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ABSTRACT: A variety of physiological and biochemical measures have been proposed in the literature 
as indicators of environmental quality. Here we report studies which were designed to determine if 
hemolymph hemocyanin concentrations in blue crabs Callinectes sapidus could be correlated with 
environmental water quality. To this end hemocyanin concentrations were measured in hemolymph of 
blue crabs collected from North Carolina, Florida, and Texas, USA. Blue crabs from isolated estuarine 
systems in eastern North Carolina (i.e. Albemarle/Pamlico Sound area) had significantly lower concen- 
trations of hemocyanin in their hemolymph than crabs from reference areas (i.e. Core and Currituck 
Sounds). These lower concentrations could be correlated with reduced dissolved oxygen and chronic 
hypoxia, but not with any known sources of anthropogenic contamination. Among crabs from Tampa 
Bay (Florida) and the Houston (Texas) Ship Channel there was a negative correlation between the 
degree of industrialization and organic contaminants in the digestive gland and sediments and hemo- 
cyanin concentration. In the Houston Ship Channel decreased dissolved oxygen confounded the pos- 
sible correlation with contaminants. In all areas sampled, lower concentrations of hemocyanin were not 
correlated with either the apparent health or sex of the crabs or with salinity. 

INTRODUCTION 

During an investigation of blue crab Callinectes sa- 
pidus populations in North Carolina, USA, unusually 
low concentrations of hemocyanin were measured in 
the hemolyrnph of some cohorts of blue crabs (Engel et 
al. in press). The measurements showed that the con- 
centrations in the crabs collected from the Pamlico 
River were about one-third of the concentration meas- 
ured in crabs from Beaufort. This initial observation 
indicated that the crabs were 'anemic' and possibly 
under physiological stress. 

The importance of hemocyanin to health, survival 
and normal physiological function of blue crabs, and 
all other crustaceans, cannot be understated since it 
serves as the oxygen-carrying protein in the hemo- 
lymph. Crustacean hemocyanins are large copper-con- 
taining proteins composed of a minimum of 6 subunits, 

each of 75 000 dalton molecular weight. The number of 
hexamers that make up the hemocyanin molecule var- 
ies between 1 and 4 among various groups of crusta- 
ceans. The structure and functlon of hemocyanins 
have been studied extensively (Van Holde & Miller 
1982, Ellerton et al. 1983, Brouwer 1992). Other 
researchers have examined the physiological and bio- 
chemical processes that control the synthesis and turn- 
over of hemocyanin, and the metabolism of copper and 
zinc during the molt cycle in blue crabs (Engel & 
Brouwer 1987, 1991, 1993, Brouwer et al. 1989). 

Extrinsic factors, such as salinity and oxygen concen- 
tration in the environment, can have an  influence on 
the concentration of hemocyanin in the hemolymph of 
crabs. Decreased salinity and hypoxia or lack of oxy- 
gen have been shown in the laboratory to cause an 
increase in hemocyanin in blue crabs (DeFur et al. 
1990). In this communication we present data that 
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SOUTH EASTERN UNITED STATES 

Fig. 1. Locations of blue crab collections in the southeastern United States. (A) Eastern North Carolina. 0 Currituck Sound; @ 
Core Sound; @ South Creek; @ North Creek; @ Pungo River; @ Bay River; a Broad Creek; @ Oriental. (B) Tampa Bay, Florida. 
Q North Hillsborough Bay; @ South Hillsborough Bay; @ South of Gadsden Point, @ Old Tampa Bay. (C) Galveston Bay, 

Houston Ship Channel, Texas. @ Eagle Point; @ Morgan Point; @ Green Bayou 

show that while hemocyanin concentrations in blue 
crabs may be affected by environmental factors, such 
as salinity and hypoxia, other factors, such as organic 
contaminants, may be involved. The possible effects of 
interactions between natural factors and anthropo- 
genic contaminants on blue crab hemocyanin concen- 
trations will be discussed. 

METHODS AND MATERIALS 

To study the effect of environmental factors on blue 
crab hemolyrnph hemocyanin concentrations, samples 
were collected at selected sites in the coastal waters of 
North Carolina. Florida, and Texas (Fig. 1). The collec- 
tion sites in the different localities were sampled in 
1988, 1989, 1990 and 199 1. In North Carolina the sites 
included: Pamlico (South Creek and North Creek) and 
Pungo kvers  and the Neuse River (Bay Fbver, Oriental 

and Broad Creek). Reference areas outside of the 
Pamlico/Neuse area were: Core and Bogue Sounds in 
1989 and Core and Currituck Sounds in 1990 and 1991. 
The substitution of Currituck Sound, a low salinity 
sampling site, for Bogue Sound made comparisons 
with the nverine sites more realistic. The routine 
monthly sampling, from May through October, in 
North Carolina was conducted by the staff of the N.C. 
Division of Marine Fisheries. In Florida, hemolymph 
samples were collected from crabs in 4 locations in 
Tampa Bay (staff NMFS Seattle Laboratory, Biological 
Effects Monitoring Program, 1990): North Hills- 
borough Bay, South Hillsborough Bay, Old Tampa Bay 
and south of Gadsden Point. In Texas, blue crabs were 
sampled at 3 locabons in the Houston Ship Channel 
(staff NMFS Beaufort Laboratory, National Benthic 
Surveillance Program, 1988) w h c h  ranged from lightly 
to heavily contaminated: Eagle Point, Morgan Point 
and Green Bayou. 
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mium, copper and zinc) using flame atomic absorption 
spectrophotometry (Engel & Brouwer 1987). A stan- 
dard reference material was used to verify our prepar- 
ative and analytical measurement techniques for 
metals. 

Blue crabs were selected for molt stage. Only inter- 
molt or early premolt D] to DJ male crabs and terminal 
molt female blue crabs without eggs were used. These 
stages were selected because previous data indicated 
that hemocyanin concentrations during these particu- 
lar stages were relatively stable (Engel 1987, Engel & 
Brouwer 1987). No subjective segregation of crabs by 
health, size, or color was made, and 5 to 10 crabs were RESULTS 
sampled per site. 

Hemolymph samples were collected by severing an Hemocyanin concentrations 
appendage between the joints. The appendage of 
choice was the paddle appendage. The cut was made Initial collections of blue crab hemolymph and meas- 
with a sharp pair of scissors between the joints through urements of hemocyanin concentrations were made in 
the meropodite. The samples were collected in plastic Pamlico Sound during September of 1988. The data 
vials, placed on ice, and allowed to clot. The blue crab showed that the distribution of hemocyanin concentra- 
samples collected in North Carolina were returned to tions in blue crabs from the southwestern portion of the 
the laboratory on ice and refrigerated. For logistical Sound were low relative to the reference area, 
reasons the Florida and Texas blue crab samples Beaufort (Fig. 2) .  The concentration in Beaufort crabs 
were frozen at -70 "C, and shipped to Beaufort on dry was 62 mg ml-' while the concentrations in crabs from 
ice. The clotted hemolymph was homogenized with the tributaries of southwestern Pamlico Sound ranged 
a Polytron homogenizer, and then centrifuged at between 15 and 21 mg ml-'. 
20 000 X g for 30 min. The resulting super- 
nate or serum was then decanted and kept at 
< 4 "C. 

The hemocyanin measurements were 
made spectrophotometrically. The hemo- 
lymph serum samples were diluted with buf- 
fer, 50 mM Tris / l 0  mM CaC12, pH 8.0, and 
readings taken at 280 and 334 nm. The con- 
centration of hemocyanin was calculated 
with = 13.5 and E334nm = 2.30 as deter- 
mined for intact undissociated hemocyanin 

Roanoke River 
(Johnson et al. 1984). 

Blue crab hemocyanin occurs as a mixture 
of hexamers and dodecamers. The amount of 
dodecamers in blue crab populations varies 
between 88 and 66 % (Mangum et al. 1991), 
which potentially could affect the absorbance 
measurements due to light scattering. How- 
ever, the 280 nm extinction coefficient of 
Callianassa californiensis 24-mer hemocya- 
nin is only 5 % greater than the correspond- 
ing hexamer (Roxby et al. 1974), showing 
that light scattering contributes little to the 
280 nm absorbance. Therefore, the contribu- 
tion due to light scattering for Callinectes 
sapidus hemocyanin will be negligible. 

To measure the nutrient metals copper and 62.1 m 
zinc and the toxic metal cadmium, digestive 
glands also were collected from crabs at 
selected sites and were individually frozen 
on dry ice in plastic bags. For trace metal 

the tissues were dried at loo OC' Fig. 2. Map of Albernarle and Parnlico Sounds showing the locations of 
wet-ashed in HN031 and meas- collection sites and mean hernocyanin concentrations for blue crabs 
ured for trace metal concentrations (i.e. cad- collected in September 1988 



Mar. Ecol. Prog. Ser. 93: 235-244, 1993 

PUNGO R .  i SOUTH CRK. 

NORTH CRK. 
1989 T 1 

0 BO 
PUNGO R .  B SOUTH CRK. 1 9 9 0  

E "t NORTH CRK. 

LU " s 0 

NORTH CRK. 

MONTH OF COLLECTION 
Fig. 3.  Callinectes sapidus. Spatial and temporal differences 
in hemocyanin concentrations in blue crabs collected from the 
Parnlico River area in 1989, 1990 and 1991. Each monthly data 

point is the mean of 5 to 10 blue crabs 

In 1989, 1990 and 1991, significant spatial and tern- 
poral differences occurred within and among the dif- 
ferent sampling locations in the Parnlico and Neuse 
Rivers (p < 0.05) (Figs. 3 & 4)  and also in the reference 
areas of Bogue, Core, and Currituck Sounds (Fig. 5). In 
1989 the lowest average hemocyanin concentration 
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Fig. 4 .  Callinectes sapidus. As in Fig. 3 but  for crabs collected 
from the Neuse River area 
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1991 

was observed in crabs collected during July from the 
Pungo River, 13 mg ml", and from Broad Creek, 15 mg 
ml", both of which were ca 25 % of the concentration 
for reference area crabs. Both of the reference areas 
were high salinity, > 25 ppt, while the Pungo River and 
Broad Creek were low salinity, < 15 ppt. In both cases 
the hemocyanin concentrations rebounded in August 
and stayed higher through September and October, 
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Fig. 5. Calllnectes sapidus. As in Fig. 3 but for crabs collected 
from reference sites 

suggesting that recovery had occurred. The differ- 
ences between the 2 sites on the Neuse River, Broad 
Creek and Oriental, were particularly interesting, 
because the lowest value was from the most sparsely 
populated area, Broad Creek, while Oriental, a harbor 
having heavy pleasure boat traffic and large marinas, 
did not vary a s  greatly. While there were fluctuations 
in the hemocyanin levels observed in the reference 

areas (Fig. 5), all measured concentrations were higher 
than those seen in the Pamlico or Neuse Rivers. 

In 1990 there were both spatial and temporal differ- 
ences in the hemocyanin concentrations measured in 
crabs from both the Pamlico and Neuse River areas. In 
the Pamlico system (Fig. 3) the lowest hemocyanin 
concentrations were measured in crabs collected dur- 
ing August from South and North Creeks. Since these 
observations were made near the end of the sampling 
period, it was not determined whether or not the crabs 
recovered fully. In the Neuse system (Fig. 4) the con- 
centrations fluctuated, but there was no clear temporal 
or spatial pattern. Measurements of hemocyanin con- 
centrations made on crabs collected from Core and 
Currituck Sounds remained high (Fig. 5), except for 
an  unexplained low value in Currituck Sound crabs 
during September. 

In 1991 the temporal patterns of hemocyanin con- 
centrations for blue crabs collected from the 3 locations 
on the Pamlico River were similar to the patterns 
observed in 1989 (Fig. 3). and once again there were 
few temporal differences among the 3 sites in the 
Neuse River area (Fig. 4). The lowest hemocyanin con- 
centrations on the Pamlico River were in June and July 
at  North and South Creeks, and then increased 
through October at  all 3 locations. The hemocyanin 
concentrations among the Neuse River crabs started 
low in May relative to 1989 and 1990, and then 
increased slowly through October. The hemocyanin 
concentrations among the crabs from Core Sound 
remained relatively constant throughout the study 
period, but the Currituck Sound crabs were more vari- 
able (Fig. 5). Once again the cause of the observed var- 
iability is not known. 

Analysis of the blue crab hemocyanin concentrations 
by ANOVA for 1989, 1990 and  1991 revealed highly 
significant interactions (p < 0.001) between months and 
locations (Table 1A). The data from collections for 
the years 1989 and 1990 indicated that the patterns 
of change in hemocyanin concentrations over time 
(months) varied among the locations sampled. In 1991, 
however, no interaction was detected, nor were there 
significant differences among locations, but significant 
differences among months did occur. These results 
implied that in 1991 there was some consistency 
among the locations, and that there were patterns of 
change in hemocyanin over time. For further analysis 
by ANOVA, the data were grouped by region 
(Pamlico, Neuse and Reference) (Table 1B). The analy- 
sis detected significant Region X Year X Month inter- 
action, indicating a lack of consistency in the temporal 
patterns among regions and years. Examination of 
mean hemocyanin concentrations reveal that the 
Pamlico and Neuse regions exhibited similar seasonal 
patterns in 1989 and 1991. However, in 1990, the 
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Table 1. Analyses of vanance of blue crab hemocyanin concentrations for 1989. 
1990 and 1991 (A) a t  all locations by month and (B) in 3 regions by month and 

year 

A. ANOVA - location and month 
Source df Mean square F-value 

1989 
Location 7 1509.62 
Month 1 56.40 
Month x Location 7 1273.57 

1990 
Location 7 656.12 4.12. 
Month 1 1558.96 28.63 
Month X Location 7 838.24 5.26' ' 

1991 
Location 7 84.70 0.51 
Month 1 1920.88 11.53" 
Month x Location 7 237.28 1.12 

B. ANOVA - region, month and year 
Source d f Mean square F-value 

Region 2 12187.22 134.83. 
Year 2 1956.03 15.73' ' 
Month 5 1733.08 6.01" 
Region X Year 1 1566.28 7.25- 
Region X Month 10 12137.88 7.89- 
Region X Year X Month 25 21750.33 5.52. 

' ' Significance, p < 0.001 

tions that were correlated positively 
with the degree of industrialization 
in Tampa Bay, as shown by sedi- 
ment PCB concentrations (NOAA, 
Biological Effects Surveys, 1990) 
(Table 2).  The hemocyanin concen- 
trations were lowest in a highly 
industrialized area of the Bay (North 
Hillsborough River) and highest in 
the middle of the Bay near the inlet to 
the Gulf of Mexico. This relationship 
suggests a correlation between water 
quality or contaminant inputs, as 
indicated by the degree of industnal- 
ization, and hemocyanin concentra- 
tion. 

Hemocyanin concentrations meas- 
ured in the hemolyrnph of blue crabs 
from the Houston Ship Channel at 
Galveston, Texas, in 1988 were 
inversely correlated with the distance 
up the Channel (Fig. 7). There was 
also an increase in hydrocarbon and 
trace metal concentrations in the sed- 
i m e n t ~  with distance up the Ship 
Channel (data collected by National 
Benthic Surveillance Program, Beau- 
fort Laboratory, 1988). 

Pamlico region, after reaching a maximum in June, 
showed a steady decline in average hemocyanin con- 
centration through September. In contrast, the Neuse 
region declined from a maximum in May to a minimum 
in June and thereafter exhibited intermediate hemo- 
cyanin concentrations until October. With the excep- 
tion of May, June and September of 1990, the concen- 
trations of hemocyanin m crabs from the Reference 
region averaged well above those for the other 2 re- 
gions. 

Six month averages of blue crab hemolymph hemo- 
cyanin concentrations for crabs collected in 1989, 1990 
and 1991 from the reference and Pamlico/Neuse loca- 
tions showed the overall differences between test and 
reference areas (Fig. 6). The pooled data further 
underscores the persistent nature of the reduced 
hemocyanin concentrations between years at the dif- 
ferent Pamlico/Neuse River locations and the Bogue, 
Core and Currituck Sound sites. The observed spatial 
differences in hemocyanin metabolism among blue 
crabs from locations in Pamlico/Neuse River systems 
and the reference areas suggest the presence of a com- 
bination of natural and/or anthropogenic stressors. 

Hemolymph collected from blue crabs at the 4 
locations in Tampa Bay had hemocyanin concentra- 

Digestive gland metal concentrations 

The concentrations of copper, zinc and cadmium in 
the digestive glands of crabs collected from the 
Pamlico River, Bogue and Core Sounds, and the 4 loca- 
tions in Tampa Bay were different both between and 
within locations (Table 3 ) .  The tissue concentrations of 
cadmium in Beaufort and Pamlico River blue crabs 
were not significantly different (p  > 0.05), but both cop- 
per and zinc concentrations were significantly higher 
(p < 0.05) among Core and Bogue Sound crabs. Tampa 
Bay crabs had significantly higher concentrations 
(p  < 0.05) of both cadmium and copper than those col- 
lected from North Carolina, but the zinc concentrations 
were similar. Crabs from the more industrialized areas 
of Tampa Bay (i.e. North Hillsborough Bay) (Fig. 1) had 
3 times more copper in the digestive glands than those 
from the less industrialized portions of the Bay. The 
high cadmium concentrations in the Tampa Bay crabs 
relative to those from North Carolina may be related to 
the larger phosphate mining and processing activity in 
that portion of Florida. The zinc concentrations in the 
digestive glands of the blue crabs analyzed in this 
investigation were similar regardless of the amount of 
industrial inputs. 
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Fig. 6. Callinectes sapidus. Average hemocyanin concentra- 
tions measured from reference and Pamlico/Neuse River 
locations during the 6 mo sampling period for 1989, 1990 and 
1991. Vertical bar = 1 SE. The locations from left to right are: 
Ref, reference; SC, South Creek; NC, North Creek; PR, Pungo 

fiver; BR, Bay River; BC, Broad Creek; and Or, Oriental 

DISCUSSION 

One of the strategies for monitoring the marine envi- 
ronment is to use biological and biochemical measure- 
ments in selected organisms as indicators of environ- 
mental quality. From our data on blue crabs collected 

Table 2 Call~nectes sap~dus  Hemolymph hemocyanin con- 
centrations from blue crabs collected in 1990 from Tampa Bay, 
Flonda. Concentrat~ons are presented as mg ml-l of hemo- 

lymph 

Location" I I Hemocyanin 
concentration 

North Hillsborough Bay 2 2 48.2 i 5 
South Hillsborough Bay 2 1 5 4 . 0 i  6 
Old Tampa Bay 10 62.4 i 16 
South of Gadsden Po~nt 25 68.9 * 6 
"Locations are arranged in the order of increasing water 
quality 

- 

in North Carolina and elsewhere, it appears that the 
hemolyrnph hemocyanin concentration is correlated 
with environmental quality and, therefore, may be a 
useful indicator of stress. It must be emphasized that 
'stress' may include a number of natural and anthropo- 
genic factors which may or may not interact to cause 
the observed response. 

Hemocyanin concentrations in blue crabs from 
degraded environments (i.e. the Houston Ship 
Channel and North Hillsborough Bay, Tampa) are 
reduced relative to hemocyanin concentrations in 
crabs from 'cleaner' reference areas. Unlike the 2 
above mentioned locations where there is a direct cor- 
relation between industrial contaminant inputs and 
low hemocyanin concentrations, the North Carolina 
crabs are not exposed to such conditions. In fact, the 
lowest hemocyanin concentrations have been meas- 
ured in crabs collected from sparsely populated areas, 
which implicates a cause other than chemical con- 
taminants. 

The data that has been collected in the southwestern 
Pamlico Sound and its tributaries shows that there are 
both spatial and temporal differences in the hemocya- 
nin concentrations among the blue crab population in 

- 
NOR6fN PT. GREEN BAYW 

kE PLTdCnTIoN - HOUSTON SHIP CHnWrm 

Fig. 7. Callinectes sapidus. Average hemocyanin concentra- 
tions for blue crabs collected in the Houston Ship Channel in 

1988. Each value is the mean of 6 individual crabs + 1 SE 
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Table 3. Callinectes sapidus. Concentrations of trace metals (cadmium, copper, tuations. Therefore, crabs from the 
zinc) In the digestive glands of blue crabs collected from the Beaufort area, the Pamlico system with salinities of 7 to 

Parnlico River and Tampa Bay. Concentrations in rng kg-' wet weight + SE 14 ppt would be expected to have 

Location n Cd Cu Zn 

Beaufort (Core and 
Bogue Sounds, NC) 

28 2.07 ' 0.3 20.1 ' l.' 43.5 ' 3.8 

Pamlico River, NC J5 3.09 k 0.2 4.6 + 0,3 30.2 + 3,0 
Tarnpa Bay. FL 

N. Hillsborough Bay 22 7.4 k 0.6 165.0 + 28 46.8 f 4.4 
S. Hillsborough Bay 2 1 8.0 + 0.6 90.4 + 15 36.6 f 2.9 
Old Tampa Bay 10 5.7 f 1.1 89.2 + 19 43.0 f 4.5 
Gadsden Point 25 9.2 + 0.8 50.0 5 10 48.9 f 3.2 

higher hemocyanin concentrations 
than those collected from the high 
s a l i ~ t y  reference area. Instead, crabs 
from the Pamlico/Neuse systems tend 
to have lower hemocyanin concentra- 
tions. 

The lack of oxygen, hypoxia, 
becomes a candidate as the 
causative agent for reduced hemo- 
cyanin concentrations in the Pam- 
lico/Neuse systems. The effects of 

this area. Low concentrations of hemocyanin were first prolonged hypoxia on hemocyanin concentrations in 
measured in September 1988 in crabs from different marine crustaceans, however, are not clearly defined. 
locations in Pamlico Sound in a single set of collections. DeFur et al. (1990) have shown in laboratory tests that 
Other collections made during the summers of 1989, hypoxia can cause increased hemocyanin concentra- 
1990 and 1991 at similar locations showed similar tions in blue crabs collected from Chesapeake Bay, 
trends. In all 3 data sets, significant differences USA, where hypoxic conditions occur routinely. 
(p  < 0.05) in hemocyanin concentrations were demon- Brouwer and coworkers exposed blue crabs to reduced 
strated both between and within sampling locations. oxygen (30 % of saturation) for 21 d and did not show 
The lowest concentrations tended to occur during July any significant increase in hemocyanin concentration 
and August when the water temperatures tend to be (unpubl. data). Hagerman (1986) demonstrated that 
the highest, and then increase in September and chronic hypoxia caused increases in hemocyanin con- 
October as the water cools (data supplied by the N.C. centrations in Crangon crangon, but also showed that 
Division of Environmental Management and the starvation will decrease hemocyanin concentrations. In 
Division of Marine Fisheries). Temperature and dis- contrast, Hagerman & Baden (1988) demonstrated that 
solved oxygen measurements made in the Pamlico and low oxygen caused reduced feeding and lowered 
Neuse Rivers (Garrett & Bales 1991) show that the low- hemocyanin concentrations in Nephrops norvegicus. 
est bottom and rnidwater dissolved oxygen and hlghest In a later study, Baden et al. (1990) showed that moder- 
temperatures were measured in June and July in 1989 ate hypoxia (20 to 40 % O2 saturation) caused an 
and in August and September in 1990. These data cor- increase in hemocyanin, but that severe hypoxia (10 to 
relate well with the lowest hemocyanin concentrations 20 % O2 saturation) caused a decrease. 
measured in blue crabs collected from areas close to Data on dissolved oxygen concentrations, tempera- 
where oxygen-temperature data was obtained. Such a tures, and hemocyanin concentrations in crabs col- 
correlation strongly implicates dissolved oxygen and lected at South Creek in 1989 (oxygen and tempera- 
temperature as contributing factors to the reduced ture data supplied by the N.C. Division of 
hemocyanin concentrations. Environmental Management) showed a positive corre- 

Reduced salinity, 3 to 12 ppt, which routinely occurs lation between increased temperatures and low dis- 
in the study area, has been shown to positively affect solved oxygen and lowered hemocyanin concentra- 
the synthesis of hemocyanin in blue crabs exposed tions (Fig. 8). In 1991 there also appears to be 
under laboratory conditions (Engel et al. in press, M. correlation between lowest hemocyanin concentra- 
Brouwer unpubl. data, Charlotte Mangum, College of tions and the months when the highest temperatures 
William and Mary, pers. comm.). In laboratory tests, we and lowest oxygen concentrations occurred (data col- 
demonstrated that crabs acclimated to high salinity, lected by N.C. Division of Marine Fisheries). It is our 
32 ppt, and then transferred to 5 ppt had a 14 % hypothesis that hypoxia alone did not cause the 
increase in hemocyanin concentration after 21 d of observed reduction in hemocyanin, but that it is an 
exposure. Hemocyanin concentrations measured in indirect effect of a combination of hypoxia-induced 
blue crabs from a low salinity estuary on the Gulf of torpor, reduced feeding, and thermally accelerated 
Mexico support the above mentioned laboratory obser- metabolism. Uglow (1969) demonstrated that imposed 
vations (Heron Bay, MS, low salinity, hemocyanin fasting in Cancer maenas resulted in catabolism of 
71 mg ml-l). Also, the low salinity (1 to 3 ppt) reference hemocyanin and its use as a nitrogen source. Sirmlar 
area in Currituck Sound tended to have higher hemo- effects also were observed in overwintenng blue crabs 
cyanin concentrations despite some unexplained fluc- from eastern North Carolina (Engel & Brouwer 1987). 
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Fig. 8. Callinectes sap~dus .  Relationship between blue crab 
hernolymph hernocyanin concentrations and water tempera- 
ture and dissolved oxygen concentrations on South Creek in 
1989. Hemocyanin measurements are the same as in Fig. 2 
Temperature and dissolved oxygen data was collected by the 
N.C. Division of Environmental Management at a location in 
the vlcinity of where the blue crabs were collected by otter 
trawl. Both the oxygen and temperature data was collected at  

a depth of 4 m 

When the crabs were collected in the early spring the 
hemocyanin was lower by about 30 %, but rebounded 
rapidly after feeding began in the laboratory. 

In addition to 'natural' environmental factors that 
can cause reductions in hemocyanin concentrations in 
blue crabs, organic contanlinants, particularly petro- 
leum hydrocarbons and pesticides, also may be impli- 
cated. These contaminants may exert their influence 
by inhibiting normal copper metabolism and thus the 
synthesis and turnover of hemocyanin in blue crabs. 
Recently it has been shown that glutathione, a com- 
pound that has long been known to play a role in the 
detoxification of certain aromatic hydrocarbons (PAHs) 
(Meister & Anderson 1983), also is involved in copper 
metabolism (Freedman et al. 1989). In our laboratory 
we demonstrated that a complex of Cu(1) and glutathi- 
one can reactivate copper-free hemocyanin (Brouwer 
& Brouwer-Hoexum 1991, 1992). In addition, it has 
been reported that the digestive gland levels of the 
enzyme glutathione-S-transferase, which conjugates 
hydrocarbons with glutathione, increased when blue 
crabs were exposed to an  organic contaminant, 2,6- 
ditertiary-butyl-4-hydroxytoluene (BHT) (Lee et al. 
1988). This information suggests a possible pathway by 
which exposure to PAHs and pesticides and their sub- 
sequent detoxification may result in diminished hemo- 
cyanin synthesis, due to the lack of Cu(1)-glutathione 
complexes. 

The measured hemocyanin concentrations in the 
hemolymph of blue crabs collected in the Houston Ship 
Channel and Tampa Bay support the hypothesis that 
organic contaminants may be involved in alteration of 

hemocyanin metabolism. The data from Texas showed 
a negative correlation between the distance up the 
Houston Ship Channel and hemocyanin concentra- 
tions in the crabs. In addition to the increased inor- 
ganic and organic contaminants in sediment and 
decreased dissolved oxygen concentrations up the 
Ship Channel toward Houston, Burke et al. (in press) 
showed that among fish collected from the same loca- 
tions in 1988 growth was reduced and fin erosion 
increased. Both sets of biological measurements reflect 
effects of a degraded environment which includes both 
elevated chemical contaminants and decreased dis- 
solved oxygen. 

In Tampa Bay there was a direct relationship 
between measured organic contaminants in crab tis- 
sues and hemocyanin concentrations among the blue 
crabs collected. The digestive glands were taken from 
crabs collected from North and South Hillsborough 
Bays and Gadsden Point and composited and analyzed 
for PCBs and DDT (Susan Pierce, NMFS/Northwest 
Fisheries Center, Seattle Laboratory, unpubl. data). 
Both PCBs and DDT were highest at  North Hills- 
borough Bay (2600 and 740 ng g-') and lowest at 
Gadsden Point (990 and 250 ng g - l )  which correlates 
negatively with the measured concentrations of hemo- 
cyanin (Table 2). These data support the idea that 
detoxification of organic contaminants may interfere 
with normal copper metabolism in the blue crab, since 
the crabs with highest copper and PCB/DDT concen- 
trations have the lowest hemocyanin concentrations. 

While the data from Tampa Bay indicates a possible 
direct relationship between organic contaminant con- 
centration and reduced hemocyanin, the data from 
North Carolina blue crabs suggests an  indirect route 
for the alteration of normal hemocyanin metabolism in 
blue crabs. Among the North Carolina crabs there is a 
correlation between lower copper and hemocyanin 
concentrations in Pamhco River crabs, and higher cop- 
per and hemocyanin concentrations in crabs from the 
Reference sites, Core and Bogue Sounds (Table 2 and 
Figs. 2 & 6). The forcing function among the Pamlico 
h v e r  crabs appears to be an  interaction between low 
dissolved oxygen and elevated temperature. We also 
have observed this same type of relationship in 
another estuary, New River, on the southern coast of 
North Carolina (Engel et al, in press). The crabs from 
the New River have significantly lower hemocyanin 
concentrations than adjacent estuaries with similar 
salinities. In the New River, the probability of hypoxic 
conditions in the estuary is exacerbated by the efflu- 
ents from 3 sewage treatment plants and poor tidal 
flushing (N.C. Division of Environmental Manage- 
ment, Wilmington Office, Wilmington, NC). Zinc was 
not affected in blue crabs by environmental factors to 
as great an extent as copper. The data collected to date 
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indicates that zinc does not vary greatly among differ- 
ent blue crab populations. 

At this time we cannot document a specific cause 
and effect relationship that can explain all of the 
observed reductions in blue crab hemocyanin concen- 
trations from different geographical areas. Our data, 
however, does provide evidence for a positive correla- 
tion between hypoxic conditions and elevated water 
temperatures and lowered hemocyanin concentra- 
tions. In addition, there is also evidence that organic 
contaminants can negatively affect copper metabolism 
and therefore, hemocyanin turnover. While the 
response of the crabs to aberrant environmental condi- 
tions is variable, we have been able to demonstrate 
consistent results over time in North Carolina. The 
physiological/toxicological processes that control the 
turnover and synthesis of hemocyanin in the blue crab 
are complex, but appear to be sensitive to environmen- 
tal conditions. 
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