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PATTERNS OF LARVAL DRIFT IN SOUTHERN CALIFORNIA

MARINE SHORE FISHES INFERRED FROM ALLOZYME DATA

ROBIN S. WAPLES! AND RICHARD H. ROSENBLATT?

ABSTRACT

A multispecies analysis of allozyme data for 10 marine shore fishes was undertaken to identify patterns
of genetic differentiation resulting from larval drift. Previous studies suggest that allele frequencies in
these fishes are sensitive primarily to the effects of migration, rather than to natural selection or historieal
factors. The following patterns recur in most species: 1) Two northern populations (La Jolla, California,
and the California Channel Islands) share a relatively high genetic affinity with all other populations,
while the two southern populations (Isla de Guadalupe and Punta Eugenia, Baja California, Mexico) are
relatively divergent; 2) the two southern populations apparently exchange genes much more frequently
with northern populations than with each other; 3) anomalous results for the ocean whitefish, Caadolatilus
princeps, can be understood on the basis of known patterns of larval distribution in this species. The
consistency of these large-scale patterns among species with markedly different life history features
and dispersal capabilities suggests that the results obtained here may provide insight into the population

structure of other species (invertebrates as well as fish) with pelagic larvae.

Two characteristics of shallow-water marine organ-
isms make the analysis of their population structure
interesting and challenging. First, adults of these
species are restricted to relatively shallow, inshore
waters, so adult populations can be isolated from
other populations by expanses of deep water or
areas of otherwise unsuitable habitat. On the other
hand, many marine species have a pelagic larval
stage lasting several weeks or months and thus at
least the potential for long-distance transport by
ocean currents. Indeed, such long-distance disper-
sal events are generally invoked to explain the pres-
ence of shallow-water marine organisms on oceanic
islands isolated by up to several thousand kilometers
from possible sources of propagules.

However, very little is actually known concern-
ing the complex process of larval drift, and several
questions remain largely unanswered. For example,
by what pathways do larvae traverse oceanic
barriers separating different populations? Further-
more, do recruits arrive at remote areas on a more-
or-less continuous basis, or is long-distance disper-
sal the result of rare or unique *“‘sweepstakes”
events? The answers to these questions are relevant
not only to evolutionary biologists seeking to under-
stand the processes of differentiation and specia-

1Scripps Institution of Oceanography, University of California,
San Diego A-008, La Jolla, CA 92093; present address: Northwest
and Alaska Fisheries Center, National Marine Fisheries Service,
NOAA, 2725 Montlake Boulevard East, Seattle, WA 98112.

2Scripps Institution of Oceanography, University of California,
San Diego A-008, La Jolla, CA 92093.
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tion, but also to those who, in order to formulate
management policies for marine fishery resources,
must determine the degree to which geographic
stocks correspond to independent reproductive
units.

Several approaches have been used to address the
problem of pelagic dispersal. In some cases, suffi-
cient data regarding oceanic currents are available
to construct models capable of predicting patterns
of larval distribution if time and place of spawning
are known. However, as such models are generally
based on long-term mean current patterns, they may
be misleading if successful dispersal is actually due
to anomalous conditions that occur infrequently.
Furthermore, few data are available regarding the
inshore currents intimately involved in the initial
dispersion (or retention) of larvae spawned in
shallow water. Marked drifters (e.g., Schwartzlose
1963; Tegner and Butler 1985) can provide biologi-
cally relevant data regarding current patterns, but
such studies rely on retrieval by the human popula-
tion at large and thus provide little information
about dispersal to remote (and typically poorly in-
habited) localities. Tagging studies, although very
resource intensive, can provide valuable, direct in-
formation regarding oceanic migrations but are not
well-suited to the study of larval drift.

For the above reasons, indirect methods must
often be used to estimate the incidence of gene flow
in marine organisms. The electrophoretic analysis
of protein polymorphisms is one such approach that
has seen extensive use in both terrestrial and aquatic
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systems. Electrophoretically detectable allele fre-
quencies can be used to estimate levels of migration
if it can be assumed that these frequencies reflect
a balance between the opposing forces of migration
(gene flow) and random divergence of allele fre-
quencies (genetic drift). The main difficulty with this
approach is that other forces, notably natural selec-
tion and historical contact, can influence allele fre-
quencies, and the relative importance of these forces
in natural populations has proved extremely diffi-
cult to evaluate directly.

The present study differs from most previous ones
in an important way: rather than concentrate on one
or two species, we sampled 10 marine shore fishes
from the same suite of island and mainland local-
ities in southern California and Baja California, Mex-
ico. Substantial differences between species in
fecundity, length of larval life, and other life history
features allowed us to test the hypothesis that
species with low dispersal capability should show
greater genetic differences between populations
than do species that are better dispersers. As dis-
cussed by Waples (in press), the statistically signif-
icant negative correlation between dispersal capabil-
ity and levels of genetic differentiation in these
shore fishes is consistent with expectations based
on an equilibrium model involving gene flow and
genetic drift. Scenarios invoking natural selection
and/or historical (nonequilibrium) perturbations of
migration patterns could be hypothesized to explain
these results, but there is no a priori reason to ex-
pect the observed correlation to result from selec-
tion or historical factors. The test discussed by
Waples (in press) does not exclude the possibility of
selection at individual gene loci, but does suggest
that such forces have not been strong enough to
disturb the overall patterns of genetic differentia-
tion due to gene flow that are of interest here.

In this paper we extend the analysis of these data
to address two questions regarding larval dispersal
that can only be understood by considering data for
a number of species simultaneously: 1) Are there
consistent patterns (across species) of genetic
similarity among localities that suggest common
avenues of larval transport? 2) If such patterns do
exist, can results for those species that are excep-
tions to the pattern be understood in terms of dif-
ferent behavioral or life history features that might
cause their larvae to be affected differently by the
current regime? The question of the frequency of
successful long distance dispersal in these shore
fishes and some of the problems associated with
estimating this frequency will be discussed in a later
paper.
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MATERIALS AND METHODS

Experimental Design

Collections were made at six sites in four major
areas: La Jolla, CA; the California Channel Islands
(San Nicolas Island and Santa Catalina Island); Isla
de Guadalupe, Mexico; and near Punta Eugenia,
Mexico (Cabo Thurloe and Islas de San Benito; see
Figure 1). Two sites were used in the Channel
Islands and near Punta Eugenia because not all
species could be collected at a single locality. The
area of study describes a quadrilateral roughly 600
km long and 100-300 km wide that encompasses
almost the entire area south of Point Conception
governed by the California Current System. Fur-
thermore, few of the species studied occur north of
Point Conception in any numbers, and central Baja
California, Mexico, is at or near the southern dis-
tributional limit for most of these species as well.
The study areas thus cover a major portion of the
normal range for these species, and this sampling
pattern should have been able to detect significant
population subdivision if it exists.

The study sites were also chosen in such a way
that the genetic affinities of populations in certain
areas could be evaluated. Mainland populations are
represented by samples taken at La Jolla. The
California Channel Islands harbor large populations
of many marine organisms, and it is important to
assess the degree to which these populations are in-
dependent of those from the mainland. Guadalupe
is a small, oceanic island of volcanic origin sur-
rounded by deep (>3,000 m) water. It is remote
enough (275 km west of the central Baja California
coast) that genetic differentiation of shore fishes
might be expected. Collections in the vicinity of Pun-
ta Eugenia were made to serve as controls for
evaluating the extent of differentiation at Guada-
lupe and to estimate the relative importance of east-
west larval drift in this area.

Well-developed oceanic currents serve as poten-
tial transport mechanisms for pelagic larvae in the
study area. The California Current brings relative-
ly cold, low salinity water from high latitudes toward
the Equator; its principal characteristics have been
known for some time (Reid et al. 1958; Hickey 1979).
The California Current is most strongly developed
north of Point Conception; further south, nearshore
flow becomes somewhat variable because of the
eastward jut of the coastline and the complicating
effects of the Channel Islands (Fig. 1). Between
about lat. 30° and 83°N, the current shifts toward
the east, and a portion of the water is deflected
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FIGURE 1.—Schematic representation of mean flow patterns in the study area, based on data from
Wyllie (1966) and Hickey (1979) and modified from Cowen (1985). Consistent flow directions are shown
with solid arrows; dashed arrows indicate more variable features. Study sites are also indicated: La
Jolla (L); San Nicolas (N) and Catalina (C), California Channel Islands; Isla de Guadalupe (G); Islas

de San Benito (B); Cabo Thurloe (T).

northward along the Southern California Bight,
forming the Southern California Eddy (Schwartzlose
1963). This eddy can be found throughout the year
except during periods of peak southward flow (gen-
erally January to May).

The 10 shore fish species used in the analysis
(Table 1) were generally those that could be collected
in adequate numbers during brief visits to remote
localities. However, attempts were made to include
species with widely varying life history strategies
and; hence, different dispersal capabilities. The life
history and larval capture data summarized in Table
1 were taken from personal observations, unpub-
lished data from the California Cooperative Fish-
eries Investigations (CalCOFI) and the Ichthyo-

plankton Coastal and Harbor Studies (ICHS), and
from the literature; see Waples (1986) for discus-
sion and references. Sample sizes of about N = 50
individuals per species were collected at each of the
four areas [ranges of mean sample sizes: for species,
N = 36 (blacksmith) to N = 63 (sheephead); for
localities, N = 46 (Punta Eugenia) to N = 55 (Gua-
dalupe)].

Electrophoresis and Data Analysis

Whole fish or tissue samples were frozen in the
field, transported to Scripps Institution of Ocean-
ography, and stored at —25°C to -35°C. Proce-
dures of horizontal starch gel electrophoresis and
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TABLE 1.—Summary of life history information for the 10 shore fish species used in the analysis.

Batch Length of Larval Dispersal
Family/species Common name fecundity larval life catches capability
Embiotocidae
Embiotoca jacksoni black perch 10 none — nil
(viviparous)
Cottidae
Clinocottus analis wooly sculpin 10%10° few weeks? only near low
rocky shores
Clinidae
Alloclinus holderi island kelpfish 10° brief? inshore? limited
Gobiidae
Lythrypnus dalli bluebanded goby 10%10° two or more inshore moderate
months
Malacanthidae
Caulolatilus princeps ocean whitefish 108 few months? inshore/offshore high
Pomacentridae
Chromis punctipinnis blacksmith 10° few months? inshore/offshore high
Kyphosidae
Girella nigricans opaleye 10° few months? mostly inshore high
Serranidae
Paralabrax clathratus kelp bass 10° few months? mostly inshore high
Labridae
Semicossyphus pulcher sheephead 10° 2-4 months inshore/offshore high
Kyphosidae
Medialuna californiensis  halfmoon 10° few months offshore very high

histochemical staining have been described else-
where (Waples 1986). The 26 enzymes and proteins
surveyed were acid phosphatase, aconitate hydra-
tase, adenosine deaminase, adenylate kinase, alcho-
hol dehydrogenase, aspartate aminotransferase,
creatine kinase, esterase (e-naphthyl acetate),
fumarate hydratase, glucose-6-phosphate dehydro-
genase, glucosephosphate isomerase, glutamate
dehydrogenase, glyceraldehyde-phosphate dehydro-
genase, glycerol-3-phosphate dehydrogenase,
L-idito]l dehydrogenase, isocitrate dehydrogenase,
lactate dehydrogenase, malate dehydrogenase, man-
nosephosphate isomerase, phosphoglucomutase,
phosphogluconate dehydrogenase, peptidase (leucyl-
tyrosine; leucylglyeyl-glycine), superoxide dismu-
tase, umbelliferyl esterase, xanthine dehydrogenase,
and general muscle proteins. Presumptive gene loci
for which any variant alleles were detected were
surveyed in all individuals. Loci for which only a
single allele had been identified after sampling at
least 20 individuals in each population were con-
sidered to be monomorphic and were not surveyed
further in that species.

Wright's F'gy was computed for each polymorphic
locus in each species by the method of Weir and
Cockerham (1984). Fgr values (0 € Figr < 1) in-
dicate the proportion of total variance in allele fre-
quencies attributable to differences between (as
opposed to within) populations. Workman and Nis-
wander’s (1970) test was used to identify Fgr
values significantly larger than zero. Data for all
presumptive gene loci resolved in each species were

4

combined in an index of overall genetic differentia-
tion (Nei’s [1972] genetic distance (D)), which pro-
vides a direct means of comparing levels of genetic
divergence between pairs of populations. D is the
negative natural logarithm of genetic similarity (7),
which is essentially the proportion of genes shared
by two populations.

To determine whether similar patterns of popula-
tion structure occur in several species, D values for
each pair of localities (or the mean D values for each
locality) were ranked within each species. The
resulting matrix of rankings was evaluated for re-
curring patterns (departure from randomness) by
Friedman’s method for randomized blocks (Sokal
and Rohlf 1981), which computes a statistic that is
a chi-square variate with b — 1 degrees of freedom:

h a
%1y = [(12/(abb +1]) = (ZR)? - Sa(b + 1)
1)

where ¢ = number of rows (species, in this case),
b = number of columns (localities, or pairs of local-
ities), and R;; is the ranking of the it locality (or
pair of localities) for the jth species.

To identify species that exhibit anomalous pat-
terns of genetic differentiation, a jackknife pro-
cedure was used, the rankings of localities (or pairs
of localities) for each species being compared with
the overall ranking computed for all the other
species combined. Spearman’s rank-order correla-
tion coefficient (r,) was used to determine the
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strength of the agreement (or disagreement) be-
tween these two sets of rankings:

r, =1 - (6 2 d?/[nm? - 1)) @

where n is the number of items ranked (in this case,
4 localities or 6 pairs of localities) and d; is the dif-
ference in rankings of the i® locality (or pair of
localities).

RESULTS

The electrophoretic analysis provided information
regarding variation at 32-42 presumptive gene loci
in the 10 species. The genetic interpretation of band-
ing patterns was guided by comparisons of observed
and expected number of bands exhibited by pre-
sumed heterozygotes, by tissue specificity of iso-
zyme expression, and by quality and consistency of
resolution. A detailed discussion of results for each
enzyme can be found in Waples (1986). Except for
Semicossyphus pulcher (discussed below), no over-
all departures of heterozygote frequencies from
those expected under conditions of Hardy-Weinberg
equilibrium were found (Waples 1986, in press).

Table 2 summarizes the allozyme data. Average
heterozygosities for the 10 species (mean H = 0.031;
range = 0.009-0.087) are somewhat lower than the
mean value of 0.055 reported for over 100 marine
fishes by Smith and Fujio (1982), but at least 5 loci
(Embiotoca jacksont) and as many as 19 loci (Ly-
thrypnus dalli) were found to be polymorphic in each
species. Space does not permit reporting here the
allele frequencies for all of these variable loci; these
data appear in Waples (1986), or can be obtained
from the first author.

Interpopulational genetic distance values (Table
2) were generally fairly small: for half of the species

(Alloclinus holderi, Chromis punctipinnis, Girella
nigricans, Medialuna californiensis, Paralabrax
clathratus) all possible pairwise comparisons of
populations yielded D values <0.001. Even the
largest observed D value (0.029 for the Guadalupe-
Punta Eugenia comparison in E. jacksoni) is well
within the range of values typically found between
conspecific populations of fish species (Shaklee et
al. 1982; Thorpe 1983). Nevertheless, it is apparent
that populations of most of these shore fishes do not
behave as a single panmictic unit. For 8 of the 10
species, significantly nonzero single-locus Fgr
values indicate heterogeneity of allele frequencies
among populations (Table 2; see also Waples 1986).
Furthermore, the statistically significant tendency
for species that are better dispersers to have lower
mean D values (Waples in press) suggests that the
relatively small D values reported here for most
species contain valid information relating to popula-
tion structure.

Our interest here is primarily to identify recur-
ring patterns (across species) of genetic similarity
between areas. One way to approach this topic is
to compute, for each species, a mean of all the pair-
wise D values involving each locality. In Table 3
these mean D values have been ranked within each
species, thus providing an indication of which
populations are most similar (or dissimilar) gene-
tically to the other populations as a whole. Two
species (A. holderi, L. dalli) that could be collected
from only three of the four areas have been deleted
from this analysis.

The two southern populations, Guadalupe and
Punta Eugenia (total of rankings for each = 15), are
consistently more divergent than are La Jolla (24.5)
and San Nicolas (25.5). Substitution of these totals
and values for a (8 species) and b (4 localities) into
Equation (1) yields a y2 value of 7.54 with 3 df. This

TABLE 2.—Summary of electrophoretic results. Number of loci surveyed (T), number polymor-
phic (P), and number with significantly nonzero Fg; values (F) are indicated. H = average
heterozygosity; L = La Jolla; C = Channel Islands; E = Punta Eugenia; G = Isla de Guadalupe.

Number of loci

Genetic distance (x 10%)

Species T P F H L-C L-G L-E CG C-E G-E
A. holderi 32 10 1 0009 — - — 0.063 0.042 0.023
Ca. princeps 35 14 1 0.049 0.183 0.146 0.205 0.062 0.144 0.050
Ch. punctipinnis 40 10 1 0009 0.007 0021 '0.009 0.023 '0.012 '0.027
Cl. analis 3 17 10 0.046 0.158 0.293 0.237 0.269 0.158 0.362
E. jacksoni 40 5 4 0015 0.665 0457 155 1.45 0.338 2.87
G. nigricans 42 17 1 0025 0.043 0.022 0021 0.046 0073 0.052
L. dalli 3 19 3 0087 0094 0218 — 0171 — -
M. californiensis 38 18 — 0.025 0.022 0.019 0024 0.018 0.037 0.054
P. clathratus 4 12 — 0012 0011 0.020 0.015 0.007 0.028 0.032
S. pulcher 38 14 3 0.033 0009 0.178 '0.088 0.155 '0.070 '0.083

1Mean of comparisons involving Cabo Thurloe and Islas de San Benitos.



TABLE 3.—Chi-square test of homogeneity of ranking of areas
by decreasing mean D values and correlation of ranking of
areas in each species with overall ranking of all other species.
Statistics computed for 8 species collected at all four areas and
for the remaining 7 species after data for Ca. princeps were
omitted. L = La Jolla; C = Channel Islands; E = Punta
Eugenia; G = Isla de Guadalupe.

Rankings Correlation {r,)
by area with other species
Species L C E G 8spp 7 spp
Ca. princeps 1 3 2 4 -080 -
Ch. punctipinnis 4 3 2 1 0.60 1.0
Cl. analis 3 4 2 1 0.75 0.80
E. jacksoni 3 4 2 1 0.75 0.80
G. nigricans 4 1 2 3 -023 0.20
M. celiforniensis 4 3 1 2 0.60 0.80
P. clathratus 35 385 1 2 0.75 0.75
S. pulcher 2 4 3 1 0 0.40
csQ Signif.
Totals (3 df) level
8 spp 245 255 15 15 7.54 NS
7 spp 235 225 13 11 1059 P<0.05

value is not quite significant (0.1 > P > 0.05; critical
value 7.81). Although the pattern of differentiation
over all eight species cannot be shown to depart
significantly from randomness by this nonpara-
metric test, it is instructive to continue the analysis
to see whether anomalous results in one or two
species may be obscuring an underlying pattern in
the others. Aberrant species can be identified by
measuring the correlation (r,) of rankings for each
species with the overall rankings for all other species
combined. To do this, rankings for the localities were
computed as each species in turn was deleted from
the analysis. These rankings were then compared
with those for the species deleted. The r, values for
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this analysis clearly indicate a core group of five
species (Chromis punctipinnis, Clinocottus analis,
E. jacksoni, M. californiensis, P. clathratus), rank-
ings for each of which are highly correlated with
those of all other species (Table 3). At the other ex-
treme, rankings of Caulolatilus princeps are essen-
tially the opposite of those of the other species (r,
= —0.80). Thus C. princeps is the only species for
which La Jolla was ranked the most divergent local-
ity, as it is the only species for which Guadalupe is
the locality with the highest overall genetic similar-
ity to the other populations.

In order to evaluate the influence of Caulolatilus
princeps on the overall analysis, Friedman’s test
was repeated after data for C. princeps had been
deleted. The resulting chi-square value for seven
species (10.59; 8 df) is significant at the 0.05 level.
After omitting C. princeps, the correlation (r,) for
each species with all other species was again com-
puted (Table 8). It is apparent that the remaining
species form a more coherent group with C. prin-
ceps omitted, values for each species being positively
correlated with those from all other species.

More detail regarding possible pathways of lar-
val drift can be obtained by considering the relative
degree of divergence of each pair of populations. D
values for the six possible pairwise comparisons of
the four study areas have been ranked within each
species in Table 4. An analysis similar to the pre-
ceding indicates that the two northern populations
(La Jolla and the Channel Islands) are consistently
the most similar genetically, and the two southern
populations (Punta Eugenia and Guadalupe) are the
most divergent. There are no consistent differences
in rankings of the four other comparisons, each of

TABLE 4.—Chi-square test of homogeneity of ranking of pairs of localities
by decreasing mean D values and correlation of ranking in each species
with overall ranking of all other species. Statistics computed for 8 species
collected at all four localities and for the remaining 7 species after data
for Ca. princeps were omitted. Abbreviations as in Table 3.

Rankings of
pairs of localities

Correlation (r;)
with other species

Species LC LE LG CGE CG EG 8spp 7spp
Ca. princeps 2 1 3 4 5 6 -0.77 —
Ch. punctipinnis 6 5 3 4 2 1 049 0.94
Cl. analis 55 4 2 55 3 1 046 0.93
E. jacksoni 4 2 5 6 3 1 0.14 0.26
G. nigricans 4 6 5 1 3 2 -016 031
M. californiensis 4 3 5§ 2 6 1 0.09 0.14
P. clathratus 5 4 3 2 6 1 0.43 0.54
S. puicher 6 3 1 5 2 4 -003 054
CcsQ  Signif.
Totals (5df) level
8 spp 3.5 28 27 295 30 17 7.09 NS
7 spp 345 27 24 255 25 11 11.84 P <0.05
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which involves one northern and one southern
population. The same five species identified in the
previous analysis (Chromis punctipinnis, Clino-
cottus analis, P. clathratus, E. jacksoni, M. califor-
niensis) have the highest correlation with rankings
of the other species, although only for the former
three is 7, > 0.40. Again, results for Caulolatilus
princeps (r, = —0.77) are strongly negatively cor-
related with those of the other species. The chi-
square value testing the equality of rankings for
pairs of localities (7.09; 5 df) is not statistically
significant (critical value = 11.07).

In light of the results obtained above, the analysis
was repeated after deletion of Caulolatilus princeps.
When this was done, the r, values for each of the
other species increased, to as high as 0.93 and 0.94
for Clinocottus analis and Chromis punctipinnis,
respectively. The chi-square value (11.84) indicates
that for the remaining species the rankings of pairs
of localities are significantly heterogeneous. With
data for Caulolatilus princeps omitted, it is even
more apparent that the Guadalupe-Punta Eugenia
comparison is the most divergent, and La Jolla-
Channel Islands remains the most similar pair of
localities (Table 4).

DISCUSSION

Two major points emerge from the analysis of pat-
terns of genetic similarity between areas. First,
large-scale patterns of larval dispersal for most
species appear to be affected in a similar way by the
local current regime. The recurrent patterns can be
summarized as follows: 1) La Jolla and the Chan-
nel Islands are the two areas with the greatest (and
Punta Eugenia and Guadalupe the two areas with
the lowest) overall genetic affinity with other popu-
lations; 2) the two northern populations share
similar allele frequencies, while the two southern
populations have much stronger genetic affinities
with the northern populations than with each other.

That the southern populations are relatively iso-
lated genetically is not surprising, since they are at
the periphery of the distributional range for most
of the species. However, it was not expected that
the Punta Eugenia populations would show nearly
the same degree of genetic isolation as do those from
Guadalupe, an oceanic island with a substantial
endemic component in its marine flora and fauna
(Briggs 1974). The nature of genetic differentiation
of Guadalupe shore fishes is discussed more fully in
Waples (1986). That many marine species with
northern affinities are found along the coast of Baja
California, Mexico only in localized upwelling areas

(Dawson 1945; Hubbs 1960) may be responsible for
the observed divergence of Punta Eugenia popula-
tions. These upwelling populations, isolated from
other shore fish populations by areas with water
temperatures up to 10°C warmer, may represent
largely independent reproductive units. One aspect
of the population structure that seems clear from
the results of this study is that the southern popu-
lations studied exchange genes much more frequent-
ly with northern populations than with each other.
Such a finding would be difficult to predict on the
basis of known current patterns, which are quite
variable and complex off the coast of Baja Califor-
nia (Fig. 1).

Because the southerly flowing California Current
is the dominant hydrological feature in the study
area, it is of interest to examine the possibility that
the link between northern and southern populations
is due primarily to one-way gene flow from the
north. This possibility can be evaluated in terms of
the presence or absence of rare alleles. If gene flow
were unidirectional (north to south), one would ex-
pect most alleles present in the northern populations
also to appear in samples from the south. Alleles
originating in the southern populations, on the other
hand, would have no tendency to spread to the
north. For the 10 species combined, 50 alleles are
found in one or more northern populations but are
absent from all southern populations, while only 36
alleles are restricted to southern populations
(Waples 1986).

These data thus do not provide evidence for gene
flow only from the north, as such a model would
predict more alleles restricted to southern popula-
tions. Furthermore, the average frequency of alleles
restricted to the southern populations (0.0098) is
slightly higher than the frequency of those restricted
to the north (0.0092); this is the opposite of the result
expected if unidirectional migration were ‘‘swamp-
ing” alleles restricted to the south. It is possible that
the episodic northward advection of water from the
south is an important source of genetic exchange
among populations. Such movement is known to
oceur even in years not associated with El Nifio
events, and organisms with southern affinities that
apparently have been transported into southern and
central California are reported on a fairly regular
basis (Hubbs and Schultz 1929; Hubbs 1948; Rado-
vich 1961; Brinton 1981). The data for restricted
alleles are consistent with the hypothesis that such
processes may be important in the overall genetic
structure of these shore fishes. Two factors, how-
ever, argue for caution regarding this conclusion:
1) the pattern of occurrence of restricted alleles is
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quite variable among species, and four species have
more alleles restricted to southern localities; 2)
relatively few restricted alleles are found in these
shore fishes, further increasing the already large
sampling variation in the number and frequency
of restricted alleles (Waples 1986, in press; M.
Slatkin3).

That the Channel Islands populations are no more
genetically isolated than those at La Jolla was some-
what unexpected, as La Jolla is part of the major
mainland metapopulation that includes much of the
distributional range of these shore fishes. It was
therefore thought that La Jolla samples would show
the greatest overall genetic affinity with other
localities. Such a pattern was reported by Haldor-
son (1980), who found allele frequencies in the surf-
perch Damalichthys vacea to be similar in a series
of mainland populations but distinctive at Catalina.
Furthermore, Tegner and Butler’s (1985) study of
drift bottles released at the Channel] Islands in-
dicated at most 5-10% reach the mainland, sug-
gesting that the amount of genetic exchange may
likewise be low.

However, these findings are not inconsistent with
the results of the present study when two factors
are considered. First, Tegner and Butler’s (1985)
study was designed to estimate the numerical im-
pact on local green abalone, Haliotis fulgens, popu-
lations of larvae derived from the Channel Islands.
Because relatively few H. fulgens larvae appear like-
ly to cross from the Channel Islands to the main-
land, it was concluded that the Channel Islands
populations cannot be expected to reseed those on
the mainland that are locally depleted through over-
fishing, pollution, destruction of habitat, etc. Al-
though a small percentage (say 5%) of larval
exchange may not exert a significant numerical im-
pact on a population, migration at that rate is very
high from the perspective of maintaining similar fre-
quencies of neutral alleles. In fact, the exchange of
only a few breeding individuals per generation is suf-
ficient to prevent substantial genetic divergence
between populations (Spieth 1974).

Second, the Channel Islands populations might
well have proved to be relatively more divergent in
the present study if additional mainland populations
had been included, as was the case in Haldorson's
study. Nevertheless, it is noteworthy that Channel
Islands populations do not appear to be genetically
isolated to any substantial degree. They may thus
play a more significant role in the population struc-

3M. Slatkin, Department of Zoology, University of California,
Berkeley, CA 94720.
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ture of marine species in this area than had been
believed. The consistently strong affinity between
Channel Islands and La Jolla populations suggests
that the Southern California Eddy may be effective
as a means of larval transport between mainland and
island localities.

The second major point to emerge from this study
is that the population genetic structure of Caulola-
tilus princeps is very different from that of any of
the other species. In fact, the pattern of genetic af-
finity between populations of the ocean whitefish
is almost exactly the opposite of the pattern typical
of the remaining shore fishes. This result was puz-
zling at first, as the life history features of this
species are not particularly unusual. However,
through the aid of H. Geoffrey Moser (National
Marine Fisheries Service, La Jolla, CA), we obtained
unpublished larval capture data that shed consider-
able light on this problem. Figure 2 is a plot of these
data, collected by CalCOFI sampling programs dur-
ing 1955-59. In this 5-yr period no C. princeps lar-
vae were collected north of central Baja California,
Mexico (lat. 30°N). In this respect, the larval distri-
bution of the ocean whitefish is similar to that
observed by Kramer and Smith (1973) for the
California yellowtail, Seriola dorsalis (= S. lalands).
In contrast, larvae of the other species in this study
for which data are available were frequently taken
in the Southern California Bight during 1955-59
(percentage of positive collection localities north of
lat. 30°N: Chromis punctipinnis, 28%; G. nigricans,
44%; M. californiensis, 54%; S. pulcher, 39%;
Waples 1986). In a more extensive survey of larval
catches, Moser et al. (1986) confirmed the unusual
pattern for the ocean whitefish for years 1954-81
(only 4 of 163 larvae taken north of 30°N, and none
taken in the Southern California Bight), and sug-
gested some possible explanations for the southward
shift observed in this species. Thus while the
southern populations are near the periphery of the
range for most study species, it is the northern
populations that are far removed from the apparent
sources of ocean whitefish larvae.

As we have seen, a significantly nonrandom pat-
tern of genetic affinity among areas or pairs of areas
was found when data for Caulolatilus princeps were
omitted. This result is not entirely unexpected, as
removing the most aberrant data in an analysis of
this nature will generally result in an improved
significance level of the test statistic. On the other
hand, such an approach seems justified in this case,
as the objectives of this study were to search for
generalized patterns of genetic differentiation and
to attempt to explain data for anomalous species in
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FIGURE 2.—Location of positive collections of Caulolatilus princeps larvae taken in CalCOFI sam-
pling program, 1955-69.

terms of life history features. Given the larval cap-
ture data discussed above, it is not difficult to under-
stand why the inclusion of data for C. princeps tends
to obscure patterns of genetic differentiation shared
by the other species.

Two other species are exceptions (albeit not as
dramatic exceptions as C. princeps) to the recurring
patterns discussed above. Girella nigricans is the
only species for which the Channel Islands was
found to be the most genetically divergent locality
(Table 8),-and S. pulcher is the only species apart
from C. princeps for which a strong Punta Eugenia-
Guadalupe connection was observed (Table 4). The
pattern in S. pulcher is due to loci for which consis-
tent heterozygote deficiencies were found (Waples
1986) and thus may provide information that is un-
related to actual levels of gene flow. Girella nigri-

cans was the only species to be collected primarily
as juveniles; these samples largely comprise a single
year class, the allele frequencies for which might be
prone to short-term variations. Sampling of juve-
niles might thus have been expected to yield rela-
tively high levels of genetic divergence, but there
was no a priori reason to expect the particular pat-
tern of D values found in this species.

Whether the results for G. nigricans are due to
as-yet-undetected processes of larval transport or
merely random noise in our analysis is thus unclear
at present. We face a similar difficulty in explain-
ing the heterogeneity (even among the “core”
species) in patterns of genetic affinities between the
two northern and two southern populations (Table
4). The decision to include a large number of species
in this study mandated a geographically restricted
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sampling program, and the resulting analysis pro-
vides only a basic outline of these species’ popula-
tion genetic structure. More extensive sampling
would no doubt reveal more variations on the pat-
terns identified here. It is likely that such variations
would be significantly affected by differences be-
tween species in location and timing of spawning.
At present, there are neither sufficient inshore
hydrographic data nor extensive life history infor-
mation over the geographic range of most of these
species to allow more specific predictions concern-
ing the dynamics of larval drift. Our understanding
of the process of larval transport in shallow-water
marine organisms can thus be enhanced by more
comprehensive sampling programs, involving both
genetic and life history analyses.

Nevertheless, it is significant that no major differ-
ences in patterns of genetic differentiation could be
attributed to dispersal capability per se. Thus of the
five “core’” species with the most strongly correlated
sets of rankings, E. jacksoni is a livebearer; Clino-
cottus analis spawns intertidally and has a brief lar-
val life; P. clathratus and Chromis punctipinnis
have high fecundity and a lengthy larval life; and
M. californiensis has pelagic juveniles, commonly
occurs far offshore with drifting kelp, and thus has
the highest dispersal capability of all. This result
suggests that the multispecies approach used here
may provide information of general use for study-
ing the population biology of other marine organ-
isms (fishes and invertebrates) with pelagic larvae.

ACKNOWLEDGMENTS

We would like to thank all those who helped with
collections of the nearly 2,000 specimens used in this
study. We are also very grateful to H. Geoffrey
Moser and Gary Brewer for providing us access to
unpublished records of larvae captured by CalCOFI
and ICHS, respectively. We thank an anonymous
referee for a number of constructive suggestions.
Funds for this research were provided in part by
grants from the Marine Life Research Group and
the Chancellor’s Associates, University of Califor-
nia, San Diego. Robert S. Waples was supported by
an NSF Graduate Fellowship during a portion of this
research.

LITERATURE CITED

BRriGGS, J. C.

1974. Marine zoogeography. McGraw Hill, N.Y.
BRINTON, E.

1981. Euphausid distributions in the California Current dur-

10

FISHERY BULLETIN: VOL. 85, NO. 1

ing the warm winter-spring of 1977-78, in the context of a
1949-1966 time series. CalCOFI Rep. 22:135-54.
CoweN, R. K.

1985. Large scale pattern of recruitment by the labrid, Semi-
cossyphus pulcher: causes and implications. J. Mar. Res.
43:719-742.

Dawson, E. Y.

1945. Marine algae associated with upwelling along the north-
western coast of Baja California, Mexico. Bull. South. Calif.
Acad. Sei. 44:57-71.

HALDORSON, L.

1980. Genetic isolation of channel islands fish populations:
evidence from two embiotocid species. In D. M. Power
(editor), The California Islands: Proceedings of a Multi-
disciplinary Symposium, p. 433-42. Santa Barbara Mus.
Nat. Hist., Santa Barbara, CA.

Hickey, B. M.

1979. The California Current System - hypotheses and facts.

Prog. Oceanogr. 8:191-279.
Husss, C. L.

1948. Changes in the fish fauna of western North America
correlated with changes in ocean temperature. J. Mar. Res.
7:459-82.

1960. The marine invertebrates of the outer coast. Syst.
Zool. 9:134-47.

Husss, C. L., AND L. P. SCHULTZ.

1929. The northward occurrence of southern forms along the

Pacific Coast in 1926, Calif, Fish Game 15:234-40.
KRAMER, D., AND P. E. SMITH.

1973. Seasonal and geographic characteristics of fishery
resources, 1X. Inshore sportfishes. Mar. Fish Rev. 85(5-6):
15-18.

MOSER, H. G., B. Y. SumiDA, D. A. AMBROSE, E. M. SANDKNOP,
AND E. G. STEVENS.

1986. Development and distribution of larvae and pelagic
juveniles of ocean whitefish, Caulolatilus princeps, in the
CalCOFI survey region. CalCOFI Rep. 27:162-169.

NEr1, M.

1972. Genetic distance between populations. Am. Nat. 106:

283-292.
RADOVICH, J.

1961. Relationships of some marine organisms of the north-
east Pacific to water temperatures, particularly during 1957.
Calif. Dep. Fish Game, Fish Bull. 112, 62 p.

Reip, J. L., Jr,, G. 1. RODEN, aND J. G. WYLLIE.

1958. Studies of the California Current System. In CalCOFI

progress report, 7-1-56 to 1-1-58, p. 27-56. Sacramento, CA.
SCHWARTZLOSE, R. A.

1963. Nearshore currents of the western United States and
Baja California as measured by drift bottles. Jn CalCOFI
progress report, 7-1-60 to 6-3-62, p. 15-22. Sacramento, CA.

SHAKLEE, J. B., C. 8. TAMARU, AND R. S. WAPLES.

1982. Speciation and evolution of marine fishes studied by
the electrophoretic analysis of proteins. Pac. Sci. 36:141-
157.

SmitH, P. J., AND Y. Fuaio.

1982. Genetic variation in marine teleosts: high variability
in habitat specialists and low variability in habitat general-
ists. Mar. Biol. 69:7-20.

SokAL, R. R., AND F. J. ROHLF.
1981. Biometry. 2d ed. W. H. Freeman, San Franc.
SeieTH, P. T.

1974. Gene flow and genetic differentiation. Genetics 78:

961-965.
TEGNER, M. J., AND R. A. BUTLER.
1985. A drift tube study of the dispersal potential of green



WAPLES and ROSENBLATT: LARVAL DRIFT IN SOUTHERN CALIFORNIA

abalone (Haliotis fulgens) larvae in the Southern California
Bight: implications for recovery of depleted populations.
Mar. Ecol. Prog. Ser. 26:73-84.

THORPE, J. P.

1983. Enzyme variation, genetic distance and evolutionary
divergence in relation to levels of taxonomic separation.
In G. S. Oxford and D. Rollinson (editors), Protein poly-
morphism: adaptive and taxonomic significance, p. 131-152.
Acad. Press, Lond.
WAPLES, R. S.

1986. A multispecies approach to the analysis of gene flow
in marine shore fishes. Ph.D. Thesis, Univ. California, San
Diego, 334 p.

Inpress. A multispecies approach to the analysis of gene flow

in marine shore fishes. Evolution 41(2).
WEIR, B. 8., AND C. C. COCKERHAM.

1984. Estimating F-statistics for the analysis of population

structure. Evolution 38:1358-70.
WORKMAN, P. L., AND J. D. NISWANDER.

1970. Population studies on southwestern Indian tribes. II.
Local genetic differentiation in the Papago. Am. J. Hum.
Genet. 22:24-29.

WYLLIE, J. G.

1966. Geostrophic flow of the California Current at the sur-
face and at 200 meters. CalCOF1 Atlas No. 4. State of
California, Mar. Res. Comm., La Jolla, CA.

11



Blank page retained for pagination



GENETIC ESTIMATES OF STOCK COMPOSITIONS OF
1983 CHINOOK SALMON, ONCORHYNCHUS TSHAWYTSCHA, HARVESTS
OFF THE WASHINGTON COAST AND THE COLUMBIA RIVER

FRED UTTER,! DAvID TEEL,! GEORGE MILNER,! AND
DoNaLD MclIsaAc?

ABSTRACT

Allele frequency data for 17 polymorphic protein coding loci from 88 populations of chinook salmon
between British Columbia, Canada and California, U.S.A. were used to obtain maximum likelihood
estimates of contributing populations to fisheries off the coast of Washington, U.S.A. Data were available
for the commerecial troll fishery of May 1982 and for commercial, Indian, and sport fisheries during spring
and summer 1983. The estimated contributions of fall run fish returning to areas of the lower Columbia
River (collectively called “tules™) to the May troll fisheries were 76.5% in 1982 and 54.9% in 1983. In
contrast, the estimated proportion of fall run fish destined for areas of the upper Columbia River (collec-
tively called “upriver brights’) was less than 5% in both years, although these runs are known to make
substantial contributions to more northern fisheries of Canada and Alaska. A considerable difference
for each year occurred in the estimated proportion of California fish (2.8% in 1982 and 18.7% in 1983).

Differences occurred among the fisheries and areas sampled in 1983. Larger estimates for Canadian
and Puget Sound (Washington) fish occurred in fisheries of northern areas; the largest was 41% for the
Indian fishery in the Strait of Juan de Fuca. A greater proportion of California fish in any particular
area was taken in sport fisheries. The subset of tule populations returning to the Kalama and Cowlitz
river drainages was harvested at a higher rate in sport than commercial fisheries. This study demonstrates
the capabilities of the involved procedures for generating timely and reliable estimates of stock composi-
tion, and serves as a starting point for more detailed understandings of the oceanic distribution of chinook

salmon populations.

Chinook salmon, Oncorhynchus tshawytscha, runs
returning to Pacific drainages of the western United
States are a major biological, recreational, and eco-
nomic resource. Their importance persists in spite
of the often excessive harvests, disruptions of habi-
tats, and blockages of migratory routes that have
occurred during the past century. The vitality of
these runs continues to fluctuate under the influence
of many factors. Conflicting demands of multiple
user groups, including recreational, commercial,
native American, and international fishing interests,
tend to stress the overall resource. Water require-
ments for energy, irrigation, and human consump-
tion often conflict with even minimal conditions for
fish rearing, passage, and reproduction. Instabilities
of nature in freshwater and marine environments
also contribute substantially to fluctuations in
growth, migration, and survival.

The management of this resource is further com-

'Northwest and Alaska Fisheries Center Montlake Laboratory,
National Marine Fisheries Service, NOAA, 2725 Montlake Boule-
vard East, Seattle, WA 98112.

*Columbia River Laboratory, Washington Department of Fish-
eries, P.O. Box 999, Battle Ground, WA 98604.
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plicated by the ecological and genetic diversity of
its individual populations. For instance, fish har-
vested off the Washington coast represent a com-
plex and continually changing mixture of stocks
destined for many areas (Fig. 1; see also Miller et
al. 1988). Runs returning to the Columbia River illus-
trate this diversity; here freshwater entry extends
from February through October, and upstream
migration distances range from virtually nothing to
many hundreds of miles.

The largest numbers of Columbia River chinook
salmon return in the fall and consist of two distinct
types. Fish of that segment of the run commonly
called “‘brights” retain the silver color of ocean-
caught salmon for extended periods following their
freshwater entry and return primarily to areas
above The Dalles Dam. Brights are largely main-
tained by natural reproduction with hatchery supple-
mentation of some segments. Fish of the largest seg-
ment of the fall run are referred to as “‘tules’; they
approach spawning condition rapidly as soon as, and
often before, they enter fresh water. Tules return
to areas below The Dalles Dam and are perpetuated
almost entirely by hatcheries. Although both tules
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and brights contribute to oceanic fisheries (Pacific
Fishery Management Council 19813) the persisting
prime condition of brights makes them highly
favored in river fisheries,

An ideal program for harvest management of
chinook salmon would include the capability of iden-
tifying the abundance and distribution of distinct
breeding groups (such as component stocks of the
tule and bright runs of the Columbia River) in a par-
ticular fishery. This capability would permit adjust-
ments of regulations to permit both protection of
weaker stocks and more optimal harvest of abun-
dant stocks, depending on their proportions in a
fishery. Current information based primarily on data
from coded wire tags provides a broad and general
overview of hatchery stocks, but lacks details to im-
pose differential harvest regulations adequately and
does not yield information on wild populations. In
addition, a sufficient number of tags must accum-
ulate in the fishery or in terminal areas before any
quantitative interpretation can be made concerning
stock distribution. This requirement coupled with
the lag time between field collection and tag de-
coding has precluded in-season regulatory adjust-
ments based on relative stock strengths.

The ability to estimate component stocks in stock
mixtures based on genetic profiles of contributing
groups has recently been developed and applied
(Grant et al. 1980; Fournier et al. 1984; Beacham
et al. 1985; Pella and Milner 1987). Numerous esti-
mates of stock mixtures of chinook salmon have
been made using a genetic stock identification (GSI)
procedure described by Milner et al. (1983). These
applications (Miller et al. 1983; Milner et al. 1985)
have substantially increased the ability to manage
stock mixtures of chinook salmon.

The genetic procedures provide estimates of stock
composition with greater detail and precision than
has previously been possible when the following two
conditions are met. First, known genetic differences
(presently identifiable by electrophoretic methods,
among other techniques) must exist among popula-
tions contributing to a particular stock mixture. Sec-
ond, a data base of calculated genotypic frequencies
(based on a sufficient number of genetic systems)
must be developed for those populations that are
likely to compose a fishery.

The GSI procedure obtains maximum likelihood
estimates of stock composition using the genotypic

®Pacific Fishery Management Council. 1981. Proposed plan
for managing the 1981 salmon fisheries off the coast of Califor-
nia, Oregon, and Washington. Pacific Fishery Management Coun-
cll, 526 S W. Mill St., Portland, OR 97201.

frequencies of the data base and of the stock mix-
ture. The GSI analysis of the May 1982 troll fish-
ery off the Washington coast using a data base for
California through British Columbia provided the
most detailed analysis of an oceanic salmon fishery
to date (Miller et al. 1983).

This paper follows a general description of the GSI
and its application to stock mixtures of salmonids
provided in Milner et al. (1985). Estimates of stock
composition were obtained from samples collected
from fisheries off the Washington coast during the
spring and summer of 1983, A particular focus was
given to the fall runs of the Columbia River because
of the major contributions these runs have histori-
cally made to oceanic fisheries. This information is
intended to provide managers and biologists with
better insights into the life histories of chinook salm-
on populations in this area of intermingling, and to
initiate a continuing record of this species’ oceanic
distribution and relative abundance.

MATERIALS AND METHODS

The procedures used in this study are outlined
below. Many of the details required for specific ap-
plication are necessarily omitted, but are available
in the referenced sources.

Baseline Populations

Data were obtained from 88 collections taken from
British Columbia through California and repre-
sented distinct breeding units in most cases (Table
1). Intact juveniles or samples of tissues (eye and
liver were the tissues of interest in the present
study) from adult fish were taken in the field and
transported frozen (usually on dry ice) to the labora-
tory for further processing prior to electrophoresis.

Methods used for detection of electrophotetic vari-
ants followed procedures outlined in Utter et al.
(1974) and May et al. (1979). The three buffer sys-
tems used included:

1) A Tris-boric acid-EDTA gel and tray buffer,
pH 8.5 (Markert and Faulhaber 1965).

2) An amine citric acid gel and tray buffer, pH
6.5 (Clayton and Tretiak 1972).

3) A Tris-citric acid-lithium hydroxide-boric acid
gel buffer, and a lithium hydroxide-boric acid tray
buffer, pH 8.5 (Ridgway et al. 1970).

A system of nomenclature for locus and allelic
designations followed Allendorf and Utter (1979).
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TaBLE 1.—Geographical area and stock group of the 88 bassline populations used in estimating composition of mixed stock fisheries.

Major geographical district, type of Stock Total no.
stock, and baseline population’- group examined

Major geographical district, type of Stock Total no.
stock, and baseline population"2 group examined
Columbia River Basin
Tule (lower river fall run) 1 150
Spring Creek-Little White
Salmon R.-Washougal R. 1a —
Cowlitz R.-Kalama R. 1b 144
Upriver brights (fall run) 2
Mid river
Deschutes R. 2a 49
Priest Rapids-Hanford Reach 2b 249
Snake River
lce Harbor 2c 200
Other stocks 3 —
Lower river, fall run
Lewis R., brights 50
Lower river, spring run
Cowlitz R.,-Kalama R. 100
Lewis R. 50
Willamette R., spring run
Eagle Creek-McKenzie R. 88

Hatcheries using stocks of upper
river origin, (spring run)
Little White Salmon*-Carson*-

Leavenworth* 148

Mid-Columbia River, spring run

Klickitat R. 50
Deschutes R., spring run

Warmsprings *-Round Butte* 109
Upper Columbia River

Winthrop, spring run 129

Wells Dam, summer run 50

Snake River, spring run
Rapid R.-Valley Ck.

Sawtooth Hatchery-Red R. 165
Snake River, summer run
McCall Hatchery*-Johnson Ck.* 106
California 4

Sacramento River, fall run
Coleman (Battle CK.)-Nimbus-

Upper Sacramento (late) 300
Feather River-Mokelumne 200
Sacramento River, spring run
Feather River 50
Klamath River, fall run
Iron Gate 99
Trinity R. 100
Klamath River, spring run
Trinity R. 50
Oregon and Washington coast 5
Oregon, fall run
Chetco R. 100
Lobster Ck. 50
Elk R. 100
Sixes Estuary* 100

Oregon and Washington coast—Continued
Oregon, fall run—Continued

Coquille Estuary 115
Siuslaw Bay 82
Salmon R. 99
Nestucca R.-Alsea Bay-Siletz R.-

Fall Ck. 346
Cedar Ck.* 100
Trask R.-Tillamook R. 188
Nehalem Estuary 1414

Oregon, spring run
Cole R.-Hoot Owl Ck. 163
Rock Ck. 100
Cedar Ck. 99
Trask R. 100
Washington, fall run
Naselle R. 99
Humptulips R. (early) 50
Quinault R. 100
Queets R. 120
Hoh R. 100
Soleduck 50
Washington, summer run
Soleduck R.* 100
Washington, spring run
Soleduck R. 100
Puget Sound and British Columbia 6
Puget Sound, fall run
Elwha R. 100
Hood Canal* 98
Deschutes R. 150
Green R.-Samish R. 149
Puget Sound, summer run
Skykomish R. 100
Skagit R. 100
Puget Sound, spring run
N. Nooksack R. 50
S. Nooksack R. 50
British Columbia, fall run
Qualicum” 85
Puntledge* 100
Quinsam* 97
Robertson Ck. 100
Capilano* 99
San Juan R. 50
British Columbia, summer run
Fraser River

Tete Jaune 38

Clearwater 45

Chilko R.* 49

Stuart R.* 50

Nechako R. 55

Babine R.* 39

Populations joined by hyphens were not distinguishable based on significant differences of allelic frequencies, and were analyzed as single units.
2Asterisks (*) indicate stocks or stock groups excluded from final estimates based on preliminary estimates indicating a contribution ot less than 30 fish

to total catch of all fisheries sampled (see text).

Multiple loci for the same class of protein are num-
bered sequentially starting with the locus having the
most cathodal activity. Alleles are designated num-
erically as the percentage of the mobility of the
homomeric band of a protein encoded by a variant
allele relative to the mobility of the homomeric pro-
tein band encoded by the common allele (which is
designated 100).
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Estimates of allele frequencies were obtained for
17 polymorphic loci from each population sampled.
These loci, the conditions for their electrophoretic
detection, and the numbers and relative electro-
phoretic mobilities of their variant allelic forms are
outlined in Table 2. The allelic frequencies of these
collections for these loci will be presented in a com-
panion publication describing the genetic population
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TABLE 2.—Polymorphic enzymes providing genetic information for baseline popuia-
tions and stock mixtures. Tissue used were eye (E), and liver (L). Explanations for

locus and allele designations and for buffers are given in text.

Enzyme Locus designation
(enzyme commission no.) (variante alleles) Tissue Buffer

Aconitate hydratase Ah-4(69,86,108,116) L 2
(4.2.1.3)

Adenosine deaminase Ada-1(83) E 1
(3.5.4.4)

Aspartate aminotransferase Aat-3(90) E 1
(2.6.1.1)

Dipeptidase (glycyl-L-leucine) Dpep-1(90) E.L 1
(3.4.13.11)

Glucose-6-phosphate isomerase Gpi-3 (93,105) E.L 3
(5.3.1.9)
Glutathione reductase Gr-1(85) E.L 1
(1.6.4.2)

Hydroxyacylglutathione Hagh(140) L 1
hydrolase (3.1.2.6)

Isocitrate dehydrogenase Idh-3,4(50,74,127,142) E.L 2
(1.1.1.42)

Lactate dehydrogenase Ldh-4(71,134) E.L 3
(1.1.1.27) Ldh-5(70,90) E 1

Malate dehydrogenase Mdh-1,2(27, - 45,146) E,.L 2
(1.1.1.37) Mdh-3,4(70,83,121) E.L 2

Mannose-6-phosphate isomerase Mpi(95,109,113) E.L 1
(5.3.1.8)

Phosphoglucomutase Pgm-1(-70, - 84) E,L 2
(5.4.2.2)

Phosphoglycerate kinase Pgk-2(90) E,L 2
(2.7.2.3)

Superoxide dismutase Sod-1( - 260,560,1250) L 1
(1.15.1.1)

Tripeptide aminopeptidase
(L-leucylglycylglycine) Tapep(45,130) E,L 3

(3.4.11.4)

structure of North American chinook salmon stocks.
The general locations of baseline samples and mixed
fisheries are outlined in Figure 1.

The data base of six major groupings used to ana-
lyze the ocean fisheries was derived from the data
of the 88 collections as follows: 1) Contingency tests
were used to combine data for populations lacking
significant allelic differences, thus reducing the
number of groups to 65. 2) GSI estimates were
made from weighted (by catch) samples of genotypic
data from each fishery; based on this information,
those groups estimated by maximum likelihood (see
below and Milner et al. 1983%) to contribute less
than 0.084% (30 fish) to the total catch of all fish-
eries sampled were eliminated. This brought the
number of groups down to 50. 3) Estimates made
for each of the 50 groups were combined into the
six major groupings of Table 1 to permit a particular

4Milner, G. B., D. J. Teel, and F. M. Utter. 1983. Genetic stock
identification study. Unpubl. rep., 66 p. Northwest and Alaska
Fisheries Center, National Marine Fisheries Service, NOAA, 2725
Montlake Blvd. E., Seattle, WA 98112. (Final Report of Research
to Bonneville Power Administration, Agreement DE-A179-
82BP28044M001.)

focus on tule and upriver bright stocks in the Colum-
bia River.

Estimates of the composition of the 1 September
gill net fishery in the Columbia River were obtained
for each of the 11 Columbia River fall run collec-
tions and combined as indicated in Table 1.

Population Mixtures

Almost all of the ocean sampling was done at port
of landing. Eye fluid, the only tissue, was collected
in tubes placed on chipped ice, stored in various
freezers, and shipped weekly in a portable freezer
to the laboratory where storage was at —90°C until
preparation for electrophoresis. The September gill
net fishery was sampled for livers only. Samples ob-
tained by Washington Department of Fisheries
(WDF) personnel from fish buyers in Ilwaco and
Chinook, WA, and Astoria, OR, were collected and
shipped on dry ice, and electrophoresis was carried
out immediately following their arrival.

Electrophoretic data were collected only for those
polymorphic loci that were expressed in the collected
tissues:
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eye — Aat-3; Ada-1; Dpep-1; Gpi-3; Gr-1; Idh-3,4;
Ldh-4; Ldh-5; Tapep; Mdh-1,2; Mdh-3,4; Pgm-1;
Pgk-2; Mpi.

liver — Ah-4; Dpep-1; Hagh; Gpi-3; Gr-1; 1dh-3,4;
Tapep; Ldh-4; Mdh-1,2; Mdh-3,4; Pgm-1; Pgk-2;
Mpi; Sod-1 (Table 2).

Mixed Fishery Analysis

Maximum likelihood estimates of proportionate
contributions of baseline populations to different
population mixtures were obtained by the pro-
cedures described in Milner et al. (fn. 4). Through
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an iterative procedure (the EM algorithm, Demp-
ster et al. 1977), the estimates are obtained using
the frequencies of genotypes in the mixtures and
in the baseline populations. Standard deviations of
indiviual and pooled estimates were based on an
asymptotic variance as described in Milner et al. (fn.
4). These variances were found to be consistently
higher than empirically derived variances within the
sample sizes of the present study (Milner et al. fn.
4). The geographic range of mixed fisheries sampled
in this study was from the Strait of Juan de Fuca
southward through the mouth of the Columbia River
to the northern coast of Oregon (Fig. 1).

TaBLE 3.—Estimated proportions of stock groups and subgroups in fisheries of 1983.

Fishery
class’ Number in
area® Stock group sample
month® (Estimated contribution and in parentheses standard deviation) [fishery]
1a 1b 2a 2b 2c 3 4 5 6
Cc 1 5 0.350 0.130 0.009 0.010 0.008 0.147 0.049 0.092 0.202 1,243
(0.022) (0.020) (0.042) (0.036) (0.038) (0.034) (0.052) (0.079) (0.037) [10,870]
2 0.393 0.228 0.010 0.001 0.002 0.100 0.019 0.080 0.187 2,050
(0.044) (0.047) (0.052) (0.021) (0.069) (0.041) (0.101) {0.101) (0.055) [23,780]
3 0.456 0.054 0.022 0.004 0.009 0.168 0.124 0.042 0.122 319
(0.183) (0.187) (0.488) (0.282) (0.523) (0.314) (0.471) (0.873) (0.449) [1,600]
4 0.375 0.054 0.007 0.003 0.004 0.133 0.189 0.081 0.153 600
(0.076) (0.111) (0.212) (0.112) (0.255) (0.098) (0.385) (0.430) (0.226)  [4,062]
14 0.362 0.187 0.013 0.001 0.004 0.121 0.047 0.079 0.187 3,475
(0.002) (0.003) (0.005) (0.007) (0.009) (0.007) (0.010) (0.007) (0.004) [40,314]
2 7 0515 0.156 0.014 0.001 0.011 0.123 0.035 0.047 0.10t 1,044
(0.068) (0.073) (0.180) (0.120) (0.195) (0.090) (0.296) (0.263) (0.114)  [4,965]
3 0.225 0.214 0.032 0.000 0.012 0.069 0.115 0.191 0.142 784
(0.060) (0.104) (0.161) (0.105) (0.166) (0.140) (0.109) (0.287) (0.162) [3,511]
4 0.341 0.078 0.016 0.013 0.016 0.101 0.160 0.148 0.126 1,243
(0.045) (0.066) (0.111) (0.071) (0.123) (0.075) (0.093) (0.185) (0.089) [5,739]
2-4 0.353 0.143 0.019 0.007 0.026 0.111 0.087 0.133 0.121 2,989
(0.032) (0.039) (0.074) (0.037) (0.069) (0.047) (0.046) (0.104) (0.060) [14,214]
14 57 0.366 0.187 0.014 0.001 0.006 0.101 0.056 0.090 0.181 4,701
(0.001) (0.001) (0.004) (0.003) (0.005) (0.003) (0.005) (0.006) (0.003) [54,527]
1 34 0.298 0.197 0.021 0.002 0.019 0.163 0.126 0.061 0.114 462
(0.113) (0.129) (0.391) (0.248) (0.304) (0.149) (0.161) (0.622) (0.261) [3,923]
4a 0.357 0.054 0.003 0.002 0.003 0.076 0.409 0.022 0.082 428
(0.095) (0.125) (0.477) (0.226) (0.277) (0.166) (0.426) (0.663) (0.358) [2,283]
3-4a 0.330 0.115 0.012 0.003 0.008 0.171 0.221 0.032 0.109 731
(0.064) (0.082) (0.259) (0.130) (0.243) (0.098) (0.448) (0.409) (0.202) [6,2086]
S 12 6 0218 0.158 0.011 0.000 0.015 0.085 0.014 0.099 0.399 1,633
(0.045) (0.080) (0.128) (0.076) (0.124) (0.093) (0.147) (0.177) (0.092) [13,232]
1 67 0202 0.266 0.017 0.001 0.010 0.125 0.029 0.079 0.271 1,530
(0.007) (0.010) (0.028) (0.016) (0.024) (0.018) (0.032) (0.063) (0.024) [9,581]
2 0.294 0.215 0.005 0.000 0.006 0.009 0.037 0.114 0228 1,760
(0.008) (0.017) (0.031) (0.013) (0.033) (0.024) (0.044) (0.047) (0.015) [15,522]
1-2 0.247 0.263 0.008 0.000 0.009 0.122 0.046 0.107 0.198 2,846
(0.006) (0.007) (0.014) (0.007) (0.016) (0.010) (0.018) (0.023) (0.007) [25,103]
78 0326 0.217 0.014 0.000 0.011 0.048 0.069 0.070 0.232 368
(0.165) (0.238) (0.849) (0.780) (0.563) (0.548) (0.981) (1.58) (0.747) [2,483]
8-9 0.240 0.228 0.009 0.047 0.040 0.057 0.088 0.137 0.155 739
(0.076) (0.110) (0.304) (0.205) (0.251) (0.146) (0.435) (0.517) (0.208) [6,066]
59 0.251 0.211 0.007 0.001 0.013 0.118 0.044 0.096 0.259 5,316
(0.001) (0.002) (0.004) (0.003) (0.005) (0.003) (0.008) (0.007) (0.003) [46,884]
C CR 9 0.780 0.146 0.011 0.052 0.007 0004 — — — 2,040
(<0.001) (0.001) (0.001) (<0.001) (<0.001) (<0.001) [15,668]
iC = commercial, | = Indian, S = Sport.
2Areas are as indicated in Figure 1.
3in sport fishery, dates for month are 6 = 5-29 - 6-17, 7 = 6-18 — 7-29, 9 = 8-16 — 9-11; in Columbia River ial fishery

9 = 9-1 only.
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DISTRIBUTIONS OF STOCK GROUPS
IN OCEAN FISHERIES

Estimated contributions to different fisheries by
the two tule and three upriver bright subgroups, and
by the four other geographic groupings, are listed
in Table 3. Some of the major features of Table 3
are graphically projected in Figure 2. A stock struc-
ture that varies with regard to both time and area
is evident.

Some consistency over time is seen in comparisons
of the May and July commerecial troll catches in sam-
pling areas 2 and 4. Notable features in sampling
area 2 include the overall predominance of the tule
stocks and a minimal contribution of Puget Sound
and Canadian fish. Sampling area 4 has a smaller
tule contribution and a substantially larger propor-
tion of Puget Sound and Canadian fish,

Although comparisons of the sport and commer-
cial fisheries are limited by somewhat different
sampling areas, a greater proportion of California

<7, 1 California

Washi Oregon coast

] Puget Sound-British Columbia
Other Columbia River stocks
Upriver brights
Tule-Kalama, Cowlitz

fish is taken in the sport fisheries. This is seen par-
ticularly in the early fishery. More intense sam-
pling in area 1 may account for some of the early
differences, but the data of Table 3 suggest a per-
sistent trend even in common times and sampling
areas.

The Indian troll fishery provided the only infor-
mation from sampling area 4B. The most distine-
tive feature of this fishery was the high proportion
(41%) of the Puget Sound and Canadian group. This
figure was more than double the estimated contribu-
tion of this group in any other fishery.

The ocean fisheries off the Washington coast are
notable for the usually negligible representation of
upriver bright stocks. The highest estimated contri-
bution (9.6%) occurred in the sport fishery of 16
August-11 September which was the largest fishery
sampled. The timing and distribution of upriver
bright fish will be considered in greater detail below.

Estimated distributions for the May 1982 and
1983 troll fisheries were compared (Table 4), reveal-

Number

in fishery Catch

Tuie-Spring Creek group {thousands)  area Dste
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i e
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FIGURE 2.—Estimated contributions of seven stock groups in different ocean fisheries.
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TABLE 4.—Comparisons of estimated percentage stock group contributions to May
troll fisheries of 1982 and 1983 within sampling areas 1 and 4 and 1 through 4.

Percentage catch estimated from sampling area

1 4 1 through 4
1982 1983 1982 1983 1982'" 1983
Stock group (1,414)> (1,243) (448) (600) (2,504) (3.475)

Columbia River

Tule 78.2 48.2 45.6 429 76.5 54.9

Upriver bright 4.0 27 88 1.0 43 1.8

All groups 88.9 656 668 576 909 69.5

California 53 20.2 44 153 2.8 18.3

Oregon-Washington coast 3.8 9.2 9.7 8.1 2.9 7.9

Puget Sound-Canada 1.9 49 292 189 34 47

1Data from Miller et al. 1983.

2Values in parentheses designate number of fish sampled.

ing considerable dissimilarity as well as some
consistency. A much larger proportion of tules and
a correspondingly smaller contribution of Califor-
nia fish was seen in 1982 in sampling areas 1
through 4.

The comparisons of estimates within sampling
areas 1 and 4 differed between both sampling areas
and years. For each year, estimates within sampling
area 1 were similar to the estimates based on the
total sample. Estimates from sampling area 4 were
consistent with those of the total sample but with
a larger proportion of California fish estimated in
1983 and substantially larger Puget Sound-Canadian
stock group and smaller tule estimates. These obser-
vations are consistent with the location of sampling
area 4 at the southern point of entry for most of the
populations destined for Puget Sound and British
Columbia, and are reinforced by the high propor-
tion of fish estimated for this stock group in sam-
pling area 4B.

The much higher total harvest of the 1982 May
troll fishery (73,196; Miller et al. 1983) than in the
same fishery for 1983 (40,312) accentuates the dif-
ference in numbers of tules taken (approximately
56,000 vs. 22,700).

The numbers of tule group fish returning to the
mouth of the Columbia River and to hatcheries (i.e.,
spawning escapement) were also much lower in 1983
(Washington Department of Fisheries 1984%) and
were insufficient to fulfill hatchery requirements.
This contrast was attributed to a climatological
phenomenon termed “El Nifio” that affected the
oceanic distribution and survival of many species
beginning in 1983 (Mysak 1986).

5Washington Department of Fisheries. 1984. Status of fall
chinook stocks in the northern Oregon through Vancouver Island
ocean fishing areas. Unpubl. rep., 35 p. Department of Salmon
Harvest Management, Washington Department of Fisheries, 115
General Administration Building, Qlympia, WA 98504.

20

DISTRIBUTION AND
RELATIVE CONTRIBUTIONS OF
TULES AND UPRIVER BRIGHTS

The actual and potential value of tule and upriver
bright runs in the sampling areas of this study war-
rant a more detailed focus on the abundance of these
stocks and their subgroups. The great value of tule
stocks in ocean fisheries off the Washington coast
has been demonstrated from these and other data
(e.g., Miller et al. 1988). Although a similar value
for upriver brights in either oceanic or river harvests
is not yet apparent, it is premature to assign a lesser
value to these runs because of geographic and tem-
poral limitations of sampling. Indeed, data from
coded wire tags (Table 5) indicate a distinctly differ-
ent oceanic distribution of tules and upriver brights.
Over half of the recoveries of the tagged fish from
the tule stock (Spring Creek) were harvested off the
‘Washington coast. However, only about 5% of the
tagged fish from upriver bright stocks were re-
covered in this area, with over 90% harvested in
waters of Alaska and British Columbia.

The substantially increased contribution of upriver
brights in the late sport fishery (Table 3, Fig. 2) is
consistent with a late migratory surge of these fish.
Clearly, based on distributions indicated through tag
data in Table 5, the upriver brights contribute
heavily to fisheries in areas north of those sampled
in this study. However, they were estimated at
sizable numbers only very late in this study presum-
ably enroute through the areas sampled to their
spawning grounds.

The tules and upriver brights have been con-
sidered as unit populations to this point. The sub-
group data indicate considerable heterogeneity
within both groups with regard to time, area, and
fishery. Comparisons of the two tule subgroups
(Table 3, Fig. 2) indicate a considerable difference



UTTER ET AL.: STOCK COMPOSITION OF 1983 CHINOOK SALMON

TABLE 5.—Summary of distribution of oceanic coded wire tag recoveries (N)
of 1975 brood year fall chinook salmon from the Snake River, and Priest Rapids

and Spring Creek hatcheries.

Recovery area

Source and  Sample Canada Washing- Total
type of stock size Alaska (B.C.) ton Oregon no. fish
Snake River’ N 176 272 21 1" 480
(upriver bright) % 36.7 56.7 4.3 23
Priest Rapids? N 1,314 1,597 17 13 3,095
(upriver bright) % 42.4 51.9 5.4 0.3
Spring Creek? N 0 984 1,319 147 2,450
(tule) % - 0 40.2 53.8 6.0

1Data from L. Gilbreath, Northwest and Alaska Fisheries Center, Seattle WA 98112, pers.

commun. September 1984.

2Data obtained from Pacific Marine Fisheries Commission in 1983,

in their relative frequencies. In both May and July,
the proportion of the Cowlitz-Kalama subgroup
(group 1b) to the overall tule contribution in the com-
mercial fisheries was considerably higher in sam-
pling area 2 (average 30%) than in sampling area
4 (average 16%). The proportion of this subgroup
was highest in the sport fisheries, approaching
equality (46%) with the Spring Creek subgroup (1a)
in the overall data set and predominating in the
June-July fisheries (52%). The Spring Creek sub-
group strongly predominated in the tule catch of the
river fishery of 1 September (84%, Table 3).

The relative contributions of the three upriver
bright subgroups vary considerably in the ocean
fisheries (Table 8, Fig. 8). The most notable feature
is the absence or negligible contribution of the Priest
Rapids subgroup (2b) in all but the last ocean fishery
that was sampled, where this subgroup contributes

] Snake River
( /A Priest Rapids
PASCH  Deschutes

Commercial
troll

a substantial proportion (49%) of the total estimated
upriver bright harvest. This finding was unexpected
because this subgroup is by far the largest contrib-
utor to the overall upriver bright production (Pat-
tillo and MecIsaac 1982). The data of the 1 September
river fishery are more consistent with expectations,
with 83% of the upriver bright catch estimated to
be from the Priest Rapids subgroup. The low esti-
mated contribution of this subgroup to ocean fish-
eries cannot be explained by the large standard
deviations accompanying most estimates because
the more precise pooled estimates (Table 3) also in-
dicate a small Priest Rapids contribution.

MANAGEMENT CONSIDERATIONS

The difference in relative proportions of the two
tule groups, based largely on class of fishery and

Estimated

number in

fishery Catch
{hundreds) area Date

1-4 May

14 July

May 28—
1-2 June 17

Sport
fishery

June 18—
=2 Yne 29

Aug 16—
1-2 Sept 11
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Percent of upriver bright contribution to fishery

FIGURE 8.—Estimated proportions of three upriver bright stocks to different ocean
fisheries.
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area, has implications for management. The higher
representation of the Cowlitz-Kalama subgroup in
the sport fisheries than in the troll fisheries of com-
mon times and areas suggests a greater suscep-
tibility of this subgroup to sport harvests. In addi-
tion, the relative abundance of the Cowlitz-Kalama
subgroup compared with the Spring Creek subgroup
was higher in more southern areas for both commer-
cial and sport fisheries. If these trends continue to
be observed, different management strategies could
be applied for these groups when warranted.

The low estimates of the Priest Rapids subgroup
of upriver brights relative to the two less abundant
subgroups suggest different oceanic distributions of
these subgroups. However, the coded wire tagging
data (Table 5) indicate that at least the Snake River
and Priest Rapids subgroups are harvested much
more intensely in areas to the north of those sam-
pled in this study (no tagging data were available
for the Deschutes subgroup). Any attempts to iden-
tify and protect the weaker subgroups within the
sampling areas of this study would be futile unless
similar efforts could be applied to these much larger
catches in more northern areas.

A general occurrence of larger proportions of
Puget Sound and Canadian fish in the northern sam-
pling areas is suggested by the similar observations
for 2 consecutive years and by the particularly high
estimates for these fish in area 4B. Since 1983, more
detailed GSI estimates from area 4B have, in fact,
been used by the WDF to monitor and regulate
chinook salmon fisheries in the Strait of Juan de
Fuca and Puget Sound areas.

Preliminary results from the September gill net
fishery in the lower Columbia River (based on a sub-
sampling of 500 fish) were available on the day
following the collection of the samples. This poten-
tial for rapid turnaround time increases the value
of the GSI as a management tool by permitting in-
season regulatory adjustments. Such information
would allow greater harvest of a healthy stock while
continuing to provide for maximum protection of a
depressed stock. For example, in years when bright
fish are expected to return in great abundance and
tules in low abundance, the GSI method could be
used to monitor extended fall gill net fisheries to
time the entry of tules. When ratios of tules to
brights became unfavorable, fisheries could be
curtailed.

It is important to emphasize the arbitrary nature
of many of this study’s groupings, which were neces-
sary to provide a manageable basis for reporting.
A focus on the tule and upriver bright contributions
was appropriate because of the extensive baseline
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data from the Columbia River drainage, the domi-
nance of the tule runs in ocean fisheries, and the
distinct oceanic distributions of the tule and upriver
bright groups. However, a similar focus on other
groupings (e.g., Columbia River spring runs or wild
and hatchery stocks of the Oregon coast) is equally
feasible, and could easily provide a basis for more
detailed information on the distributions of in-
dividual populations within such groups.

The completeness and the reliability of the sets
of baseline data that are used affects the accuracy
of GSI estimates. This study’s focus on the contribu-
tion of Columbia River populations to stock mixtures
in ocean areas adjacent to the mouth of the Colum-
bia River was appropriate for the sets of baseline
data that were used. Most estimates were obtained
through a data base that included most of the major
contributing groups within the Columbia River and
allele frequency data from 17 polymorphic loci.
These same baseline data can be used over succes-
sive years, providing the allele frequencies remain
stable among year classes and over succeeding
generations. Such stability has been observed for
some loci and populations of anadromous salmonids
(e.g., Utter et al. 1980; Grant et al. 1980; Altukhov
1981).

This temptation to regard the present baseline
data as a static entity should nevertheless be re-
sisted for a number of reasons. Gene flow, genetic
drift, and selection could modify allelic frequencies
over extended time periods; thus, periodic updating
of previously sampled populations is desirable. Tem-
poral changes in allele frequencies of chinook salm-
on have been reported (Carl and Healey 1984; Kris-
tiansson and McIntyre 1976). The extensive stock
transplantations of chinook salmon within the
Columbia River make the possibility of gene flow
particularly likely for the focal populations of this
study. Hatchery populations perpetuated by limited
numbers of breeders are particularly susceptible to
allele frequency changes through genetic drift
(Allendorf and Ryman 1987). Previously unsampled
baseline populations should be added, particularly
in areas where limited sampling has occurred, to in-
crease the accuracy and broaden the usable range
of analyses. The discriminatory powers of GSI
analyses are substantially increased as new variable
loci are added (see Milner et al. fn. 4). The con-
tinuing search for additional markers requires col-
lection of electrophoretic data from previously
sampled populations for each new variable locus that
is found.

Increasing application of procedures used in this
study seems virtually inevitable in view of the per-
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sistent need to understand the composition of stock
mixtures of salmonids (and other structured groups)
better. The obvious management potential of such
uses is matched by increased understanding of popu-
lation structuring and of migratory behavior that
will emerge as information accumulates.
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ON THE STANDARD METABOLIC RATES OF TROPICAL TUNAS,

INCLUDING THE EFFECT OF BODY SIZE AND
ACUTE TEMPERATURE CHANGE

RICHARD W. BRILL!

ABSTRACT

The standard metabolic rates (SMR's) of fishes and the effect of body weight on SMR's are important
input parameters to energetics, growth, and population models. This study was undertaken to obtain
these data for the tropical tuna species, yellowfin tuna, Thunnus albacares, and kawakawa, Euthynnus
affinis. These data compliment similar SMR measurements from skipjack tuna, Katsuwonus pelamis,
previously published. The effect of acute temperature change on the SMR of all three species was also
determined.

The SMR was estimated by directly measuring the oxygen uptake rate of animals paralyzed with
a neuromuscular blocking drug, rather than by the more commonly used method of extrapolation of swim-
ming speed-metabolic rate curves back to zero swimming speed. To test the adequacy of this technique,
the SMR'’s of aholehole, Kuhlia sandvicensis, and rainbow trout, Salmo gairdnerii, were determined
using similar methodology. The SMR's measured in this way were not significantly different from the
published SMR’s of these species determined by extrapolation of swimming speed-metabolic rate curves
back to zero swimming speed.

All three tuna species have very high SMR’s, over five times higher than other active teleost species
such as salmon and trout. The effect of body size on the SMR is similar in all three tuna species, but
the weight specific SMR of tuna decreases more rapidly with increasing body size than in other fishes.
Based on SMR’s measured at 20° and 25°C, the Q,,’s were 3.16, 2.31, and 2.44 for yellowfin tuna,
kawakawa, and skipjack tuna, respectively. These are similar to Q,, values found for the SMR’s of other
teleosts.

Tunas can achieve exceptionally high maximum aerobic metabolic rates. This ability requires a com-
plete set of anatomical, physiological, and biochemical adaptations. I hypothesize that one of these adap-
tations, large gill surface areas, causes tunas to have exceptionally high energy demands even at rest.
Tunas’ high SMR's are an inevitable consequence of their ability to achieve exceptionally high maximum

aerobic metabolic rates.

The standard metabolic rate (SMR) (the metabolic
rate of a postabsorptive animal completely at rest)
and the effect of body size on SMR are important
input parameters to growth, energetics, and popula-
tion models (e.g., Sharp and Francis 1976; Kitchell
et al. 1978). This study was therefore undertaken
to obtain these data for yellowfin tuna, Thunnus
albacares, and kawakawa, Euthynnus affinis. These
measurements were designed to directly compli-
ment the SMR measurements for skipjack tuna,
Katsuwonus pelamis, that had been previously pub-
lished (Brill 1979). The effect of acute temperature
change on the SMR of skipjack tuna, yellowfin tuna,
and kawakawa was also determined. The effect of
acute temperature change, as opposed to the effect
of temperature adaptation, is relevant to tuna be-
cause of the 5° to 15°C water temperature changes

1Southwest Fisheries Center Honolulu Laboratory, National
Marine Fisheries Service, NOAA, 2570 Dole Street, Honolulu, HI
96822-2396.

Manuscript accepted November 1986.
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these species normally experience during the daily
vertical movements which are a constant feature of
their behavior in the open ocean (Dizon et al. 1978;
Carey and Olson 1982; Yonemori 1982).

In other teleosts, SMR’s have been determined
by extrapolating metabolic rate-swimming speed
curves back to zero swimming speed (e.g., Brett
1965). Although Graham and Laurs (1982) have suc-
cessfully measured the metabolic rate of albacore,
T. alalunga, (a temperate tuna species) swimming
in a water tunnel, this methodology is presently not
possible with tropical tunas (skipjack tuna, yellow-
fin tuna, and kawakawa). Attempts to get these
species to swim in several prototype water tunnel
designs have shown that they will do so for only very
short periods (Brill and Dizon 1979 and unpublished
observations). As a result, measuring the SMR’s of
tropical tunas directly in animals paralyzed with a
neuromuscular blocking agent is currently the only
method available to obtain these data.

To validate this technique, the SMR's of rainbow
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trout, Salmo gairdneri, and aholehole, Kuhlia sand-
vicensis, were also measured using paralyzed ani-
mals. These two species were chosen because they
are available in Hawaii and because there are pub-
lished data on their SMR’s based on extrapolation
of swimming speed-metabolic rate curves back to
zero swimming speed (Muir et al. 1965; Bushnell et
al. 1984).

The SMR of a 1 kg skipjack tuna (412 mg O,/h,
Brill 1979), is almost five times greater than that
of a 1 kg sockeye salmon, Oncorhynchus nerka (83
mg O,/h, Brett and Glass 1973). The former mea-
surements were made at 25°C and the latter at
20°C, because 25°C is the upper lethal temperature
for salmon (Brett 1972). However, a 5°C tempera-
ture difference could not account for this SMR dif-
ference because the Q,y’s for the SMR’s of fishes
are generally about 2 (Robinson et al. 1983). The
maximum sustainable aerobic metabolic rate (MMR,
the metabolic rate at the maximum swimming speed
sustainable for at least 1 h) of a 1 kg sockeye salmon
at 20°C is 796 mg O,/(kg-h), whereas 1.8-2.2 kg
skipjack tuna at 24°C have been shown to be able
to achieve active metabolic rates over 2,000 mg
0,/(kg-h).(Gooding et al. 1981). Although there are
no metabolic rate measurements available for tunas
at their maximum sustainable swimming speeds,
two conclusions are still obvious: 1) skipjack tuna
have very high SMR'’s even when compared with
other active equal sized teleosts and 2) skipjack tuna
are capable of very high aerobic metabolic rates.

I hypothesize that the high SMR’s of tunas are
primarily a result of their large gill surface areas
(Hughes 1979). In other words, adaptations that per-
mit high maximum sustainable rates of oxygen up-
take (i.e., high MMR’s) obligate tunas to have high
SMR’s. Analogous arguments with respect to the
resting and maximal metabolic rates of terrestrial
vertebrates have been presented by Bennett and
Ruben (1979).

MATERIALS AND METHODS

SMR Measurements-Tuna

Live skipjack tuna, yellowfin tuna, and kawakawa
were purchased from local fishermen and main-
tained at the Kewalo Research Facility (Southwest
Fisheries Center Honolulu Laboratory, National
Marine Fisheries Service, NOAA). Animal procure-
ment, handling, and maintenance procedures at this
facility are described by Nakamura (1972), Queenth
and Brill,2 and Chang et al.® Fishes were main-
tained in outdoor tanks for a few days to over 1 yr
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before use. Temperature of the seawater supplied
to the holding tanks was 25°C (+2). Food was pre-
sented daily; however, individuals were not fed for
at least 20 h prior to use in an experiment. This
allowed sufficient time for gut clearance and for
blood glucose level to return to prefeeding levels
{(Magnuson 1969).

Each experimental animal was removed from its
holding tank by dip net and injected intramuscular-
ly with 1-8 mg/kg of the neuromuscular blocking
agent Flaxedil* (gallamine triethiodide). The animal
was quickly returned to its holding tank, and when
it could no longer swim, it was immediately rushed
into the laboratory and placed in a Plexiglas flow-
through box respirometer similar to that used by
Stevens (1972). The respirometer was equipped with
a movable partition which was placed immediately
behind the fish to reduce the respirometer’s volume
and, thus, reduce the lag time between actual and
measured changes in metabolic rate to only minutes
(Niimi 1978). Water flow through the respirometer
was maintained at 3-7 L/(kg- min) and was measured
every 30-60 min by recording the time to filla 1 L
graduated cylinder. Water temperature was con-
trolled by a chiller and freshwater heat exchanger
and by a quartz heater mounted in the inflow sea-
water line. Temperature control was +0.3°C.

Unlike the previous study on the SMR of skipjack
tuna (Brill 1979), the spinal cord was not cut to stop
all overt muscular activity. Rather, an 18-gauge
hypodermic needle was placed intramuscularly and
connected to the outside of the respirometer via a
short length of polyethylene tubing. Through this
tube, 0.1-0.3 mL doses of Flaxedil were adminis-
tered when the fish began to show any slight tail
movements. To monitor heart rate, electrocardio-
gram leads were mounted subcutaneously on the
ventral body surface. Heart rate was determined by
timing the interval between successive beats with
a Hewlett-Packard (HP) 5308A frequency counter.
Thermistors were used to measure fish muscle and
water temperatures. With the aid of an 18-gauge
hypodermic needle, a thermistor bead mounted in
0.9 mm diameter polyethylene tubing was inserted

2Queenth, M. K. K.,and R. W, Brill. 1983. Operations and pro-
cedures manual for visiting scientists at the Kewalo Research
Facility. Southwest Fisheries Center Honolulu Laboratory, Na-
tional Marine Fisheries Service, NOAA, Honolulu, HI 96822-2396,
Administrative Report H-83-7, 16 p.

8Chang, R.K.C,,R. W. Bnll and H. 0. Yoshida. 1983. The
Kewalo Research Faclllty, 1958 to 1983—25 years of progress.
Southwest Fisheries Center Honolulu Laboratory, National Mar-
ine Fisheries Service, NOAA, Honolulu, Hawaii 96822-2396, Ad-
ministrative Report H~83-14. 28 p.

4Reference to trade names does not imply endorsement by the
National Marine Fisheries Service, NOAA.
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into the red muscle immediately adjacent to the
spinal column. Thermistor probes were also
mounted in the incoming seawater line and in the
respirometer box itself. Red muscle and water tem-
peratures were determined by measuring the resis-
tance of the various thermistors with an HP 3456A
digital multimeter.

Oxygen concentration (milligrams per liter) of the
water upstream and downstream of the fish was
determined with a dissolved oxygen meter (Yellow-
springs Instrument, model 51A) equipped with a
Clark-type polarographic electrode oxygen-temper-
ature probe. The probe was normally in the outflow
seawater line, but was moved to the inflow seawater
line to determine inflow seawater oxygen levels
every 30-60 min. The analog output of the oxygen
meter was also measured with the HP digital multi-
meter. An HP 9825A computer was used to control
an HP 5930A six-channel relay actuator which per-
mitted the digital multimeter to determine sequen-
tially the resistances of various thermistors and the
analog output of the oxygen meter. Seawater oxy-
gen level, red muscle and water temperatures, meta-
bolic rate, and heart rate were calculated and
printed by the computer at 5-min intervals.

After being sealed, the respirometer box was
covered with black plastic to minimize disturbance
to the fish. Temperature of the seawater supplied
to the respirometer was maintained at 21°-22°C for
the first 1-2 h because reduced water temperature
has been shown to help tuna survive after handling
(Barrett and Connor 1964). Seawater temperature
was then changed to either 20° or 25°C, and the
fish maintained at the test temperature until its
metabolic rate remained relatively stable for at least
1 h. The SMR was estimated by averaging the last
5-12 metabolic rate measurements. The standard
deviations of the metabolic rate measurements used
to estimate SMR were <11% of the mean (i.e., SMR)
in all cases, and in 70% of the cases, the standard
deviations were <5% of the mean.

To determine the SMR at a second temperature,
the water temperature was changed to either 20°,
25°, or 30°C, and metabolic rate measurements con-
tinued again until the fish’s metabolic rate remained
stable for 1 h.

SMR Measurements-Aholehole
and Rainbow Trout
Aholehole were obtained from Sea Life Park (Wai-
manalo, HI) and rainbow trout from a commercial

fish farmer (through the University of Hawaii, Hilo).
The former were maintained in an outdoor tank with

running seawater at 25°C (+2) and the latter, in an
indoor tank with running freshwater at 15°C (+2).
Both species were fed daily, but individuals were not
fed for at least 20 h prior to use in an experiment.

The respirometer used for aholehole was essen-
tially identical to that used by Davis and Cameron
(1971) and Jones and Schwarzfeld (1974) to measure
water flow and gas exchange across the gills of rain-
bow trout. The aholehole were anesthetized in 1:
10,000-1:30,000 MS222 (Tricaine methanosulfo-
nate). A thin, rubber membrane was sutured around
the fish’s mouth and sealed with a small amount of
tissue glue (Histoacryl, B. Braun Melsungen AG,
West Germany). The fish was then placed in a black
Plexiglas box that was open at both ends. This box
was then placed in a larger tank that was divided
into two chambers by a partition with a hole through
it. The membrane sealed around the fish’s jaws was
attached to the edge of the hole and sealed in place
with a Plexiglas plate held with stainless steel wing
nuts. This system allowed separation of the inspired
and expired water, yet allowed the fish to make nor-
mal respiratory movements. Water level in the two
chambers was maintained by standpipes (constant
level drains). Ventilation volume was determined by
measuring the water flow rate from the standpipe
in the chamber containing the fish. By lowering this
standpipe, the fish could be force-ventilated.

Water samples were drawn from the anterior
chamber, and from the black Plexiglas box contain-
ing the fish, approximately every 15 to 20 min.
Water oxygen level was determined with a water-
jacketed oxygen electrode (Radiometer, Copen-
hagen) maintained at 25°C. Metabolic rate was
calculated using the oxygen content difference be-
tween inspired and expired water and the ventila-
tion volume.

Aholehole were given 2 h to recover from the
anesthesia before metabolic rate measurements
were begun. A series of metabolic rate measure-
ments were made with the water level in the two
chambers even and the fish actively pumping water
over its gills, until the its metabolic rate remained
relatively stable for at least 1 h. The water level in
the chamber containing the fish was then lowered
and measurements taken while the animal was being
force-ventilated, continuing again until the meta-
bolic rate stablized. Finally, the fish was given 0.1-
0.3 mL Flaxedil (intramuscularly) and metabolic rate
measurements continued while the animal was para-
lyzed and force-ventilated. In two cases, the fish was
left in the respirometer overnight on forced venti-
lation to allow the effects of Flaxedil to wear off.
Metabolic rate measurements were made again
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before and after Flaxedil injection the next day. The
SMR was calculated as the mean of the last four to
six metaholic rate measurements. Water tempera-
ture was maintained at 25°C (+0.8) throughout the
experiment.

The SMR of rainbow trout was directly deter-
mined in the same respirometry box as that used
for tunas, using essentially identical methodology,
except freshwater was used, inspired and expired
water were sampled, and oxygen levels were mea-
sured with a water-jacketed Radiometer oxygen
electrode.

RESULTS

Effects of Body Size on SMR
The SMR’s of 21 kawakawa (0.540-2.153 kg) and

FISHERY BULLETIN: VOL. 85, NO. 1

18 yellowfin tuna (0.585-3.890 kg) were determined
at 25°C. Regression lines of SMR versus body
weight were fitted by Gauss-Newton iteration (Bio-
medical Computer Programs, Program BMDP 3R),
rather than a log-log transformation of the data (Fig.
1). The advantages of the former and disadvantages
of the latter method are discussed by Zar (1968) and
Glass (1969).
The best fitting allometric equations are

1) Kawakawa:
SMR = 392.5 (+82.3) W04 (£0.145)
n =21

2) Yellowfin tuna:
SMR = 286.8 (+26.9) W0.573(£0.116)
n = 13.

For comparison, the allometric equation relating
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FIGURE 1.—A double logarithmic plot of the standard metabolic rates (SMR) of 13 yellowfin tuna and
21 kawakawa. The lines represent the allometric equations: SMR = 286.8 W%, SMR = 392.5 W 4%,
and SMR = 412.0 W58 for yellowfin tuna, kawakawa, and skipjack tuna, respectively, where the SMR
is mg O./h and W is body weight in kilograms. The line for skipjack tuna is from Brill (1979). For com-
parison, the regression lines based on swimming skipjack tuna (Gooding et al. 1981) and for salmon at
20°C (Brett and Glass 1978) are also shown. All tuna data is from fish at 23°-25°C.
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SMR and body weight in skipjack tuna is (Brill The SMR’s and mean heart rates at 20°, 25°, and

1979) 80°C are given in Table 1. The Q,o's of SMR for
water temperatures changes from 20° to 25°C were

SMR = 412.0 (+27.1) W0:563 (+0.00 variable and ranged from 5.82 to 1.89. The mean

n = 33. Qu’s (£95% confidence intervals) were 2.44

0.97, 2.81 + 0.51,and 3.16 + 0.93 for skipjack tuna,

The SMR is in mg O,/h and W is body weight in  yellowfin tuna, and kawakawa, respectively.
kilograms. The values in parentheses are the stan- The range of mean excess red muscle tempera-
dard errors of the parameters. tures are given in Table 2. These excess muscle
temperatures are lower than those measured in free
swimming yellowfin and skipjack tunas (Dizon and
Effects of Acute Temperature Change Brill 1979). This is as expected because in paralyzed
on SMR, Heart Rate, and tunas, most of the heat production (i.e., energy con-
Excess Red Muscle Temperature sumption) most likely occurs at the heart and gills
where the heat would not be retained by the vascular

A total of 8 kawakawa, 12 yellowfin tuna, and 5 countercurrent heat exchangers.
skipjack tuna were subjected to 5°C temperature

changes. Most temperature changes were made

between 20°C and 25°C, which all fish survived. Ten The SI:R. ‘l’f Ah,l?lehde and

fish were exposed to 25° and 30°C, but only four ainbow 1rout

survived long enough at 30°C to provide usable data. Aholehole, unlike rainbow trout, will not sit quietly
Because of the expense and difficulty in obtaining  in a darkened respirometer box nor stop breathing
live tunas, the latter treatment was not pursued. movements when force-ventilated. Because Flaxedil

TaBLE 1.—Effect of temperature on the standard metabolic rate and heart rate of yellowfin tuna, kawakawa, and skipjack tuna.

Species SMR (mg O, h) Q, Heart rate (min~") Q0
Weight  20°C 25°C 30°C  20°-25°C 25°30°C  20°C 25°C 30°C  20°-25°C 25°30°C
Yellowfin tuna
2.215 470 4+ 47 625 t 53 -_ 1.77 —_ 89 + 1 133 + 2 —_ 2.21 —_
1.438 258 + 8 386 + 21 605 + 13 2.24 2.46 98 + 1 146 + 2 176 + 1 222 1.45
1.635 161 + 17 330 + 17 — 4.20 —_ 81 +2 138 + 2 - 2.89 -
3.890 311 £ 12 501 32 —_ 2.60 —_ 57 + 2 90 + 2 —_ 2.49 —_
0704 112 +6 184 + 6 — 2.70 — 99 + 4 149 t+ 1 - 2.26 —_
0.877 150 + 6 193 + 6 —_ 1.66 —_ 77 + 1 121 £+ 3 - 2.45 -
0.599 103+ 3 166 + 6 —_ 2.60 — 73+ 6 138+ 8 —_— 3.55 —_
0.595 153 + 6 187 + 6 —_ 1.49 —_ 74 + 6 137 £+ 5 —_ 3.41 —_
0.585 154 + 9 199 + 3 266 + 10 1.67 1.73 118 ¢ 1 159 + 3 200 + 2 1.82 1.58
1.290 333 + 4 493 + 17 —_ 2.19 —_ 106 + 1 160 + 2 —_ 2.28 -
Mean: 2.31 210 2.56 1.59
Standard deviation: 0.80 0.52 0.56 0.09
Kawakawa
1.439 258 + 12 431 + 19 —_ 2.79 -_ 128 + 1 205 + 8 - 2.57 -—
1.713 331 £ 12 497 1+ 11 —_ 2.25 —_ 147 + 2 213 ¢ 2 —_ 2.10 —_
0.870 170 + 14 410 + 27 -— 5.82 —_ 147 + 4 217 £ 6 —_ 2.18 —_
1283 379+ 9 598 + 25 — 2.49 —_— 146 + 14 206 + 23 - 1.99 -
1.623 363 + 27 640 + 23 — 3.1 —_ 118 + 4 175 £+ 3 _ 2.20 -_
1.377 —_ 543 + 35 761 + 23 —_ 1.96 —_ 200 + 14 272 + 27 —_ 1.85
1.653 309 + 7 560 + 34 _ 3.28 —_— 1656 + 1 221 + 4 - 2.03 —_
0.700 195 + 10 300 + 11 —_ 2.37 —_ 183 + 4 253 1+ 15 —_ 1.91 —_
Mean: 3.16 1.96 2.14 1.85
Standard deviation: 1.23 - 0.22 —
Sklpjack tuna
069 140 £+ 7 263 t+ 22 -_ 3.53 -_ 78 + 28 202 t 4 -_ 6.71 —_
0582 214 +8 282 +6 386 +7 1.87 1.87 148 + 2 237 +9 275 + 20 2.56 1.35
0.425 173+ 6 226 + 11 — 1.71 - 122 + 6 191 ¢ 5 -_ 2.45 -
0.448 179 +9 211+ 8 —_ 1.39 —_ 134 + 8 197 £+ 3 _ 2.16 -
0.629 113+ 6 217 + 7 —_ 3.71 —_ 145 +3 212 £ 3 —_ 2.14 —_
Mean: 2.44 1.87 3.74 1.35
Standard error: 1.09 - 2.11 —
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TABLE 2.—Range of mean (1 SD) excess muscle temperatures in paralyzed tuna.

20°C 25°C 30°C
Tuna Mean SD Mean SD Mean sD
Kawakawa 0.7(£0.2}1.9(+0.3) 0.5(+0.2}-1.5(+0.3) '1.0(0.1)
Yellowfin 0.3(£0.2-1.4(£0.1)  0.0(+0.1)-0.7(£0.2)  0.2(+0.1)-0.4(+0.1)
Skipjack 0.2(+0.1-0.6(+0.1) 0.0{+0.2)}-1.0(+0.2) '0.6(+0.2)

10nly one fish survived long enough to provide useful data.

stops all movements, all fish showed a decrease in
metabolic rate after injection. The decrease ranged
from 10 to 52% (mean 36%).

The directly measured SMR's from four aholehole
and four rainbow trout paralyzed with Flaxedil are
given in Table 3.

DISCUSSION

Adequacy of Directly Measured SMR

Muir et al. (1965) provided a regression equation
for SMR versus weight for aholehole adapted to
23°C freshwater, based on extrapolation of swim-
ming speed-metabolic rate curves back to zero swim-
ming speed. The predicted freshwater SMR’s based
on their regression equation was increased by 75%
to account for the higher osmoregulatory costs of
seawater adapted animals (Nordlie and Leffler
1975). No correction was made for temperature. As
shown in Table 3, in all cases but one, the directly
measured SMR'’s are close to the SMR’s based Muir
et al.’s data when corrected for seawater adapted
animals. With respect to rainbow trout, in all cases
but one, directly measured SMR’s are within one
standard deviation of the SMR’s obtained by extra-
polation to zero swimming speed for rainbow trout
at 15°C obtained by Bushnell et al. (1984). There-
fore, directly measuring SMR’s in Flaxedil-para-
lyzed aholehole and rainbow trout yields data that
are similar to data obtained by the more widely used

method of determining SMR by extrapolation of a
swimming speed-metabolic rate curve back to zero
swimming speed.

Tropical tuna species such as yellowfin, skipjack,
and kawakawa will survive in a swimming tunnel
for only short periods of time. Although other
methods to control swimming speed (such as weight-
ing and fin clipping, Dizon and Brill 1979; Boggs
1984) have been tried, they have met with only
limited success. Therefore, direct measurement of
SMR’s using Flaxedil-paralyzed animals is for now
the only way to obtain these data for tropical tuna
species. As the data from aholehole and rainbow
trout show, direct measure of SMR’s using para-
lyzed animals yields results similar to that obtained
by the more commonly used method of extrapolating
swimming speed-metabolic rate curves back to zero
swimming speed.

The heart rates (+1 SE, at 25°C) observed in this
study were 230 + 20, 206 + 36, 182+ 17/min for skip-
jack tuna, kawakawa, and yellowfin tuna, respec-
tively. These heart rates are higher than those
observed for lightly anesthetized skipjack tuna
(Stevens 1972), and are 60 and 39% higher than
heart rates measured in skipjack and yellowfin tunas
(respectively) that have been immobilized by spinal
blockade with lidocaine and are force ventilated (un-
publ. obs.). The heart rates measured in Flaxedil-
paralyzed animals are, however, within the range
exhibited by free-swimming skipjack tuna (80-240
beats/min, Kanwisher et al. 1974). The higher heart

TaBLE 3.—Standard metabolic rate of aholehole and rainbow trout.

Oxygen consumption {mg O, kg~' h~") + SD

Aholehole Rainbow trout
Woeight Measured Predicted Weight Measured Predicted
@ SMR SMR! ©) ‘ SMR?
65.5 264(+ 12.2) 118 289 53.3(1+3.8) 8251(27.4)
80.9 146(+ 16) 113 401 78.8(+7.0) 82.5+(27.4)
912 3135M27(x 9.9/8.8) 111 403 60.5(+10.9) 82.51(27.4)
1085 3114/162(+11.11 2.0) 106 568 55.5(+9.9) 825%(274)

1Based on Muir et al. (1965) and corrected for saltwater adapted fish based on Nordlie and Leffler

(1975).

2From Bushnell et al. (1984), for 250-350 g fish adapted to 15°C. No corrections for the weight

dependence of SMR were provided.

3SMR determinations made approximately 20 h apart.
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rates observed in paralyzed tunas may be due to the
vagolytic action of Flaxedil (Grollman and Grollman
1970). However, as the data from aholehole and rain-
bow trout show, estimating SMR using animals
paralyzed with Flaxedil and by extrapolation of
swimming speed-metabolic rate curves back to zero
swimming speed yield similar results.

Effect of Body Size and
Acute Temperature Change on SMR

In Figure 1, it appears that the SMR’s of yellow-
fin tuna are lower than those of skipjack tuna and
kawakawa. However, based on the 95% confidence
intervals, the heights of the regression lines (at
mean body weights) are not significantly different
from each other. Based on the 95% confidence inter-
vals, the weight exponents of the regression equa-
tions for kawakawa, yellowfin tuna, and skipjack
tuna also are not significantly different over the size
ranges tested (Fig. 1). In other words, the effect of
body weight on the SMR is not significantly differ-
ent among the three tuna species. The exponent in
the allometric equation describing the effect of body
size on the SMR of other teleosts ranges from ap-
proximately 0.65 to >1 (Winberg 1956; Fry 1957;
Beamish 1964; Beamish and Mookherjii 1964; Glass
1969; Brett 1972). The lower values of the exponents
for tunas indicate that the weight specific SMR®
(i.e., mg O,/(g-h)) of tunas decreases more rapidly
as body size increases than it does for other teleosts.

Gooding et al. (1981) also estimated the SMR of
skipjack tuna. When converted to the same units
used in this study (SMR in mg O,/h and W in kg),
the relationship they found for the effect of body
weight on SMR was

SMR = 234 W19,

The exponent greater than one means that they
predict the weight specific SMR to increase with in-
creasing body size. As shown in Figure 1, Gooding
et al.’s predicted SMR’s are lower than mine for
small fish, but exceed my estimates above approx-
imately 2.5 kg body weight because of the large
weight exponent.

To estimate SMR, Gooding et al. (1981) used a
multiple linear regression equation of the logarithm

sIf the allometric equation to describe the effect of body size on
whole body standard metabolic rate (SMR) is SMR = aW?, then
the corresponding equation to describe weight-specific SMR ver-
sus body weight is SMR/W = o W¥W or SMR' = aWt-1; where
SMR' = weight-specific SMR, W = body weight, and a and b are
fitted parameters.

of metabolic rate versus swimming speed and the
logarithm of body weight, and then extrapolated
back to zero swimming speed. Their data and extra-
polations were based on several groups of different-
sized fish swimming at voluntary speeds in a tank
respirometer. This methodology is not equivalent to
the more conventional one of estimating SMR based
on swimming speed-metabolic rate curves that are
constructed by forcing one fish, swimming in a tun-
nel respirometer, to undergo stepwise increases in
swimming speed during which the fish remains for
at least 1 h at each speed (Brett 1972). Furthermore,
Gooding et al. (1981) expressed swimming speeds
in body lengths per second. Boggs (1984) has shown
that this will cause appreciable bias when fitting
multiple linear regression equations because the
effect of the body size on active metabolic rate is
different at"different swimming speeds.

The Effect of Acute Temperature
Change on SMR and Heart Rate

As shown in Table 1, the Q;,’s (effect of tempera-
ture) for the SMR’s of skipjack tuna, yellowfin tuna,
and kawakawa are the same. They are also close to
the Q,o’s for SMR's of other teleost species sub-
jected to acute temperature change (Q;, = 2.16,
Moffitt and Crawshaw 1983; Qo = 2.10, Boehlert
1978), and for the effect of temperature on SMR
where fish were acclimated to each test tempera-
ture (Qyy = 2.48, Ott et al. 1980; Q;p = 1.82-2.83,
Duthie 1982).

This result was not expected since studies on the
effect of temperature change on the metabolic rate
of isolated red and white muscle samples (Gordon
1968, 1972a, 1972b), volitional swimming speed
(Dizon et al. 1978), and preliminary work on active
metabolic rate of skipjack tuna showed all three to
be unaffected by temperature.

Comparing the metabolic rate (1,052 mg O./h,
from Gooding et al. 1981) of a 2.0 kg skipjack tuna
at its minimum swimming speed (1.4 body lengths/
8) to its directly measured SMR (608 mg O,/h, from
Brill 1979), shows that the SMR constitutes 58% of
the minimum swimming metabolic rate. Because
skipjack tuna’s SMR constitutes a large fraction of
their metabolic rate at minimum swimming speeds
and increases as temperature increases, whereas
swimming metabolic rate and volitional swimming
speed do not, increases in muscle efficiency (i.e., in-
creases in thrust developed by the caudal propeller
per unit of O, uptake), reductions in hydrodynamic
drag (perhaps due to reduction in water viscosity),
or unknown physiological adjustments must occur
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when ambient temperature increases to keep active
metabolic rate temperature independent.

The effect of water temperature (20°-25°C) on
heart rate was variable (Q,,’s ranged from 6.71 to
1.82). The mean values (+95% confidence intervals)
of 8.74 (+£1.9), 2.56 (+0.35), 2.14 (+0.17) for skip-
jack tuna, yellowfin tuna, and kawakawa, respec-
tively, are not significantly different from each other
and are close to the Qo (2-3) found for the effect
of temperature on the heart rate of lingcod, Ophio-
don elongatus, (Stevens et al. 1972).

Why Are The SMR’s of Tunas So High?

Also shown in Figure 1 is the SMR-body weight
relationship for sockeye salmon at 20°C, taken from
Brett and Glass (1973). Even with the differences
in the slopes of the lines, it is still apparent that
tunas have remarkably high SMR’s. In the follow-
ing paragraphs, I argue (as did Stevens and Neill
1978; Stevens and Dizon 1982) that tunas are
“‘energy speculators”, gambling high rates of energy
expenditure against high rates of energy return. I
also hypothesize that tunas’ physiology and anatomy
have evolved to increase maximum sustainable (i.e.,
aerobic) metabolic rates (MMR's) and that high
SMR’s are an inevitable consequence of this ability.
In other words, high SMR’s are a result of anatom-
ical and physiological adaptations (primarily large
gill surface areas) associated with high MMR’s.
Tunas have high MMR’s and high SMR’s, whereas
sluggish bottom-dwelling flatfish (e.g., Platichthys
[fleusus) have low MMR’s and low SMR’s (Duthie
1982). Active fish like salmon have MMR’s and
SMR’s intermediate between these two extremes
(Brett 1972).

Advantages of High Maximum
Metabolic Rates

Tunas live in the open ocean, an environment
which provides no shelter and where patches of
forage are widely scattered (Sund et al. 1981). In
this environment, high sustainable swimming speeds
(i.e., high MMR’s) enable tunas to travel quickly be-
tween food patches and to search large volumes of
water in the least amount of time. Also, tunas have
been shown to have very high rates of digestion
(Magnuson 1969), which is advantageous for species
that must be able to fully exploit a food patch when-
ever one is found. Since digestion is an energy con-
suming process, high rates of oxygen delivery and
blood flow are required for high rates of digestion.

Because the pelagic environment provides tuna
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no place to hide and rest while repaying an oxygen
debt, the ability to quickly metabolize lactate is also
advantageous. High MMR'’s therefore allow tuna to
rapidly repay an oxygen debt when one is accum-
ulated. Tuna’s only defense against predators such
as blue marlin, Makaira nigricans, is presumably
a burst of maximum (i.e., anaerobic) swimming.
Prey capture by tunas also must involve some high
speed swimming. Coulson (1979) has argued that the
ability to achieve high rates of anaerobic glycolysis
allows vertebrate ectotherms to successfully com-
pete with vertebrate endotherms, which are capable
of much higher rates of aerobic metabolism. How-
ever, most vertebrate ectotherms, whether terres-
trial or aquatic, must spend long quiescent periods
to metabolize lactate (Coulson et al. 1977). Yet tunas
have the ability to metabolize some of the highest
muscle lactate levels ever recorded in vertebrates
in only a few hours (Barrett and Connor 1964;
Hochachka et al. 1978). Other teleosts may take as
long as 24 h to recover from severe exercise even
though they accumulate lower white muscle lactate
concentrations (Black et al. 1961; Wardle 1978).
Tunas’ vascular heat exchangers appear to also aid
the rapid movement of lactate from the white muscle
where it is produced to the red muscle where it is
presumably metabolized (Stevens and Carey 1981).

Although using different terminology, McNab
(1980) citing terrestrial vertebrates and Pauly (1981)
citing fishes, both argue that given certain con-
straints, high MMR'’s are advantageous because
rates of somatic and gonadal growth are dependent
upon rates of delivery of oxygen and substrate to
the tissues. Indeed, Pauly (1981) has shown that the
growth rates of fishes are proportional to, and per-
haps controlled by, gill surface area. Furthermore,
he suggests that it is maximum rate of oxygen
delivery to the tissues, rather than food supply, that
limits growth rates and that species like tunas,
which have the largest gill surface areas, have the
highest growth rates. Koch and Wieser (1983) have
shown that fish reduce activity levels during periods
of gonadal growth. Tunas cannot make this trade
off. For tunas, it is probably necessary to maintain
a high rate of activity during gonadal synthesis
which, in turn, requires respiratory and cardiovas-
cular systems capable of delivering oxygen and
metabolic substrates to the tissues at high rates.

Adaptations of Tunas For Achieving
High Maximum Metabolic Rates

In a series of studies on the MMR's in land mam-
mals (see Taylor and Weibel 1981, and the papers
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that follow), pulmonary diffusing capacity, mito-
chondrial volume and capillary density in muscles
were shown to be limiting factors in achieving high
MMR’s. From these studies Weibel et al. (1981) pro-
posed that, at maximum rates of aerobic metabo-
lism, there is no excess capacity at any level in the
respiratory chain. In other words, to achieve high
MMR’s, a complete series of anatomical/physiologi-
cal/biochemical adaptations must be present. And,
as shown in Table 4, these adaptations are present
in tunas.

TABLE 4.—Adaptations of tunas for high maximum metabolic rates.

Large gill surface areas

Thin secondary lamella in the
gills Muir and Brown 1971

High hematocrit, high hemoglobin
levels (i.e., high blood O,
carrying capacity)

High maximum cardiac output

Elevated muscle temperatures

Muir and Hughes 1969

Klawe et al. 1963; Jones
et al. 1986

Poupa and Lindstrom 1983

Stevens and Neill 1978

Stevens 1982

George and Stevens 1978

Stevens and Carey 1981

George and Stevens 1978

Hulbert et al. 1979

Hulbert et al. 1979

High muscle myoglobin levels

High muscle mitochondrial
density

High muscle capillary density

High muscle aerobic enzyme

activity levels Guppy et al. 1979

One of tunas’ adaptations for high MMR's are gills
with large respiratory surface areas. However, high
rates of oxygen uptake are inexorably linked with
high osmoregulatory costs, since gills that permit
high rates of oxygen uptake must also permit high
rates of water and ion movements. This is especially
true in marine fishes like tunas where seawater and
blood osmolality are approximately 1,000 and 400
mosm, respectively (Bourke 1983). Rao (1968),
Farmer and Beamish (1969), Nordlie and Leffler
(1975), and Furspan et al. (1984) estimated that the
cost of osmoregulation can account for 27 to 50%
of the SMR. The gills are a main osmoregulatory
effector organ (Evans 1979), and Daxboeck et al.
(1982) found that gill tissue respiration alone can
account for 27% of the SMR in trout. The SMR,
therefore, is obviously strongly influenced by osmo-
regulatory cost, which in turn is strongly influenced
by gill surface area. Ultsch (1973, 1976) came to a
similar conelusion after finding that the SMR’s of
aquatic (i.e., gill breathing) salamanders were con-
trolled by respiratory (i.e., gill) surface area.

Muir and Hughes (1969) measured the total sec-
ondary lamellar gill surface (i.e., respiratory) area
in skipjack tuna, yellowfin tuna, and bluefin tuna,
Thunnus thunnus. They found total secondary
lamellar areas for 1 kg tunas to be an order of

magnitude or more larger than 1 kg bass or roach.
Also, they found gill areas were proportional to body
weight and the exponent to be 0.85 for the combined
data from the three tuna species. This exponent is
significantly different from the exponents I found
for the effect of body weight on SMR’s. It appears
that in tunas, the SMR is not strictly determined
by secondary lamellar surface area, although high
osmoregulatory costs are most likely the main cause
of tunas’ high SMR’s. Also, the difference between
the effet of body size on SMR and gill respiratory
area implies that larger tunas have greater scope
of activity than smaller fishes, as has been shown
to occur in other teleosts (Hughes 1984).
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VARIATIONS IN THE BLOOD CHEMISTRY OF
THE LOGGERHEAD SEA TURTLE, CARETTA CARETTA

PETER L. LUTZ AND ANN DUNBAR-COOPER!

ABSTRACT

The natural blood chemistry profile of loggerhead sea turtles living in Cape Canaveral waters was deter-
mined over a 3-year period. Overall plasma osmotic pressure, potassium, and magnesium values were
similar to those reported for other reptiles, sodium and chloride was much less than for sea snakes. Plasma
calcium and glucose values were among the lowest of any reptile. Osmotic pressure, sodium, and potassium
values increased during the warmer months. Chloride and in particular magnesium, glucose, and
hematocrit levels were comparatively constant. Caleium and urea values showed wide variations but no
seasonal trend was apparent. Changes in urea concentrations closely tracked those of osmotic pressure.
Blood lactate values from trawl-captured sea turtles were 10-80 times higher than those from quiescent
sea turtles and caleulations suggest that at least 20 hours is required for full recovery. The complex
changes in blood chemistry observed reflect changes in the sea turtle physiology and biochemistry; signifi-
cant changes from normal in plasma magnesium, potassium, and hematocrit could be useful indicators

of hibernation in sea turtles.

For any animal a knowledge of the normal pattern
and changes in blood chemistry can be related to its
physiological state and can also be used to identify
chronic and pathological conditions. With the excep-
tion of sea turtles, there are many studies and
reviews on seasonal changes in the blood chemistry
of reptiles (Dessauer 1970; Duguy 1970; Gilles-
Baillien 1974; Minnich 1982). Since there is an
urgent need to understand the ecological physiology
of these endangered and threatened species, this
lack of information on sea turtles is undoubtedly due
to the logistical difficulties of long-term sampling
of a wild marine population.

The year-round presence of large numbers of
loggerhead sea turtles, Caretta caretta, in and
around the Port Canaveral ship channel provided
a rare opportunity to study the monthly changes
that occur in the biology of this little understood
group of animals. Such a study was rendered all the
more urgent by finding, in the winter of 1978, num-
erous black stained and apparently torpid turtles
lodged in the mud of the ship channel (Carr et al.
1980). It was suggested that the loggerhead sea
turtle was able to survive prolonged exposure to cold
seawater temperatures (less than 15°C) by partial-
ly lodging in the mud at the bottom of the Port
Canaveral ship channel and by going into a state of
winter dormaney or apparent hibernation (Carr et
al. 1980; Ogren and McVea 1982). If this hypothe-

1Rosenstiel School of Marine and Atmospheric Science, 4600
Rickenbacker Causeway, Miami, FL 33149.
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gis were correct, it would mean that the Cape
Canaveral ship channel was serving as a hibernacu-
lum for this endangered species and the identifica-
tion of features that could confirm hibernation in
these loggerhead sea turtles was of some practical
importance. For this purpose, a study of blood chem-
istry is particularly apt. There is abundant evidence
of significant changes in certain blood constituents
in hibernating mammals (Fisher and Manery 1967;
Soivio and Kristoffersson 1974; Al-Badry and Taha
1983) and there are a few studies showing similar
changes in some reptiles (e.g., freshwater turtles,
Hutton and Goodnight 1957; lizards, Haggag et al.
1965).

The purpose of this study was to establish the nor-
mal seasonal changes in blood chemistry that occur
throughout the year in the Cape Canaveral popula-
tion of loggerhead sea turtles and from this base of
data to identify, if found, those animals that are in
3 state of hibernation.

METHODS

Selected National Marine Fisheries Service
(NMF'S) shrimp trawl turtle surveys of the Port
Canaveral ship channel were accompanied by the
authors from December 1978 to August 1982. On
board ship the activity levels of newly caught logger-
head sea turtles were observed, and body tempera-
ture, weight, and sex recorded. Blood samples were
taken from freshly captured sea turtles, using a
heparinised syringe, from a venous sinus on the
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lateral dorsal region of the neck (Bentley and
Dunbar-Cooper 1980). Some sea turtles were also
resampled after 3, 4, and 5 h on deck. The hemato-
crit was measured on board ship immediately after
taking the sample. Blood cells were centrifuged and
plasma stored on ice for transport to Miami. The
plasma was frozen until used (-4°C).

The items that were measured are as follows:
Plasma osmotic pressure, using a Wescor vapor
pressure osmometer; sodium and potassium conc¢en-
trations, by flame emission spectrophotometry;
calcium and magnesium, by atomic absorption spec-
trophotometry using appropriate standards (Lutz
1972); chloride, using an Aminco Chloridometer; and
urea and glucose, using enzymatic kit techniques
(Sigma).

The blood chemistry values reported are means
+ SD. Statistical differences between groups were
determined with Student’s ¢ test, and level of sig-
nificance was set at P < 0.05 for all compari-
sons.

FISHERY BULLETIN: VOL. 85, NO. 1

RESULTS

Hematocrit

The hematocrit levels of the loggerhead sea turtle
were remarkably constant and were not influenced
by season (Table 1). The range of values was 28-48%,
and the mean 35.4% is very similar to that found
by Dessauer (1970) for the same species (32%). The
sea turtles caught in December 1978 were a strik-
ing exception to this uniformity with very much
lower mean hematocrits (15%) and one individual
having a value as low as 5%.

Loggerhead sea turtles resampled 3-5 h after cap-
ture showed some interesting changes. Four animals
resampled after 3 h on deck showed an average in-
crease in hematocrit of 10.4% (+14.89), for five
animals after 4 h the average increase was 4.8%
(£4.7), and for four animals after 5 h the hiemato-
crit had decreased on average 15.2 (+13.8) from the
initial value. The reason for this change is not clear.

TABLE 1.—Blood chemistry values of loggerhead sea turtles trapped by shrimp trawl in the Port Canaveral

of samples in parentheses. Groups that differ significantly

Date °C Na K Ca Mg Cl

Dec. 21.0 1502 & 13.45 3.7 + 0.81 1.09 + 050 *1.7 + 0.46 109.3 + 11.36
1979 ) @ &) (5] @

Jan. 180  138.1 & 13.07 3.3 + 0.49 1.4 £ 048 219 + 0.30 105.9 + 8.40
1980 (1) (11 (13) (13) (1)

Feb. 160 1292 & 12.7 3.05 + 0.63 118 £ 0.86  1.84 + 0.46 110.5 + 11.71
1980 )] ® ® ® ®

Mar. 180 1422 + 8.95 3.32 £ 0.63 1.04 + 0.38 2.2 + 0.56 108.6 + 4.36
1980 (6) ) @ @ (5)

Apr. 190 1409 i 47 3.58 + 0.37 1.03 + 0.16  2.24 + 0.42 112 + 10.42
1980 @ @ 0] 4 O]

May 230 1393 35 — - 112
1980

June 240 1395 + 5.87 35 + 0.40 0.86 + 0.50 2.20 &+ 0.41 103.5 + 9.02
1980 © ®) ®) ®) ®)

Juy 250 1431 & 555 39 + 0.83 1.08 £ 077 238 + 0.39  *114.4 + 3.34
1980 Y] @ @ @ @

Aug. 280 1395 - 1.58 1.75 121
1980

Sept. — 145.2 + 10.95 3.8 1+ 0.65 1.4 1 0.3 223 + 046 **121.8 + 16.4
1980 ) ®) ®) ® g

Nov. 240 **162.2 + 793 *"4.18 + 149 **2.18 + 0.325 1.49 + 0.77 107.0 £ 3.25
1981 ®) ®) ©) ®) @

Feb. 19.0 142.07 + 21.42 4145 + 069 1.863 + 0.456 1.976 + 0.303  102.7 + 10.58
1982 @ @ ] 5) (10)

Mar. 18.0 1521 + 142 **4.17 4+ 0454 140 + 0.765 2.31 + 0.66 108.86 + 9.88
1982 ©®) 5) (10) ®) (10)

May 245 *1655 + 4.41  *4.08 + 2.04 209 + 041 200 + 0.62 110.3 1 5.62
1982 ()] ® ® @ ©

June 27.0 **168.9 + 409 *"4.6 + 0.48 1.78 £ 083  1.93 3 0.55 108.2 1+ 13.0
1982 ® ()] (10) ®) ®

Aug. —  *159.3 + 15.4 5.14 + 0.83 169 + 096 265 + 0.69 **117.3 + 6.57
1982 (5) ®) (8) (8) 9
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It is too short a time lapse for an erythropoesis
response particularly as sea turtle red cells can have
life spans of 600-800 d (Altman and Brace 1962); but
it is possible that the loggerhead sea turtle has a con-
siderable ability to store and release blood cells on
demand.

Sodium

Plasma sodium increased as the year advanced
with minimal values found in February of each year
followed by a gradual rise to maximums in late sum-
mer and early fall (Table 1). However, the range of
values is very wide (Table 1); the lowest for an in-
dividual was 105.5 mM, the highest 173.0 mM. The
mean sodium concentration for the whole popula-
tion was 145.08 + 13.80 mM (n = 82).

Cbloride .

Like sodium the highest values were found in the

fall (Table 1), but the individual range, 102.7-131.2
mM, was much narrower than that found for sodi-
um. The narrow excursion suggests that chloride is
under comparatively tight control. The population
average, 107.2 + 18.80 mM (n = 86)is very similar
to that reported by Dessauer (1970) (110 mM).

Potassium

The field data showed little change in the absolute
potassium levels (Table 1). The population mean 3.82
+ 0.764 mM (n = 70) is considerably lower than that
found for salt water adapted Malaclemys (8.8 mM,
Dunson 1970). Minimal values were found in early
spring (February) and a gradual rise was seen as
summer advanced.

Calcium

Calcium values ranged quite widely over the sam-
pling period and the results are fairly scattered and

ship channel, December 1979 - August 1982. Unless otherwise stated, units are mM. Mean £ SD, number

from January 1980 group (* P < 0.05; ** P < 0.01).

Osmotic
pressure Hematocrit
Date °C Lactate Glucose Urea mOsm %
Dec. 21.0 —_ —_ 109 + 6.64 3152 + 15.2 *“*15.67 + 8.10
1979 5) 5) (4)
Jan. 18.0 — — 6.19 + 282 3015 + 226 349 + 2.70
1980 (11) (11) (9)
Feb. 16.0 _ -_— 456 + 1.86 300.4 + 20.6 36.1 + 7.18
1980 ® @ o
Mar. 18.0 _ — 5.02 + 1.44 *3248 + 9.06 35.0 ¢ 5.19
1980 ) (6) (8)
r. 19.0 - — **15.5 + 9.72 3405 i 16.09 37.8 + 7.63
1980 O] O] )
May 23.0 — —_ 9.22 334 35.3 + 5.90
1980 @
June 24.0 — — 2.28 + 2.46 305.3 1+ 19.1 343 t 4.35
1980 6) (6) )
July 25.0 —_ —_ 573 + 6.66 *329.4 + 26.27 355 + 6.87
1980 ) Y] )
Aug. 28.0 —_ -_— 6.8 327 329 + 48
1980 ’ 2
Sept. —_ —_ —_ 7.8 + 261 *3326 1 9.81 343 + 489
1980 ®) 5) Q)
Nov. 24.0 - —-_ 943 + 456 *330.1 ¢+ 19.12 353 + 5.27
1981 9) (9) 9)
Feb. 19.0 3.51 + 0.27 1.17 + 0.367 6.78 + 2.04 309.0 + 28.8 33.7 + 5.85
1982 (4) 4) (10) (10) (10)
Mar. 18.0 342 + 1.39 0.98 + 0.468 5.65 + 2.51 309 1+ 9.36 36.1 £ 5.7
1982 4 3) (10) (10) (10)
May 27.0 3.58 + 0.07 1.31 441 + 38 *3204 + 20.3 31.8 + 3.60
1982 3) (10) (10)
June 245 —_ —_ 445 + 2.11 3148 + 109 34.08 + 5.46
1982 ) (9) (6)
Aug. —  **16.2 ¢ 8.1 112 1 0.18 6.19 + 449 *343.3 i 23.1 330 + 2.68
1982 ) ) ©) 9) @)
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no pattern is discernable, peaks being found in
November and May (Table 1). The lowest plasma
calcium for an individual was 0.19 mM and the high-
est 4.90 mM. For the whole population the mean is
1.58 + 0.76 mM (n = 115).

Magnesium

The population mean is 2.10 + 0.542 mM (n = 88).
The lowest and highest values for individuals were
0.96 and 8.80 mM respectively, a smaller excursion
than that found for calcium. It appears that plasma
magnesium levels are under comparatively tight
control.

Osmotic Pressure

The osmotic pressure values showed the greatest
absolute excursion, individuals ranging from 258 to
360 mOsm. The lowest monthly means were found
from January to March of each year (Table 1). The
average osmotic pressure for the whole population
was 821.3 + 24.10 mOsm (r = 117).

Utrea

Plama urea values showed the greatest relative
range in individuals, 0.4-23.8 mM. Interestingly, the
pattern of changes is remarkably similar to that of
the osmotic pressure (Fig. 1), suggesting strongly
that both are linked in some way. The mean value
for the population (6.57 + 5.82 mM, n = 101)is very
similar to that reported for the same species (6.0
mM, Dessauer 1970).

Glucose

In the field blood glucose was remarkably steady
at about 1 mM (Table 1), suggesting that blood glu-

350
340 1
330
320 1
310
300 1
290
280

mOsm

PO VY
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cose levels are highly regulated. This value is con-
siderably lower than that reported earlier for the
loggerhead sea turtle (3.3 mM, Dessauer 1970).

Lactate

For most loggerhead sea turtles the blood lactate
concentrations ranged from 3 to 4 mM shortly after
capture (Table 1). However, noticeably higher lac-
tate values (8.8-16.2 mM) were obtained from sea
turtles caught in a single trawl (August 1982). This
was possibly the result of more severe trawl stress.
Rates of recovery while on deck varied. For 6 in-
dividuals, lactate had declined an average of 16.8%
from the initial value after 8 h; for 4 sea turtles after
4 h, average lactate had declined 52.6%; and for 4
sea turtles lactate had declined 16.4% after 5 h.

DISCUSSION

This study examines, for the first time, the month-
ly changes in the blood chemistry of a marine turtle.
However it must be borne in mind that this is a field
study without “‘controls’” and alterations in body
chemistry and metabolism could be due to intrinsic
biological rhythms cued to extrinsic factors such as
photoperiod or could be directly determined by en-
vironmental changes in, for example, temperature.
As turtles are ectotherms (with the possible excep-
tion of leatherbacks) seasonal changes in tempera-
ture will be accompanied by matching changes in
body temperature. It was not possible, therefore,
to distinguish between temperature effects per se
and changes due to annual rhythms acting as Zeit-
gebers. Temperature effects are the subject of a
separate study (Lutz and Dunbar-Cooper 1984).

The total sample number assembled over the
course of this study for each blood constituent is
very large, as far as we are aware the set is much

120
15 C©
=
-3
110 @
3
s X

N Jda M ™M W S

N Ja M ta W S

Month

FIGURE 1.—Seasonal changes in plasma urea (M) and osmotic pressure (#) in the
loggerhead sea turtle, December 1979 to September 1981 and November 1981 to

August 1982.
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larger than any previous study on reptiles, and
allows some general comments on the composition
of sea turtle blood to be made.

The osmotic pressure found in this study, of 321
mOsm, is significantly lower than that found by
Schoffeniels and Tercafs (1965) for the loggerhead
sea turtle (465 mOsm), and the value 408 mOsm
quoted by Dessauer (1970). It is, however, similar
to that found for other reptiles including crocodiles
and freshwater turtles (about 290 mOsm, Dessauer
1970). The observation, therefore, that marine
turtles have relatively high osmotic pressures (Min-
nich 1982) would appear unwarranted. Plasma sodi-
um and chloride concentrations are so much less
than those reported for the sea snake Pelamis platus
caught in the wild (Na = 210 mM, Cl = 167 mMM,
Dunson and Elhart 1971) that phylogenetic con-
siderations may be involved. Potassium values found
in this study (8.8 mM) fall within the range charae-
teristic of other reptiles (3-6 mM, Dessauer 1970)
arguing against the observation that sea turtles have
peculiarly high potassium concentrations (Dessauer
1970). Magnesium values are similar to those re-
ported for other turtles, including sea turtles (Min-
nich 1982) but calcium is rather low (1.5 mM this
study, 3.1 mM quoted by Dessauer 1970). As men-
tioned above, the hematocrit, glucose, and urea data
agree with earlier estimations.

The changes observed in this study are of con-
siderably physiological significance if internal ionic
concentrations are used to regulate the activity of
ion sensitive metabolic pathways (Lutz 1975) par-
ticularly if some salts, such as Na, K, and Cl, have
highly perturbing effects on enzyme function
(Hochachka and Somero 1984).

The contrast between the behaviour of sodium and
chloride is of interest. Sodium shows a wide excur-
sion in values throughout the year with several
peaks and troughs but tends to rise as the year pro-
gresses. Compared with sodium, chloride is rela-
tively constant and the minor changes that do occur
do not match in time with those of sodium. Although
both ions account for most of the plasma osmotic
pressure (78.5%), neither by themselves was sig-
nificantly related to osmotic pressure. Changes in
either sodium or chloride do not determine changes
in osmotic pressure. Lance (1976) found likewise
that plasma sodium showed a much wider excursion
than plasma chloride in the cobra Naja naja, but in
this species only a single summer sodium peak was
seen. It is noteworthy that the lowest sodium values
were found in the coldest month (February 1980,
Table 1). A winter decrease in plasma sodium has
been found for several freshwater turtle species,

particularly those hibernating (Gilles-Baillien 1974).
We found that plasma potassium increased as the
summer progressed and laboratory data suggests
that this may be a temperature related phenome-
non (Lutz and Dunbar-Cooper 1984). A rise in
plasma potassium during the warmer months has
also been observed in the lizard Trachysaurus
rugosus and the terrapin Malaclemys centreta
(Gilles-Baillien 1973). However, the pattern is not
constant; a fall has been seen in Varanus grisus
(Haggag et al. 1965) and no change seen in Pseu-
demys seripta (Hutton and Goodnight 1957).

Although highly variable, calcium values are low.
There are several peaks per year but no consistent
pattern was seen. It is very likely, however, that the
changes in blood calcium reflect changes in physi-
ology. High values have been found in some reptiles
during vitellogenesis (as high as 34 mM, Lance 1976)
and caleium has also been found to rise to extra-
ordinary high levels in cold torpoid freshwater
turtles (Jackson et al. 1984).

The seasonal changes in magnesium were much
smaller over this study suggesting that wide excur-
sions from this narrow range would be indicative
of exceptional circumstances.

One of the most remarkable findings of this study
is the parallel sweeps in the patterns shown by blood
urea and osmotic pressure. As far as we are aware
such a phenomenon has not been reported before.
It is not simply a matter of changes in urea concen-
trations causing changes of osmotic pressure since
the magnitude of the urea changes are much less
than those of osmotic pressure. An integrated re-
sponse is called for; possibly the perturbing effects
of increasing osmotic pressure are compensated by
heightened urea levels (Yancey et al. 1982). In
loggerhead sea turtles, blood urea concentration
would not appear to be diet determined since we
observed that captured loggerhead sea turtles held
at RSMAS, which were all fed the same food, had
widely different urea values (range 3-21 mM). In-
terestingly, the field group with outstandingly high
urea levels (April 1980) were all males.

The unchanging glucose levels demonstrate a high
degree of conservatism. Seasonal changes in blood
glucose have been observed in alligators with higher
levels in the summer (Coulson and Hernandez 1980).
In P. scripta, on the other hand, blood glucose in-
creases during winter (Hutton and Goodnight 1957).

The hematocrit was also remarkable in its con-
stancy, contrasting with other reptiles where sea-
sonal changes in hematocrit have been recorded;
typically as an increase during winter (Duguy 1970;
Gilles-Baillien 1974). In contrast, the very low values
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for December 1978 stand out strongly as a set by
themselves and indicate some special condition.

The lactate values are of interest in that they give
an index of the stress of capture in the trawl net.
For quiescent loggerhead sea turtles kept in cap-
tivity at RSMAS, blood lactate is very low (0.2-0.4
mM). The initial blood lactate values obtained on
deck were, by contrast, 10-80 times higher (3.2-16.2
mM, Table 1). Down to at least 3-4 mM, the rate of
lactate recovery for sea turtles held on board was
clearly concentration dependent (Fig. 2, P < 0.01).
If the rate did not further decline, then it would take
about 20 h for full recovery of the least stressed sea
turtles in this study (those with initial blood lactate
values of 3-4 mM). If the rate of decline continued
to be concentration dependent then the recovery
time would be much greater.

Unfortunately, since no lethargic loggerhead sea
turtles were found during this study, one of its prin-
ciple objectives, the identification of the state of
hibernation in sea turtle, was not realizable. This
occurred because South Florida has been blessed
with warm winters since 1975 and water tempera-
tures have not been lower than 15°C in the Cape
Canaveral region. Nevertheless, the wealth of in-
formation on the seasonal changes in blood
chemistry we now have is sufficient to enable a clear
diagnosis of hibernation in sea turtles if and when
animals in this condition are found. Magnesium is
a prime candidate for such a purpose, since this
study identifies the normal range for plasma mag-
nesium throughout the year. Substantial increases
in blood magnesium have been seen in many hiber-
nating animals, including mammals and reptiles
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(Haggag et al. 1965; Soivio and Kristoffersson 1974;
Al-Badry et al. 1983). Significant changes in plasma
sodium and potassium have also been associated
with hibernation in reptiles (Gilles-Baillien 1974).
The normal range of potassium is so narrow that
extraordinarily high values should be easily de-
tected. Substantial increases in blood lactate have
been associated with cold torpor in several fresh-
water turtles (Jackson et al. 1984); however, as we
have seen elevated blood lactate can occur with
stress. And finally hematoerit is of high interest
since significant changes in hematocrit, both in-
creases and decreases, have been widely reported
in hibernating reptiles (Gilles-Baillien 1974). With
a single exception, hematocrit was remarkably
steady over the course of this survey, and perhaps
significantly, the exception occurred in the coldest
month encountered. Perhaps the very low hema-
tocrits found in December 1979 were part of a prep-
aratory condition for hibernation.
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EFFECTS OF AIR EXPOSURE ON DESICCATION RATE,
HEMOLYMPH CHEMISTRY, AND ESCAPE BEHAVIOR OF
THE SPINY LOBSTER, PANULIRUS ARGUS

GREGORY K. VERMEER!

ABSTRACT

Desiceation rates and hemolymph pH, lactic acid and ammonia concentrations of spiny lobsters, Panulirus
argus, exposed in air for up to 2 hours were measured. Desiccation rates were faster in smaller lobsters.
During a 2-hour exposure, hemolymph lactic acid levels increased more than 11 times, pH decreased
more than one-half unit, and ammonia concentrations nearly doubled. Exposure-induced changes in hemc-
lymph parameters occurred most rapidly in the first 30 minutes and hegan to level off by 2 hours. Lobsters
exposed for 2 hours, then reimmersed for 24 hours, survived and had normal hemolymph chemical values.
However, 75% of the reimmersed spiny lobsters had a delayed or absent tail-flip escape response; most
individuals also exhibited diminished antennal defensive motions. Results suggest that desiccation and
hemolymph chemical changes, caused by exposure, do not directly cause mortality, but rather induce

secondary physiological damage, manifested as aberrant defensive and escape behavior.

The South Florida fishery for spiny lobster, Panu-
lirus argus (Latreille, 1804), uses sublegal (<76 mm
carapace length, CL) lobsters, locally called shorts,
as living attractants in traps for legal-sized lobsters.
Shorts used in this manner are customarily held in
wooden boxes on deck until replaced in traps. Aerial
exposure ranges from a few minutes to several
hours but is typically about 1 h (Bill Moore?). Hunt
et al. (1986) reported an average 26.3% mortality
rate after 4 wk for lobsters that had been exposed
between Y2 and 4 h and estimated that 600,000 to
3.7 million shorts die annually as a result of handling
and exposure. Because this mortality is incurred by
sublegal lobsters which otherwise would soon con-
tribute to legal harvest, economic loss to the fishery
is considerable, perhaps as high as $9.0 million
annually.

This study examines desiccation rate, hemolymph
chemistry, and escape behavior of spiny lobster to
document physiological and behavioral changes in-
duced by air exposure. The relationship between
these changes and mortality is discussed.

MATERIALS AND METHODS

One hundred seventy intermolt spiny lobsters,
averaging 80.2 mm CL (range, 56.7-120.7 mm),
were collected from traps at the Atlantic reefs south

tFlorida Department of Natural Resources, Bureau of Marine
Research, 100 Eighth Avenue S.E., St. Petersburg, FL 33701.
2Bill Moore, lobster fisherman, pers. commun. December 1984.

Manuscript accepted September 1986.
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of Marathon, FL, in the Florida Keys. Approximate-
ly 26 lobsters at one time were allowed to acclimate
for a minimum of 2 d in a 800 L (179 x 76 x 60
cm) outdoor fiberglass tank. The tank was fully
shaded by three plywood sections which could be
removed individually, allowing easy access while
minimizing disturbance. Flow-through water circula-
tion was maintained by a pump drawing approx-
imately 8,600 L/hour from a clean, well-oxygenated
canal. Complete water exchange occurred every 15
min. Periodic canal water samples had oxygen con-
centrations of 5-7 ppm and no detectable ammonia
or lactic acid. There were resident spiny lobsters in
the canal.

Shelter inside the tank was provided by a double
layer of two-hole cinder blocks (39.5 x 19.5 x 19.5
cm) centered and aligned parallel to the long axis
of the tank. This arrangement of blocks allowed for
easy removal of spiny lobsters by the antenna-tug
technique, described later. In rare instances when
a spiny lobster evaded capture on the first attempt,
sampling of that animal was postponed for at least
24 h. This was necessary because repeated tail-
flips depressed hemolymph pH (unpubl. data).
Spiny lobsters were not fed during confinement
or held longer than 10 d. Both sexes were used
equally.

Desiccation Rate

Spiny lobsters were randomly selected from the
acclimation tank at 10 min intervals, marked for in-
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dividual identification, and alternately assigned to
either an exposure or control group.

After marking, control spiny lobsters were
weighed to the nearest 0.1 g and promptly placed
inside a shaded, wood-slat fish box two-thirds sub-
merged inside the acclimation tank. Weights were
also recorded at 1 and 2 h. Excess water clinging
to the exoskeleton and inside the branchial cham-
bers was removed prior to each weighing by holding
the spiny lobster around the carapace in a head down
position and gently moving it through a short down-
ward arc six times. Exposed spiny lobsters were
marked and weighed as above, but were held in a
fish box located in a fully shaded outdoor area.
Evaporative water loss was indicated by weight
decrease over time.

During the period when desiccation experiments
were performed (late March to early May 1984),
relative humidity was 61-72%, air temperature
22-30°C, wind speed 10 km/h or less, and cloud cover
ranged from clear to lightly scattered or hazy. Ex-
periments were not performed on very wet or windy
days to avoid excessive variation in desiccation rates
between experiments.

Hemolymph Chemistry

To assess effects of exposure on hemolymph chem-
istry, spiny lobsters were air-exposed in fish boxes
for %, 1, or 2 h as previously described. Control
spiny lobsters were removed directly from the ac-
climation tank.

Hemolymph sampling was via cardiac puncture.
A 1.6 mm (¥e-in) hole drilled through the dorsal
carapace directly over the heart allowed easy hypo-
dermic removal of 8-10 mL of hemolymph. There
is no suitable chemical method to prevent hemo-
lymph clotting (Young 1972). At ambient tempera-
ture, spiny lobster hemolymph forms a tough rub-
bery clot within seconds. Prompt cooling of the
hemolymph by immersion of the syringe in an ice
water bath (4°C, 60 s) inhibited clotting long enough
to prepare subsamples for pH, ammonia, and lactic
acid analysis. All hemolymph samples were collected
between the hours of 10:00 and 16:00 and analyzed
the same day.

Intervals between netting and completion of
hemolymph removal were 70 s or less, thus mini-
mizing trauma associated with handling and cardiac
puncture. Since net confinement reduced struggling,
spiny lobsters were not removed from the net for
hemolymph sampling unless access to the dorsal
carapace was restricted. In preliminary experi-
ments, repetitive handling and sampling of controls
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depressed hemolymph pH values. Consequently,
each spiny lobster was sampled only once in ex-
periments reported here. Hemolymph pH was deter-
mined by a digital pH meter with a calomel micro-
electrode. Hemolymph subsamples (2 mL) and 2 7.0
buffer solution were chilled to 4°C in a second ice
water bath before recording pH. Blood pH at 4°C
probably varies from in vivo pH at ambient tem-
perature, but this was an essential concession to
retard clot formation. Anaerobic, radiometer-type
pH measurements were also impossible due to clot-
ting. However, care was taken to minimize hemo-
lymph air contact since changes in CO, equilibrium
can alter pH values. Truchot (1975) reported the pH
of crustacean blood exposed to air without mixing
varies little from anaerobically obtained samples.

Serum was prepared by injecting the remaining
6-8 mL of chilled hemolymph into a 15 mL tissue
grinder, then gently grinding for 1-2 min until the
clotting hemolymph was liquified. The still cool
serum was then refrigerated in capped test tubes
for subsequent ammonia analysis.

Ammonia was measured using the Conway micro-
diffusion method (Conway and Byrne 1933) with
modifications suggested by Seligson and Seligson
(1951). With this method, ammonia from a 0.5 mL
blood sample was diffused onto an acidified glass
rod inserted inside a microdiffusion cell. Microdif-
fusion cells were rotated for 50 min to facilitate
diffusion, then the rods were washed off with 5 mL
of Nessler’s reagent. Intensity of color developed
in Nessler’s reagent, corresponding to ammonia con-
centration, was measured in a colorimeter at 420
nm. All samples were done in duplicate as were
blanks and two concentration standards (10 ug/mL
and 20 ug/mL) accompanying each group of un-
knowns.

Blood serum lactic acid concentrations were deter-
mined with a Sigma Chemical Company?® lactic acid
analysis kit (826UV). With this kit, blood lactic acid
is converted to pyruvic acid by lactate dehydroge-
nase, resulting in reduction of an equivalent amount
of NAD. Reduction of NAD causes an increase in
sample absorbance at 340 nm proportional to the
initial lactic acid concentration. The same 2 mL
blood sample used to measure pH was subsequent-
ly deproteinated with 4 mL of 8% perchloric acid
and used in the lactic acid analysis. After 90-min
incubation of the reaction mixture at 25°C, absorb-
ance readings were stable, indicating the end point
of the reaction. A chemical modification of the

8Reference to trade names does not imply endorsement by the
National Marine Fisheries Service, NOAA.
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Sigma kit hydrazine buffer, recommended by
Graham et al. (1983) for cases of end point in-
stability, was not used because stable end points
were obtained after 90 min.

One group of spiny lobsters was exposed for 2 h
and then returned to the acclimation tank for 24 h
before sampling to observe whether the blood chem-
istry changes which I observed immediately after
exposure persisted after reimmersion.

Escape Behavior

Controls were individually netted, marked, and
returned to the tank in less than 1 min. Exposed
spiny lobsters were netted, marked, and placed in
a shaded fish box for 2 h before being returned to
the tank. Twenty-four h later, spiny lobsters were
netted from the tank again and escape responses
were recorded. A delayed or absent tail-flip after
an antenna touch or tug was considered an impaired
escape response; an immediate tail-flip was con-
sidered normal.

Student’s t-test was used to analyze all desicca-
tion and hemolymph chemical data. Values of P <
0.056 were considered significant. All data are ex-
pressed as means +1 SE. Since the control hemo-
lymph chemical values from each exposure interval
and from the reimmersed exposed spiny lobster ex-
periment were not significantly different, they were
pooled.

RESULTS

Desiccation Rate

Control spiny lobsters, which remained sub-
merged except during weighings, maintained con-
stant weights (Table 1). Percentage of initial weight
remaining at the end of 2-h air exposure was 95.30%
for shorts and 96.37% for legals, or an average
weight loss of 2.85%/hour and 1.82%/hour respec-
tively.

Hemolymph Chemistry

During a 2-h exposure, hemolymph lactic acid
levels increased more than 11 times (from 4.4
mg/100 mL to 49.5 mg/100 mL), pH decreased more
than one-half unit (from 7.91 to 7.40), and ammonia
concentration nearly doubled (from 7.22 ug/mL to
13.77 ug/mL) (Fig. 1). Exposure-induced changes in
hemolymph parameters occurred very rapidly then
leveled off. Lactic acid and pH changed more in the
first 30 min of exposure than in the subsequent 90
min. Ammonia accumulation was also at its max-
imum rate during the first 30 min.

All spiny lobsters exposed for 2 h, then returned
to the acclimation tank for 24 h before sampling,
survived and had normal hemolymph parameters
(Fig. 1). Evidently, acute hemolymph effects of ex-
posure (i.e., elevated lactic acid and ammonia,
depressed pH) do not persist beyond 24 h.

Escape Behavior

Nonexposed spiny lobsters defended their posi-
tions in the concrete block holes with vigorous anten-
nal movements directed toward an approaching
hand until contact was made. Then a tap or, more
frequently, a light tug on the tip of one antenna
elicited an immediate tail-flip, propelling the lobster
backward into the net. This method of removing
lobsters from the acclimation tank was 100% effec-
tive on nonexposed lobsters.

Although hemolymph parameters of exposed
spiny lobsters returned to normal within 24 h after
reimmersion, it was evident that defensive and
escape behavior of these lobsters was abnormal. In
lobsters exposed for 2 h and then reimmersed for
24 h, defensive antennal movements were feeble or
absent, and an antennal tap or tug usually failed to
elicit an immediate escape response. When it did oc-
cur, the tail-flip response required several strong
antennal tugs over a 3-4 s period. In some cases,
a tail-flip could not be induced by any form of anten-

TABLE 1.—Percentage of initial spiny lobster weight remaining after various exposure
times. Data are means + 1 SE; N is in parentheses. Differences between shorts and

legals are significant at 2 h but not 1 h.

Exposure time (hours)

0 N 1 N 2 N

Controls 100.00 (15) 100.21 + 0.09 (15) 100.15 + 0.14 (15)

Shorts 100.00 (14) 97.60 + 0.13 (13) 95.30 + 0.18 (14)

Legals 100.00 (9) 97.68 + 0.17 (8) 96.37 + 0.27 (9)

Shorts and 100.00 (23) 97.70 + 0.11 (21) 95.72 + 0.19 (23)
legals combined
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FiGURE 1.—Hemolymph lactic acid, pH and ammonia concentrations of spiny lobsters
after air exposures of 0 (controls, pooled values), %, 1, and 2h. R = chemical values
after 2-h exposure followed by 24-h reimmersion. N = 45, 20, 17, 16, and 20 for 0, %,

1, 2, and R, respectively.

nal manipulation. The degree of antennal defensive
movements was difficult to quantify, so the obser-
vation of feeble or absent movements is given here
as anecdotal information. None of the immersed
(control) lobsters showed an impaired tail-flip,
whereas 75% of previously exposed lobsters showed
some tail-flip impairment, i.e., tail-flip delayed or
absent (Table 2). Controls tested again after 24 h
still showed no tail-flip impairment, indicating that
observed behavioral aberrations were not caused by
netting and were not learned net-avoidance
behavior.

TABLE 2.—Escape response (E.R.) impairment 24 h after 2-h ex-
posure. Lobsters with delayed or absent tail-flip response to an
antenna tug were considered impaired.

Time Total no. Normal Impaired Impaired

(h) netted E.R. E.R. (%)

Controls 0 15 15 0 0
24 15 15 0 0

Exposed 0 20 20 0 0
(First run) 24 20 5 15 75
Exposed 0 12 12 0 0
(Second run) 24 12 3 9 75

DISCUSSION

Aquatic organisms suffer water loss and other
stresses during air exposure. Inability to ventilate
gills may lead to hypoxia, anaerobic metabolism, and
accumulation of toxic metabolites. Intertidal crusta-
ceans, which are periodically exposed to air, have
behavioral, anatomical, and physiological adapta-
tions that moderate deleterious effects of exposure.
The barnacle, Pollicipes polymerus, easily recovers
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after a 40-50% water loss (Fyhn et al. 1972). Bar-
nacles can reduce their metabolic rate during emer-
sion and tolerate extended periods of anaerobiosis
(Barnes et al. 1963). The stone crab, Menippe
mercenaria, can survive severe hypoxia for at least
12 h at 28°-30°C and can tolerate high levels of
hemolymph lactate (Albert and Ellington 1985).
Crustaceans that have made a permanent transition
from water to land have even more elaborate adap-
tations to the special rigors of the terrestrial en-
vironment (Bliss 1968). Terrestrial decapods (e.g.,
Cardisoma and Gecarcinus) exhibit extensive ana-
tomical modifications of the gills and branchial
chambers, including a reduction in gill number,
volume, and area, which presumably minimize
desiccation effects, and strongly sclerotized and
ridged gills which do not collapse in air (Pearse 1950;
Gray 1957; Edney 1960). Enhanced exoskeletal
resistance to water loss is also a common adapta-
tion of semiterrestrial and terrestrial crustacean
species. Aquatic decapods in air lose 3-5 times as
much water as do terrestrial decapods (Herreid
1969).

The spiny lobster lives subtidally throughout its
life cycle and is only exposed to air as a byproduct
of present fishery practices. Because there has been
no selective pressure to evolve behavioral, anatomi-
cal, or physiological adaptations to aerial exposure,
tolerance by spiny lobster should be low. Present
results support that contention. Exposing spiny
lobsters for even relatively short periods results
in metabolic acidosis, accumulation of the toxic
excretory product, ammonia, and impairment
of defensive and escape behavior after reimmer-
sion.
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Desiccation Rate

Desiccation rate results are only valid for the
range of weather conditions previously specified.
Higher temperature and wind speed increases desic-
cation rate whereas higher relative humidity de-
creases it.

Because rate of water loss is directly proportional
to surface area, smaller spiny lobsters, with higher
surface area to volume ratios, lose water at a faster
rate. If desiccation is indeed a major stress factor,
smaller (sublegal) spiny lobsters will be more
affected.

This size-desiccation rate relationship has also
been noted by other investigators. Lazo-Wasem
(1984) reported that smaller terrestrial amphipods,
Arcitalitrus sylvaticus, lost water faster than did
larger amphipods; he suggested a higher surface
area to volume ratio and higher respiratory rate of
smaller amphipods as two possible explanations.
Davies (1969) reported that rate of water loss in a
limpet, Patella sp., varied inversely with body
weight. Price (1980) reported similar results in an
intertidal snail, Melampus bidentatus.

Spiny lobsters exposed for 2 h lost only 3.6-4.7%
of their initial weight, so it is unlikely that simple
dehydration is a major source of exposure stress.
This conclusion is supported by experiments show-
ing that periodic wetting of spiny lobster with sea-
water during exposure did not improve survival
(Hunt et al. 1986). McLeese (1965) also reported that
continuous sprays of seawater did not increase sur-
vival of air-exposed northern lobsters, Homarus
americanus. It has been suggested that gill damage
caused by dehydration may contribute to docu-
mented mortality in exposed western rock lobsters,
Panulirus cygnus (Anonymous 1980), but this has
not been demonstrated.

Hemolymph Chemistry

Subtidal crustaceans are unable to extract oxy-
gen effectively from air. In Cancer productus, gas
exchange rate is reduced fivefold in air (deFur and
McMahon 1978). The European lobster, Homarus
vulgaris, only extracts one-seventh as much oxygen
from air as from water (Thomas 1954). It has not
been reported how much aerial respiration P. argus
can achieve, but the rapid transition to anaerobic
metabolism during exposure indicates oxygen ex-
traction from air is not adequate to support normal
aerobic metabolism. Although gill bailers continue
their paddle-like motions in air, loss of fluid support
for gill filaments causes them to collapse (pers. obs.).

Loss of gill surface area for gaseous exchange,
coupled with a probable reduction in gill bailer effi-
ciency in air, leads to the hemolymph chemistry
changes observed. Lactic acid, the primary product
of crustacean anaerobic glycolysis (Albert and
Ellington 1985) accumulates in quantities sufficient
to overwhelm protein and bicarbonate-carbonic acid
hemolymph buffering. Taylor and Wheatly (1980)
reported a 0.44 unit drop in arterial pH for the
crayfish, Austropotamobius pallipes, after 3 h of air
exposure. They attributed this acidosis to a tenfold
increase in hemolymph lactate and to accumulation
of CO,. Organisms generally regulate pH precise-
ly, because a high or low pH can disrupt enzymatic
reactions, ionic/osmoregulatory control, and cell
membrane stability (Prosser 1973).

Jonas et al. (1962) found a close link between blood
pH and mortality in trout. Death resulted when
blood pH was lowered with either dilute lactic acid
or hydrochloric acid from a normal mean pH of 7.3
t0 6.8-6.9, a decrease of 0.4-0.5 units. Fatalities did
not result when injection of the same quantity of
either acid did not lower blood pH into this 6.8-6.9
range. This indicates that acidosis was the cause of
death rather than the acids themselves. Spiny lob-
sters exposed for 2 h experienced a similar 0.5 unit
drop in pH (7.91-7.40). Lobsters evidently have a
higher tolerance for acidosis than do trout, since a
2-h exposure was not immediately lethal. However,
a pH change this large must be considered a large
physiological perturbation. Acidosis may also com-
pound oxygen extraction problems, since hemocy-
anin oxygen affinity decreases as pH falls. Alter-
natively, because lactate increases hemocyanin
oxygen affinity (Truchot 1980; Mangum 1983), these
effects may offset each other.

Crustaceans do not have efficient systems for
metabolizing lactate, so its removal from hemo-
lymph is relatively protracted (Ellington 19883).
Bridges and Brand (1980) subjected six species of
crustaceans to 5-8 h of hypoxia and observed that
intertidal and burrowing species returned to near
normal hemolymph lactate levels much faster (4-6
h) than subtidal, nonburrowing species (20-24 h).
They suggested that species more likely to en-
counter hypoxia in their natural environments are
better adapted for removing accumulated lactate
when aerobic conditions return. The spiny lobster,
as a subtidal, nonburrowing species, probably
removes lactate slowly even though normal concen-
trations were restored within 24 h.

Spiny lobsters are ammonotelic and eliminate am-
monia by diffusion from the gills into the respiratory
stream and out into the water. Removing spiny

49



lobsters from the water eliminates the respiratory
stream and the normal excretory route for am-
monia. This toxic product of protein catabolism can
then accumulate in the hemolymph.

Binns (1969) reported 16 ug/mL of ammonia in
blood of freshly captured shore crabs, Carcinus
maenas. Spaargaren (1982) reported blood ammonia
concentrations between 4 and 9 ug/mL for this same
species and also provided evidence for a close con-
nection between ammonia excretion and extracel-
lular ion regulation. Florkin (1960) reported aver-
age blood ammonia concentrations for 12 aquatic
decapods to be 13 ug/mL, range 4-25 ug/mL. Nor-
mal hemolymph ammonia concentrations (7.22
pg/mL) for spiny lobsters are toward the low end
of this range. After 2-h exposure, hemolymph am-
monia concentrations for spiny lobster increased to
13.77 pg/mL. It is not known if this concentration
is toxic; however, hypoxia has been reported to in-
crease toxic effects of ammonia in minnows (Wuhr-
mann 1952), rainbow trout (Downing and Merkens
1955), and mice (Warren and Schenker 1960).
Exposure-induced hypoxia in the spiny lobster may
interact synergistically with ammonia, leading to
toxic effects at concentrations that would not nor-
mally cause problems.

Ionized ammonia (NH,+) is less toxic than un-
ionized ammonia (NH,) because of its lower tissue
permeability (Warren and Nathan 1958). A decrease
in hemolymph pH, as occurs during exposure, would
shift the chemical equilibrium toward the less toxic
NH,+ (Warren and Schenker 1962). Exposure-
induced acidosis may afford some protection against
ammonia toxicity by this mechanism if ammonia
does indeed reach concentrations toxic to spiny
lobsters. Ammonia, which functions as a base, may
also partially offset the pH decrease caused by lactic
acid.

Escape Behavior and Conclusions

All 32 spiny lobsters exposed for 2 h and then
reimmersed were alive after 24 h and had normal
hemolymph chemical values. Apparently the acute
effects of exposure (acidosis, ammonia, and lactic
acid accumulation) do not directly cause the in-
creased mortality reported in previous studies
(Lyons and Kennedy 1981; Hunt et al. 1986). Rather,
secondary physiological damage, persisting after
acute effects have vanished, may be the ultimate
cause of mortality. Persistant physiological damage
was manifested as aberrant defensive and escape
behavior.

Spiny lobsters with diminished antennal defensive
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movements and tail-flip escape responses would be
at increased risk from predators. Brown and Caputi
(1983) observed that western rock lobsters, Panu-
lirus cygnus, exposed to air for Y2-2 h were generally
less active, slower in seeking shelter, incapable of
defense, and more subject to attack by finfish and
octopus.

Exposure effects severe enough to disrupt a basic
reflex such as the tail-flip may also affect integrated
nervous system functions such as feeding, locomo-
tion, and social and sexual behavior. Nervous tissue
is particularly susceptible to damage from hypoxia
(Prosser 1973) and from fluctuations in osmotic
and/or ionic concentrations of body fluids (Treherne
1980). Nervous system damage induced by hypox-
ia, acidosis, and perhaps osmotic imbalances is likely
the cause of behavioral aberrations in exposed spiny
lobsters.

Because the transition to anaerobic metabolism
and resulting hemolymph changes occur so rapidly
after emersion, the threshold at which physiologi-
cal effects appear may be no more than a few
minutes exposure. Fishery practices which allow ex-
posures of 1 h or more must therefore be producing
large numbers of spiny lobsters that are physio-
logically and behaviorally impaired.

ACKNOWLEDGMENTS

J. H. Hunt and J. M. Marx collected lobsters and
reviewed the first draft. T. M. Bert, H. J. Grier, W.
G. Lyons, and K. A. Steidinger critically reviewed
the manuseript. Bill Moore provided information on
spiny lobster fishery practices and R. L. Squibb pro-
vided advice, facilities, equipment, and friendship.
All are gratefully acknowledged.

LITERATURE CITED

ALBERT, J. L., AND W. R. ELLINGTON.

1985. Patterns of energy metabolism in the stone crab,
Menippe mercenaria during severe hypoxia and subsequent
recovery. J. Exp. Zool. 234:175-183.

ANONYMOUS.

1980. The fate of undersized rock lobsters returned to the
sea. West. Aust. Dep. Fish. Wildl., Fish. Inda. News Serv.
(F.LN.S.), 18:10-12.

BARNES, H., D. M. FINLAYSON, AND J. PIATIGORSKY.

1963. The effect of desiccation and anaerobic conditions on
the behaviour, survival and general metabolism of three com-
mon cirripedes. J. Anim. Ecol. 32:283-252.

BINNS, R.

1969. The physiology of the antennal gland of Carcinus
maenas (L.) V. Some nitrogenous constituents in the blood
and urine. J. Exp. Biol. 51:41-45.

Buiss, D. E.
1968. Transition from water to land in decapod crustaceans.



VERMEER: EFFECTS OF EXPOSURE ON SPINY LOBSTER

Am. Zool. 8:355-392.
BRIDGES, C. R., AND A. R. BRAND.

1980. The effect of hypoxia on oxygen consumption and blood
lactate levels of some marine Crustacea. Comp. Biochem.
Physiol. 65A:399-409.

BrownN, R. S., AND N. CAPUTI.

1983. Factors affecting the recapture of undersize western
rock lobster Panulirus cygnus George returned by fisher-
men to the sea. Fish. Res. 2:103-128.

CoNway, E. J., AND A. BYRNE.

1983. An absorption apparatus for the micro-determination
of certain volatile substances; the micro-determination of
ammonia. Biochem. J. 27:419.

DaviEs, P. S.

1969. Physiological ecology of Patella. III. Desiccation ef-

fects. J. Mar. Biol. Assoc. U.K. 49:291-304.
DEFUR, P. L., AND R. MCMAHON.

1978. Respiratory responses of Cancer productus to air ex-

posure. Am. Zool. 18:605A.
DownNING, K. M., AND J. C. MERKENS.

1955. Ann. Appl. Biol. 43:243. Not seen, cited from War-

ren and Schenker (1960).
EDNEY, E. B.

1960. Terrestrial adaptations. In T. H. Waterman (editor),
The physiology of Crustacea, p. 367-393. Acad. Press, Inc.,
N.Y

ELLINGTON, W. R.

1983. The recovery from anaerobic metabolism in inverte-

brates. J. Exp. Zool. 228:431-444.
FLORKIN, M.

1960. Blood chemistry. In T. H. Waterman (editor), The
physiology of Crustacea, Vol. I, p. 141-159. Acad. Press,
N.Y.

FyuN, H. J.. J. A. PETERSEN, AND K. JOHANSEN.

1972. Eco-physiological studies of an intertidal crustacean,
Pollicipes polymerus (Cirripedia, Lepadomorpha). I.
Tolerance to body temperature change, desiccation and
osmotic stress. J. Exp. Biol. 57:83-102.

GRAHAM, R. A., C. P. MANGUM, R. C. TERWILLIGER, AND N. B.
TERWILLIGER.

1983. The effect of organie acids on oxygen binding of hemo-
cyanin from the erab Cancer magister. Comp. Biochem.
Physiol. 74A:45-50.

Gray, L. E.

1957. A comparative study of the gill area of crabs. Biol.

Bull. (Woods Hole) 112:34-42,
HEeRREID, C. F., IIL

1969. Integument permeability of crabs and adaptation to

land. Comp. Biochem. Physiol. 28:423-429.
Hunr, J. H., W. G. Lyons, aND F. S. KENNEDY, JRr.

1986. Effects of exposure and confinement on spiny lobsters,
Panulirus argus, used as attractants in the Florida trap
fishery. Fish. Bull., U.S. 84:69-76.

Jonas, R. E. E., S. S. HARCHARAN, AND N. TOMLINSON.

1962. Blood pH and mortality in rainbow trout Salmon gaird-
nerii and sockeye salmon Oncorhynchus nerka. J. Fish.
Res. Board Can. 19:619-634.

Lazo-WasEm, E. A.

1984. Physiological and behavioral ecology of the terrestrial
amphipod Avreitalitrus sylvaticus (Haswell, 1880). J.
Crustacean Biol. 4:343-355.

LYONS, W. G., AND F. S. KENNEDY, JR.

1981. Effects of harvest techniques on sublegal spiny lobsters
and on subsequent fishery yield. Proc. Gulf Caribb. Figh.
Inst. 33:290-300.

Mancuy, C. P.

1983. On the distribution of lactate sensitivity among the

hemocyanins. Mar. Biol. Lett. 4:139-149.
MCLEESE, D. W.

1965. Survival of lobsters, Homarus americonus, out of

water. J. Fish. Res. Board Can. 22829:385-394.
PEARSE, A. S.

1950. The emigrations of animals from the sea. Sherwood

Press, Wash., D.C., 210 p.
PrICE, C. H.

1980. Water relations and physiological ecology of the salt
marsh snail, Melampus bidentatus Say. J. Exp. Mar. Biol.
Ecol. 45:51-67.

PROSSER, C. L.

1973. Comparative animal physiology. 3d ed. W. B.

Saunders Co., Phila., Lond., N.Y.
SELIGSON, D., AND H. SELIGSON.

1951. A microdiffusion method for the determination of nitro-

gen liberated as ammonia. J. Lab. Clin. Med. 38:324.
SPAARGAREN, D. H.

1982. The ammonium excretion of the shore crab, Carcinus
maenas, in relation to environmental osmotic conditions.
Neth. J. Sea Res. 15:273-283.

TAYLOR, E. W., AND M. G. WHEATLY.

1980. Ventilation, heart rate and respiratory gas exchange
in the crayfish, Austropotamobius pallipes (Lereboullet) sub-
merged in normoxic water and following 3 h exposure in air
at 15°C. J. Comp. Physiol. 138:67-78.

THOMAS, H. J.

1954. The oxygen uptake of the lobster Homarus vulgaris

(Edw.). J. Exp. Biol. 31:228-251.
TREHERNE, J. E.

1980. Neuronal adaptations to osmotic and ionic stress.

Comp. Biochem. Physiol. 67B:455-463.
TRUCHOT, J. P.

1975. Blood acid-base changes during experimental emersion
and reimmersion of the intertidal crab Carcinus maenas
(L.). Respir. Physiol. 23:851-360.

1980. Lactate increases oxygen affinity of crab hemocyanin.
J. Exp. Zool. 214:205-208.

WARREN, K. S., AND D. G. NATHAN.

1958. The passage of ammonia across the blood-brain-barrier

and its relation to blood pH. J. Clin. Invest. 37:1724-1728.
WARREN, K. S., AND S. SCHENKER.

1960. Hypoxia and ammonia toxicity. Am. J. Physiol. 199:
1105-1108.

1962. Differential effect of fixed acid and carbon dioxide on
ammonia toxicity. Am. J. Physiol. 203:903-906.

WUHRMANN, K.

1952. Bull. centre belge etude et document eaux (Liege)

15:77. Not seen, cited from Warren and Schenker (1960).
Young, R. E.

1972. The physiological ecology of haemocyanin in some
selected crabs. II. The characteristics of haemocyanin in
relation to terrestrialness. J. Exp. Mar. Biol. Ecol. 10:
193-206. '

51



Blank page retained for pagination



JUVENILE BLUE CRAB, CALLINECTES SAPIDUS, SURVIVAL:
AN EVALUATION OF EELGRASS, ZOSTERA MARINA, AS REFUGE

K. A. WiLsoNn,! K. L. HECK, Jr.,2 AND K. W. ABLE?

ABSTRACT

Field experiments were conducted to examine rates of predation on juvenile blue crabs in different den-
sities of eelgrass near Manahawkin, New Jersey. Tethering experiments from July to October 1985 showed
that crabs in eelgrass were preyed on at lower rates than those in adjacent bare sand patches. In addi-
tion, intermediate densities of eelgrass provided the best refuge for blue crabs while crabs in low- and
high-density eelgrass suffered higher rates of predation. We suggest that the root mats of high-density
eelgrass may reduce the ability of blue crabs to hide and bury in the substratum. There was no effect
of prey size (11-100 mm carapace width) on risk to predation. Predation on sand substrate declined dur-
ing the observation period and rates dropped to zero in vegetation in October.

The blue crab, Callinectes sapidus, is one of the most
important commercial species in mid-Atlantic
coastal waters of the United States (Van Engel
1958; Williams 1984). Blue crabs are caught in abun-
dance from Florida into New Jersey waters, and are
taken in lesser numbers as far north as Nova Scotia
(Williams 1984). Although the Chesapeake Bay sys-
tem produces the greatest catches of blue crabs,
commercial and recreational fishing is significant in
many other Atlantic bays and estuaries.

Despite the economic importance of blue crabs and
the large amount of prior research done on this
species, there are many unanswered questions about
the factors that influence blue crab abundance and
distribution (Williams 1984), and our ability to pre-
dict annual harvests is extremely limited. The stages
of the life cycle that are least understood are the
larval and juvenile stages, and it is these which suf-
fer most nonfishing mortality.

Studies of blue crab larval transport have shown
that wind-driven circulation patterns influence the
abundance of larvae that enter mid-Atlantic coast
estuaries (Sulkin et al. 1980; Epifanio and Dittel
1982; McConnaugha et al. 1983; Provenzano et al.
1983; Epifanio et al. 1984; Johnson et al. 1984;
Sulkin 1984). In addition, we know that juvenile blue
crabs in most estuaries are found in much greater

1Division of Environmental Research, Academy of Natural
Sciences, 19th and the Parkway, Philadelphia, PA 19103; present
address: Marine Field Station, Rutgers University, P.O. Box 41,
Tuckerton, NJ 08087.

2Djvision of Environmental Research, Academy of Natural
Sciences, 19th and the Parkway, Philadelphia, PA 19103; present
address: Dauphin Island Sea Laboratory, P.O. Box 169, Dauphin
Island, AL 36428.

3Marine Field Station, Rutgers University, P.O. Box 41, Tucker-
ton, NJ 08087.
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abundance in stands of submerged vegetation than
on unvegetated substrate (Tagatz 1968; Diaz and
Fredette 1982; Kennish et al. 1982; Penry 1982;
Zimmerman and Minello 1984), and it is believed
that submerged vegetation provides protection from
predators for small blue crabs and for crabs under-
going ecdysis (Lippson 1973; Heck and Orth 1980;
Heck and Thoman 1984; Orth et al. 1984). To date
no studies have demonstrated that submerged vege-
tation actually provides protection for juvenile blue
crabs under field conditions nor do we have data on
the influence of vegetation density on survival of
blue crabs. Below we describe the results of a series
of field experiments designed to evaluate the pro-
tective properties of varying densities of eelgrass,
Zostera. marina, for different size classes of blue
crabs. We also report on the identity of potential
predators and estimate the role of submerged vege-
tation as it influences blue crab populations in New
Jersey bays.

METHODS

Tethering experiments were conducted from July
to October 1985 in shallow-water seagrass meadows
near Manahawkin, NJ (lat. 89°N; long. 74°W). In
this area, sand patches are interspersed among ex-
tensive seagrass beds dominated by Zostera marina
(Macomber and Allen 1979). Large numbers of blue
crabs inhabit these grass beds (cf. Kennish et al.
1984), just as they do in eelgrass beds of Chesapeake
Bay (Heck and Orth 1980; Heck and Thoman 1984).

Blue crabs were collected by seine or dip net from
Zostera marina and adjacent sand patches and pre-
pared for tethering in the laboratory. No soft crabs
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(recently molted) were used in the experiments.
Tethering of crabs was accomplished by tieing one
end of a 1 m long piece of monofilament fishing line
around the width of the body and securing the loop
with “Super’’ glue (cyanoacrylate) to the top of the
carapace. The other end of the line was tied to a J-
shaped, heavy piece of wire (or stake) which was
pushed into the sediment in the chosen seagrass or
sand location. The super glue ensures that crabs do
not escape and that a piece of the carapace is left
on the line as evidence if predation does occur. The
carapace width (CW) of all crabs was measured
before placement in the field. For blue crabs larger
than 40 mm CW, a 20-lb test steel leader was at-
tached to the monofilament loop around the crab to
prevent the cutting of the tether by the crabs’ claws.
Tethering techniques measure relative rates of pre-
dation and are used for comparison of mortality
among sites. It is not intended to measure absolute
rates of predation in any single habitat. Heck and
Thoman (1981) provided an additional deseription
of the tethering procedure.

A single blue crab was tethered to an individual
stake, and three to four stakes were placed in each
plant density and in unvegetated sand patches for
each 24-h trial. The tethered crabs were left at the
site for 24 h (+/-1 h), recovered, and predation
losses scored. Twenty trials, utilizing a total of 218
crabs, were conducted from 15 July through 7
October.

The density of the seagrass was determined fre-
quently during the study period by measuring dry
weight biomass of the grass removed from 0.062
m? plots. Four samples with three replicates for
each sample at each density were taken, and dry
weights measured after drying at 100°C.

RESULTS

Vegetation clearly provides cover from predators
for blue crabs (Fig. 1) as predation was always more
intense in unvegetated sand patches than in sea-
grass. Relative rates of predation on tethered crabs
on sand ranged from 24% to a high of 74% eaten
per day. A 3-way contingency table analysis (sur-
vival x density x date) found significant interac-
tions (P < 0.01) between crab survival and density
of vegetation. Differences in predation rates among
time periods were not statistically significant, al-
though predation rates dropped steadily on sand
after the middle of August and no predation was
recorded in vegetation in October (Fig. 1). The in-
fluence of body size (CW) of crabs (Fig. 2) on risk
to predation was also tested in a Kolmogorov-
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FIGURE 1.—Percent juvenile blue crabs eaten in sand (S) or vegeta-
tion (V), July to October 1985. Time period is broken into 2-3 wk
periods.

Smirnov test and found not significant (P > 0.05).

Predation rate varied among densities of eelgrass
(Fig. 3). Medium density seagrass provided the best
refuge from predation with only 9% eaten per day
(N = 45). A mean of over 19% per day was eaten
in low-density (N = 47) and high-density (N = 44)
grass sites. A Dunn’s Multiple Comparison test
(Hollander and Wolfe 1973) was used to analyze the
predation-vegetation density data from July through
September, excluding October because no predation
occurred in eelgrass during that month. Predation
rates in low and high densities were found to be sig-
nificantly greater (P < 0.05) than in medium-density
eelgrass.

Eelgrass biomass in low, medium, and high den-
sity 0.062 m? plots (Table 1) was found to be sig-
nificantly different in a one-way analysis of variance
(P < 0.001). Scheffé contrasts found that the mean
dry weight of medium-density plots was significantly
higher than low-density and significantly lower than
high-density eelgrass plots.

TABLE 1.—Mean dry weights (g/0.062
m?) of vegetation from experimental
plots. **Significantly different at the

P < 0.01 level.

Density Mean sD P

Low 12.19 5.24 b

Medium 43.24 17.07 .

High 79.04 11.47 o
DISCUSSION

These data confirm results from other experimen-
tal studies of predation on decapod crustaceans
(Heck and Thoman 1981; Orth and van Montfrans
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FIGURE 2.—Blue crab body size (carapace width (CW)) and risk of predation. Hatched bars in-
dicate number of individuals tethered at that size and open bars indicate number of tethered

crabs eaten.
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FIGURE 3.—The effect of eelgrass density on predation rates.
Histograms are mean rates of predation from July through October
on sand and at each eelgrass density. Vertical bars are +/- one
standard error.

1982) and amphipods (Stoner 1982) that describe the
importance of seagrasses as protective cover for
prey. They clearly show that eelgrass provides
refuge from predation and increased survival for
juvenile blue crabs compared to that on adjacent
unvegetated sand substrates.

Rates of predation on blue crabs within the three
densities of vegetation, however, did not conform
to pat