 
Pe40 1.34 (0.32) 1.37 (0.38) 1.36 (0.30) 
Pe4 1 1.62 (0.43) 1.67 (0.46) 1.72 (0.42) 
Pe42 194  (0.49) 2.01 (0.57) 2.08 (0.52) 

Discriminant analyses 

Mean values of the 13 measured variables in each of 
the populations are presented in Table 2. Four MA- 
NOVA tests are performed by SYSTAT prior to calcu- 
lating the discriminant functions. All the tests rejected 
the hypothesis (p  < 0.001) that there is a common mean 
vector of the 13 variables for the 3 populations. This 
result does not require that all populations be  different 
from one another, but that at least l differs from the 
others. Formal rejection of the null hypotheses allows 
the use of the discriminant analysis (Pimentel 1979). 

Results of the discriminant analysis indicate that 
each population is sufficiently distinctive to be  classi- 
fied with high success rates. There were only minor 
differences in classification success (Table 3) and 
Mahalanobis' DZ values between log-transformed data 
and the size-adjusted data. Only the log-transformed 
data were used in the remainder of this study. The dis- 
criminant functions correctly classify individuals into 
their respective populations with high frequency 

Table 3. Hirondellea gigas. Summaries of successful classifi- 
cations (hits) from discnrninant analysis of the 3 populations, 
using untransformed, log-transformed and size-corrected data 
[Burnaby's method (Rohlf & Bookstein 1987)l. All analyses 

calculated using SAS program software 

Individuals % Hits 
from Untrans- Log-trans- Size-correc- 

formed data formed data ted data 

Philippine 73.7 68.4 70.5 
Mariana 75.3 77.8 7 7.8 
Palau 83.4 84.5 83.9 
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(Table 4).  The Palau Trench popula- 4 I 
1 X 

tion (PAL) has the highest classifica- 
3 X  

tion success (84.5 %) and the me X X 
x x  x Philippine population (PHP) has the 

CU 
2 -. 

lowest (68.4 %). A greater percent- ,E 
X 1 -- m age of individuals from the Mariana a - 

Trench (MAR) are misclassified into 8 0 -- .- 
PHP (16.0 %) than into PAL (6.2 %), 5 

c -1 -- 
while almost equal numbers of PHP G 
individuals misclassified into the -2 -- o 
remaining 2 populations (16.8, 0 0  

14.7 % respectively). All 8 amphi- -3 -- 

pods from the shallower trapping site -4 1 

within the Mariana Trench were cor- -5 4 -3 -2 -1 0 1 2 3 4 5  
rectly reclassified into the Mariana Canonical Axis 1 
~ o ~ u l a t i o n .  Classification tables cal- 
a A 

culated for each of the 500 replicated Fig. 4.  Hirondellea gigas. Plot of discriminant scores on canonical discriminant axes. 
All individuals are plotted along with the mean value for each population (a). (U) sets of the 3 bootstrapped popula- Mariana Trench; (*) Palau Trench; ( X )  Philippine Trench 

tiocs produced mean classification 
hit percentages similar to the value determined for the 
original sample: Philippine 72 vs 68 % original, 
Mariana 77 vs 78 % original, Palau 84 vs 84 % original 
(Table 5 ) .  The distinctness of the 3 populations is visu- 

Table 4. Hirondellea gigas. Classification summary from dis- 
criminant analysis of the 3 populations. Classified to: no. of 
individuals classified to a population; O/O Hits: percent success- 

ful class~fications (hlts) 

In&viduals Classified to: % Hits 
from Philippine Mariana Palau 

Trench Trench Trench 

Philippine 65 16 14 68.4 
Mariana 13 63 5 77.8 
Palau 11 15 142 84.5 
Total 89 94 161 78.5 

Table 5. Hirondellea gigas. Mean classificabon summary from 
discriminant analysis of 500 bootstrap iterations of the 3 popu- 
lation~. Each value in the table is the mean of 500 bootstrap 
iterations, and is presented as a percentage of individuals 
classifed [(mean no. classified + sample size) X 1001, and is 
accompanied in parentheses by 95 O/O confidence intervals 
(also presented as a percentage). Successful classifications 

(hits) are shown in bold 

Individuals Percent classified to: 
from Philippine Mariana Palau 

Trench Trench Trench 

Philippine 72 15 7 
(62-80) (5-23) (4-1 1) 

Mariana 15 77 9 
(9-22) (64-88) (4-13) 

Palau 13 8 84 
(5-20) (2-15) (76-91) 

ally illustrated when discriminant scores generclleci by 
the functions are plotted for each individual; it is ap- 
parent that PAL individuals are more distinct from PHP 
and MAR than the latter are from each other (Fig. 4). 
This is also refiected by the Mahalanobis distance (D2), 
which between PAL and either of the other populations 
is more than double that between PHP and MAR 
(Table 6). 

Discriminant analyses were also performed separ- 
ately in 2 runs using male-only and female-only data 
sets. The discriminant functions were somewhat better 
at reclassifying Philippine Trench males than females 
(82 % hits for males, 61.8 % hits for females) and per- 
formed more poorly with Mariana Trench females 
(58.1 % hits) than males (80 % hits); there was no dif- 
ference in classification success between sexes from 
the Palau Trench (ca 85 % hits). 

The differences between the populations can be 
further elucidated by calculating percent overlap 
between the populations from pairwise D2's (Table 6) .  
Empirical studies with fisheries stocks have indicated 
that a percent overlap of 25 % or less is indicative of 
populations that do not intermingle on breeding 
grounds, i.e. no gene flow (see references in 'Methods' 
section). Percent overlap between PHP and MAR 

Table 6. Hirondellea gigas. Unadjusted Mahalanobis' D2 
(above diagonal) and percent overlap (below diagonal) 

between trench populations 

Phihppine Mariana Palau 
Trench Trench Trench 

Philippine 
Mariana 
Palau 
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(46.5 %) is well above this critical value, whereas over- 
lap between PAL and PHP (24.2 %) or MAR (24.6 %) is 
at the level that would be taken - according to the fish- 
eries criterion - as indicating little or no interbreeding. 

To assess the significance of the observed discrimi- 
nation, I computed classification matrices for random, 
or null, populations, using the 'bootstrap' randomiza- 
tion technique, and compared these to the classifica- 
tion matrix generated from the original data. The dis- 
tribution of classification scores for null populations is 
presented in Table 7. The mean hit percentage ranged 
from 41 to 47 %, meaning more than half of the indi- 
viduals in any null population were incorrectly as- 
signed. In no case did the distribution of classification 
hits from the null data sets overlap with confidence 

Table 7. Hirondellea gigas. Discriminant analysis classifica- 
tion summary of random groups formed from pooled popula- 
t i o n ~ .  Each value in the table is the mean of 500 bootstrap 
iterations, and is presented as a percentage of individuals 
classifed [(mean no, classified + sample size) X 1001 and is 
accompanied in parentheses by 95 % confidence intervals 
(also presented a s  a percentage). Successful classifications 

(hits) are in bold 

Individuals 
from Group 1 

n = 95 

Percent classified to: 
Group 2 Group 3 
n = 81 n = 168 

Group 1 42 
(31-54) 

Group 2 2 9 
(17-40) 

Group 3 29 
(19-33) 

Table 8. HirondeUea gigas. (A)  Philippine Trench individuals 
collected in 1986, classified with the linear discriminant func- 
tions calculated using the other 3 populations; results 
presented as percent of total individuals (n = 25). (B): 
Mahalanobis D2 (above diagonal) and percent overlap (below 
diagonal) calculated from discriminant analysis run with all 4 

populations 

A. Classification summary 
Individuals Classified to: 

from Philippine Mariana Palau 
Trench Trench Trench 

B. Mahalanobis' DZ and percent overlap 
Phil. Trench Philippine Mariana Palau 

1986 Trench Trench Trench 

Phil. 1986 2.752 4.257 5.460 
Philippine 47.2 2.421 5.703 
Mariana 34.2 46.5 5.554 
Palau 27.1 24.2 25.0 

intervals from bootstrapped data of non-pooled popu- 
la t ion~ (Table 5), indicating the observed discrimina- 
tion is significantly different from random. 

Because the samples were not collected at the same 
time, one may argue that the observed differences 
among individuals from the 3 populations result from 
temporal, rather than spatial, phenomena. Samples 
collected in the Philippine Trench during the 1986 
PAPA-TUA cruise allowed me to test whether individ- 
uals from a single location had undergone significant 
morphometric changes over the 10 yr interim. Twenty- 
five individuals from the 1986 sample (P86) were 
measured and subsequently classified using the dis- 
criminant functions generated in the analysis of the 
PHP, MAR, and PAL populations. Sixteen of the 
twenty-five individuals were correctly assigned to the 
Philippine Trench (Table 8) ;  only 2 amphipods were 
classified to PAL, the remaining being assigned to 
MAR. In order to compute D2 and percent overlap 
between P86 and PHP, a second discriminant analysis 
was performed which included P86 as a separate 
group. All but 2 of the P86 individuals were classified 
as either P86 (76 %) or PHP (16 %). The adjusted D2 
between PHP and P86 (2.09) was lower than any other 
pairwise comparison, and translated to a percent over- 
lap of 47.2 % (Table 8).  This value is well above the 
25 % criticial value indicative of non-interbreeding 
populations. Overlap of P86 with MAR was almost as 
great (34.2 %) and was low for P86 vs PAL (27.1 %). 
These results suggest that the differences observed 
between PAL and the other populations are a result of 
spatial isolation rather than a temporal effect. 

DISCUSSION 

This is the first report of baited-trap collections of 
scavenging crustaceans from the Palau Trench. The 2 
free-vehicle trap sets deployed captured 174 individu- 
als of the lysianassoid amphipod Hirondellea gigas and 
11 individuals of a second, as yet undescribed, lysia- 
nassoid. The known distribution of H. gigas is re- 
stricted to trenches of the western Pacific (Japan, 
Kurile-Kamchatka, Izu-Bonin, Volcano, Mariana, Yap, 
Palau, and Philippine Trenches) (Birstein & Vino- 
gradov 1958, Kamenskaya 1981). Deployments of 
baited traps in the Aleutian Trench failed to capture 
H. gigas, although other lysianassoid amphipod spe- 
cies were collected (C. Ingram unpubl. data). This sug- 
gests that the northward extent of distribution is the 
Kurile-Kamchatka Trench. The Galathea Expedition 
conducted several pelagic and benthic trawls in the 
Sunda, Banda, New Britain, and Kermadec Trenches 
(Bruun 1959). but no H. gigas were collected (Dahl 
1959), and there has apparently been no baited-trap 
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sampling of the many trenches south of the Palau 
Trench (ca 5" N).  Thus the southern extent of distribu- 
tion is unknown. 

Discriminant analysis of the 3 trench populations of 
Hirondellea glgas reveals a significant amount of mor- 
phometric differentiation among them. Each popula- 
tion forms a discrete group as indicated by the classifi- 
cation success rate (Table 4) and the discriminant plot 
(Fig. 4). Classification success of the individual amphi- 
pods is significantly greater than classifications of ran- 
dom groupings of the same individuals (Table ?). It is 
also evident that the Palau Trench population is more 
clearly differentiated from both the Philippine and 
Mariana Trench populations. Nevertheless, it is diffi- 
cult to gauge the phylogenetic significance, or attn- 
bute causality, to the differences. 

One way to place the degree of among-population 
divergence into systematic perspective is to make a 
compaiison with a congeneric deep-sea species. I 
measured the same 13 morphometric variables on 10 
individuals of Hirondellea brevicaudata collected from 
the Hatteras abyssal plain in the NW Atlantic. The dis- 
criminant analysis was repeated as above including 
this fourth group. The resultant mean Mahalanobis' D L  
between H. gigas and H. brevicaudata was 81.78, com- 
pared to a mean D2 of 4.16 among the 3 trench popula- 
tions of H. gigas. This suggests that although signifi- 
cantly morphometrically differentiated, the trench 
populations are conspecific. 

What factors may have led to the existing level of 
population differentiation? Previous studies with fresh- 
water and shallow-water amphipods have related phe- 
notypic and genotypic differentiation to environmental 
gradients or geographic isolation (e.g. Sheader 1975, 
Siegismund 1985, Siegismund et al. 1985, Bulnheim & 
Scholl 1986, McDonald 1987, Patarnello et al. 1989, 
Gooch 1990, Scheepmaker 1990, Kane et al. 1992). It is 
difficult to determine if there are selective differences 
that would lead to alternate phenotypes among the 
three trenches. The Palau Trench is 2000 m shallower 
than the Mariana or Philippine Trench, but all 3 share 
similar environmental characteristics (Belyaev 1966). 
Additionally, 8 individuals captured from the Mariana 
Trench slope, almost 2000 m shallower than the other 
Marianas individuals, were correctly reclassified as 
belonging to the Mariana population, suggesting 
depth itself is not a factor causing divergence in these 
characters. Biotic factors influencing Hirondellea gigas 
are largely unknown. Amphipods are typically the 
dominant scavenger arriving at experimental baitfalls 
in trenches (Hessler et al. 1978), and in the Philippine 
Trench H. gigas was the sole species observed. While 
H. gigas was the numerical dominant in the Palau 
Trench trap sets, the presence of a second lysianassoid 
species suggests that this population may be subjected 

to competitive pressures from other scavengers, al- 
though we can only speculate on the degree of selec- 
tion due to this competition. In the absence of differing 
selective pressures, and assuming mutation is low and 
constant across all 3 populations, random processes, 
such as genetic drift, can lead to genetic differentiation 
among small populations that remain isolated from one 
another over time. Using the assumption that pheno- 
typic differences allow us to infer genetic differentia- 
tion (which may not always be the case, e.g. Scheep- 
maker 1990), the high percent overlap found between 
the Philippine and Mariana populations does not allow 
us to conclude that they are actively interbreeding, but 
the low percent overlap between the Palau Trench and 
the other populations strongly suggests that gene flow 
between them is restricted. 

Although the distances separating the 3 trench pop- 
ulation~ are immense relative to the size of the amphi- 
pods, the dissimilarity between the Mariana (MAR) or 
Philippine Trench (PHP) populations and ihe Taiau 
Trench (PAL) population cannot be solely attributed to 
geographic isolation restricting dispersal due to dis- 
tance. PAL is located roughly midway between MAR 
and PHP and approximately 320 km south (Fig. 1).  
MAR is approximately 1477 km from PHP, but only 
755 km from PAL. If morphometric similarity were sim- 
ply a function of dispersal distances, then populations 
from PHP and MAR should be most distinct and the 
PAL population more similar to them both. While geo- 
graphic distance is an important factor for isolation, the 
intervening topography and associated current struc- 
ture may be more critical to the dispersal/ migration of 
the amphipods. Because the Mariana Trench is actu- 
ally subdivided into 3 troughs by intervening sills of 
less than 7000 meters depth (Mogi 1972), it would be of 
great interest to sample amphipod populations from 
one of the more northerly troughs to test the effect of 
topography vs distance. 

The topography of the ocean floor of this region of 
the western Pacific is extremely complex (Mogi 1972). 
The trenches are associated with island arcs along 
their western boundaries. These island arcs are topo- 
graphic highs of ridges that, for the Mariana and Palau 
Trench populations, present additional barriers to dis- 
persal toward the Philippine Trench, located at the 
southwestern edge of the Philippine Sea (Fig. 1). 
Moreover, the abyssal basin of the Philippine Sea is 
subdivided by the north-south running Kyushu-Palau 
Ridge. Such ridges will impede dispersal of Hiron- 
dellea gigas only if it is stenobathic. The finding of H. 
gigas exclusively within trenches suggests that it is 
adapted to hadal depths. Yayanos (1981) has shown 
that deep-sea amphipods appear physiologically ca- 
pable of vertical migrations of more than 3000 m. 
Hessler et al. (1978) did not capture any specimens of 
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H. gigas at 5861 meters in the abyssal hills on the east- 
ern lip of the Philippine Trench. Birstein & Vinogradov 
(1955, 1958, 1970) report capturing H. gigas in pelagic 
trawls, possibly > 1000 m above the bottom, within the 
Kurile-Kamchatka Trench; however, none were 
caught shallower than 7000 m depth (Table 3 in Bir- 
stein & Vinogradov 1970), thus there is no indication 
individuals rise above the sill depth. Due to the uncer- 
tainty of trawl fishing depths relative to bottom depth, 
it is unclear at what height above the bottom the spec- 
imens were caught; however, capture by trawling sug- 
gests that this species is a capable swimmer. Many 
abyssal scavenging lysianassoid amphipods can evi- 
dently swim into the water column several hundred 
meters above the bottom (Thurston 1990). For exam- 
ple, Paracallisoma alberti has been trawled from 
greater than 3650 m above the Iberian Abyssal Plain 
(Thurston 1990). Eurythenes gryllus, the most exten- 
sively studied abyssal necrophage, has been trapped 
up to 1800 m above bottom (Baldwin & Smith 1987) 
and inhabits a range of depths from 1320 to 7230 m 
(Ingram & Hessler 1987). However, swimming at great 
heights above the bottom is not a requirement for dis- 
persal out of a trench. Demersal and benthic organisms 
can remain close to the bottom and travel up the slope 
of trench walls. With an observed distribution across 
8 non-continuous trenches of the western Pacific, it 
seems at least plausible that some individuals of 
H. gigas are able to migrate over a considerable depth 
(vertical) gradient from the floor of 1 trench into the 
water column and over topographic features to another 
trench. 

Amphipods may be carried by currents as they 
search for odor plumes from food sources. Uehara & 
Taira (1990) have inferred, from temperature and sa- 
linity profiles, that abyssal bottom-water flows north- 
ward into the Philippine Sea through a narrow gap at 
the Yap-Mariana Junction. This junction separates the 
Mariana Ridge and Trench to the north from the Yap 
Ridge and Trench to the south; the Palau Trench is 
south of the Yap Trench. Yoshioka et al. (1988) meas- 
ured an average southward current flow of speed 
0.8 cm S-' at  4000 m (bottom depth of 4604 m) at  a sta- 
tion 200 km NW of the Yap-Manana Junction. The 
mean flow fluctuated in direction and speed in subse- 
quent years, but remained weak (Uehara & Taira 
1990). Such a gentle current is much slower than those 
measured within the Philippine Trench (X = 1.8 to 7.5 
cm S-'; Hessler et al. 1978), and measurements of 
swimming speeds of deep-sea lysianassoids (Laver et 
al. 1985) have shown them to be sufficiently fast to 
swim upstream in these weak currents; thus this cur- 
rent need not 'sweep' an  amphipod along its course. 
However, bottom topography strongly influences cur- 
rent flow and can enhance current speed (Genin et al. 

1986). Accelerated current flow through the junction 
may be able to carry animals into the West Mariana 
Basin. In the absence of stimulatory cues indicating the 
presence of food, it seems conceivable that individuals 
of Hirondellea gigas emerging from the southwestern 
end of the Mariana Trench may drift with the current, 
rather than swimming upstream. Once in the West 
Mariana Basin, individuals may be transported to the 
Phlippine Trench; however the distance is great and 
the topographical barriers numerous, e.g. Kyushu- 
Palau Ridge. Based on an average swimming speed of 
6 cm S-' (= low average speed of Eurythenes gryllus; 
Laver et al. 1985) and no currents, a constantly swim- 
ming amphipod would take roughly 289 d to reach the 
Philippine Trench in a straight line. Without feeding, 
t h s  requires an energy expenditure that would make 
the 'trip' unlikely at best. This purely speculative esti- 
mate can not be judged until we know more about the 
life history of H. gigas. 

Previous studies of other deep-sea invertebrates 
have found little variation among populations living 
within an area free of major topographic discontinu- 
ities or habitat gaps. Bucklin et  al. (1987) studied the 
large, highly-mobile amphipod Eurythenes gryllus and 
found very low levels of genetic variation across a 
4000 km transect within a single abyssal basin of the 
eastern North Pacific. Conversely, when samples of 
E. gryllus were taken from a topographic high (a sea- 
mount crest) at  the western edge of the northeastern 
Pacific basin, considerable genetic differentiation, rel- 
ative to the basin population, was detected (Bucklin et 
al. 1987). Rex and coworkers (Rex et al. 1988, Etter & 
Rex 1990, Rex & Etter 1990) also found little variation 
in gastropod populations across large (100's of km) 
horizontal scales within an abyssal basin in the North 
Atlantic. Within a basin, low levels of geographic vari- 
ation may result from unvarying selection pressures 
and unimpeded dispersal potential (Rex & Etter 1990). 
Populations of Hirondellea gigas, which show consid- 
erable geographic variation, live in spatially discontin- 
uous habitats within the relatively continuous environ- 
ment of the deep sea. Similar findings of geographic 
variation have been detected in other patchily-distrib- 
uted, deep-sea populations. The hydrothermal vent- 
endemic amphipod Ventiella sulfuris, whose habitat is 
an archipelago of vent sites along the axes of eastern 
Pacific ridges, showed species-level differentiation 
between sites on disjunct ridge axes (France et al. 
1992). Moreover, David (1983) reported morphological 
variation among populations of irregular urchins living 
in abyssal basins on opposite sides of the mid-Atlantic 
ridge in the Norwegian Sea. Taxonomic studies of 
deep-sea holothurians has shown that trench endemic 
species are almost without exception restricted to a 
single trench, indicating that once a species has in- 
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vaded the hadal zone, the populations become isolated 
and develop into their own species (Hansen 1967). 
Together these studies suggest that topographical fea- 
tures of the deep ocean floor may present a barrier to 
dispersal of some benthic and demersal fauna. These 
barriers to gene flow may sufficiently isolate pop- 
ulation~ to the extent that they undergo significant 
differentiation. 
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