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Summary. Concentrations of Cd, Cr, Cu, Fe, Mg, Mn, Pb, Zn, 
Ca and K were examined in tissues of the troglobitic (obligatory 
cave-dwelling) crayfish Orconectes australis australis and troglo- 
philic (facultative cave-dwelling) species Cambarus tenebrosus. 
These two species cohabit a stream in Merrybranch Cave, located 
in rural White Co., Tennessee. Tissue concentrations of essential 
metals did not exhibit any trends between species. In contrast, 
Cd and Pb concentrations were found to be significantly greater 
in O. a. australis for almost all of the tissues analyzed. The higher 
Cd and Pb concentrations in O.a. australis are thought to be 
due to the increased longevity of this troglobitic species. Because 
of the toxicity of Cd and Pb, chronic exposure to relatively low 
concentrations of these metals could cause changes in mortality, 
fecundity or behavior in aquatic organisms possessing long life 
spans. The bioaccUmulation of metals from low level, non-point 
sources is discussed in relation to life history strategies. 

Introduction 

Closely related organisms may exhibit different physiological 
strategies under identical environmental conditions. This occurs 
in freshwater crayfish (Decapoda:Astacidae) in situations where 
troglobitic (obligatory cavernicole) and troglophilic (facultative 
cavernicole) species exist syntopically in cave streams or pools. 

Troglobitic crayfish possess adaptations which allow them to 
successfully exploit the relatively stable and food-poor cave envi- 
ronment. These include lower metabolic rates than surface or 
troglophilic forms (Burbanck et al., 1948; Eberly, 1960; Jegla, 
1964; Weingartner, 1977; Caine, 1978; Dickson and Franz, 
in press); loss of eye structure (Mellon, 1977) and body 
pigmentation (Wolfe and Cornwell, 1964); increased foraging effi- 
ciency through sensory enhancement (Cooper, 1969); and the pres- 
ence of K-selected life history traits which include low growth 
and reproductive rates, larger size at hatching and increased lon- 
gevity (Hobbs, 1973; Cooper, 1975; Franz, 1978). In contrast, 
troglophilic crayfish are less specialized than troglobitic species 
with populations occurring in both epigean and hypogean areas. 
They are considered to represent more recent invasions from sur- 
face habitats into subterranean systems. Troglophilic forms have 
exploited subterranean habitats through an increase in foraging 
range and a slight reduction in growth and fecundity compared 
with conspecific surface populations (Weingartner, 1977). Because 
of the specialized nature of cave organisms and their habitat inter- 
actions, it is important to understand the possible implications 
of man-induced environmental perturbations. In the present study, 

tissues of both a troglobitic and troglophilic crayfish cohabiting 
a cave stream were examined to gain insight into the influence 
of physiological and life history differences on the concentration 
of metals in crayfish tissues. 

Methods and Materials 

Samples of the troglobitic crayfish Orconectes australis australis 
(Rhoades) and the troglophilic species Cambarus tenebrosus Hay 
were collected with baited traps and dip net from syntopic popula- 
tions in a stream in Merrybranch Cave, White Co., Tennessee. 
This location was chosen because of the relatively large popula- 
tions of crayfish, allowing limited sampling with minimum popula- 
tion disruptions. Samples of the troglobitic isopod Caecodotea 
alabamensis, which probably serves as a food source for these cray- 
fish, were also collected. After capture, crayfish and isopods were 
placed individually into polyethylene bags and transported to the 
laboratory in liquid nitrogen ( -196  ~ C). Cave stream water sam- 
ples were taken in polyethylene bottles and returned to the labo- 
ratory at 0 ~ C. Samples were maintained at - 4  ~ C prior to the 
analysis. 

Prior to dissection, carapace length (ram) and sex were 
recorded for each crayfish. Specific tissues and structures (cara- 
pace, gill, hepatopancreas, gastrolith, green gland and dorsal tail 
muscle) were dissected from each crayfish and placed individually 
into polyethylene bottles. Dissection was conducted under a lami- 
nar flow hood with polyethylene dissecting tools to minimize con: 
tamination. 

Tissue samples, along with whole isopods were lyophilized 
for 2-3 days and dry weights were determined to the nearest 
0.01 mg. After lyophilization, samples were digested in Teflon 
(TFE) digestion tubes with one or five mls redistilled HNO3 to 
give an approximate acid to tissue ratio (v/w) of 25 to 1 (Thorp 
et al., 1979). 

Before use, all Teflonware and glassware was soaked for 24 h 
in 1% Acationox (Scientific Products) and rinsed three times in 
deionized water (Milli-Q Water Purification System, Millipore). 
Teflonware was then leached 4-6 h in heated (130 ~ C) 50% re- 
distilled HNO3 prior to storage in 10% redistilled HNO3. Imme- 
diately before usage, digestion tubes were again rinsed twice in 
deionized water. Polyethylene bottles were soaked 24 h in 10% 
HCL and rinsed twice in deionized water. 

Cadmium, Cr and Pb were measured by flametess atomization 
with a Perkin-Elmer Model 306 atomic absorption spectrophotom- 
eter equipped with an HGA-2100 flameless atomizer and deute- 
rium background continuum. Calcium, Fe, Mg and Zn concentra- 
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Table 1. Total metal concentrations in Merrybranch Cave stream 
water 

Cd Cu Fe Pb Zn Ca K Mg Na 
(btg//) (btg//) (~tg//) (gg//) (~tg//) (rag//)(mg//)(mg//)(mg//) 

0.2 8.0 128.7 2.3 1.6 37.3 1.6 6.1 1.5 

tions were measured by flame atomization and K by flame emis- 
sion with an Instrumentation Laboratories Model 351 atomic ab- 
sorption spectrophotometer. Lanthanum chloride was added to 
both samples and standards to increase sensitivity for Ca determi- 

nations. Copper and Mn concentrations were measured by either 
flame or flameless atomization depending upon sample concentra- 
tions. Matrix interferences were evaluated by standard additions 
and measurements at non-absorbing adjacent analytical wave- 
lengths and eliminated by variation in charring and atomization 
parameters, Because of a persistent matrix interference due to 
Na, Pb concentrations were measured using standard additions 
techniques even though much of the interference was eliminated 
by NHgOH additions. Standards were made from Fisher certified 
atomic absorption standards (Fisher Scientific). To evaluate possi- 
ble contamination, reagent blanks were used throughout all prepa- 
ration and analytical procedures. Reagent grade HNO3 was re- 

Table 2. Mean concentrations of trace metals in the isopod C. alabamensis and the crayfish O. a. australis and C. tenebrosus collected 
in Merrybranch Cave. Isopod values represent pooled, whole body concentrations while individual tissue concentrations are listed 
for crayfish 

Species 
Cd Cr 
(I-tg/gm) (I-tg/gm) 

Caecodotea alabamensis (Isopoda) 

n=2  ~ 2.4 - 
(1.3) 

Mean dry weight concentration (standard deviation) 
Cu Fe Mg Mn Pb Zn Ca K 
(gg/gm) (t~g/gm) (lag/gm) 0tg/gm) (lag/gm) (gg/gra) (mg/gm) (mg/gm) 

l 1 5 . 7  4,434.3 564.8 147.0 24.5 23.6 88.0 
(13.0) (1,835.0) (576.6) (25.0) (4.9) (1.1) (9.7) 

Orconectes a. australis (Decapoda) 

Tissue 

Carapace 0.5 1.9 66.6 
n=13 (0.7) (1.1) (43.1) 

Gill 1.7 3.4 351.8 
n = 13 (1.4) (4.0) (254.3) 

Gastrolith 1.2 2.1 75.1 
n=3 (1.0) (0.6) (65.0) 

Green Gland 1.8 1.4 254.2 
n=3  (1.2) (1.5) (175.6) 

Hepatopancreas 3.6 0.9 584.9 
n = 13 (4.0) (1.3) (769.4) 

Muscle 0.4 2.7 71.9 
n = 13 (0.2) (2.9) (50.0) 

94.4 44.9 288.2 5.7 35.4 179.6 5.1 
(71.4) (29.6) (742.4) (8.4) (23.8) (60.4) (1.1) 

327.8 21.0 148.8 23.2 36.9 19.4 21.6 
(608.9) (22.8) (332.2) (29.3) (39.7) (15.4) (20.7) 

82.8 184.8 77.3 48.0 23.8 346.3 4.8 
(52.1) (48.8) (26.6) (42.4) (21.9) (55.8) (0.5) 

76.4 230.0 96.5 28.0 30.0 17.7 9.4 
(23.0) (181.4) (73.6) (23.1) (25.6) (8.9) (4.3) 

68.1 21.0 235.8 8.3 106.6 7.5 12.1 
(72.1) (21.7) (195.3) (15.8) (97.9) (5.7) (4.7) 

34.9 7.9 12.6 1.2 91.3 4.5 17.3 
(41.1) (2.3) (15.1) (1.3) (51.5) (3.0) (2.9) 

Cambarus tenebrosus (Decapoda) 

Tissue 

Carapace 0.1 0.5 38.6 
n=7  (0.02) (0.2) (68.7) 

Gill 0.5 2.0 236.6 
n = 7  (0.3) (2.8) (126.2) 

Gastrolith 0.1 1.2 9.9 
n=4  (0.03) (0.5) (6.7) 

Green Gland 0.3 0.4 84.5 
n = 5 (0.2) (0.4) (49.0) 

Hepatopancreas 2.4 0.5 188.4 
n = 7 (1.3) (0.7) (265.2) 

Muscle 0.1 3.1 37.3. 
n = 7 (0.04) (3.0) (32.4) 

61.1 76.7 121.4 0.6 27.0 217.6 2.1 
(61.3) (50.1) (74.5) (0.4) (7.9) (53.9) (0.7) 

115.0 15.9 36.2 1.1 i25.0 10.5 I0.t 
(71.0) (8.4) (34.1) (1.3) (44.8) (10.1) (3.8) 

16.2 1,372.4 117.6 1.9 23.6 42t.7 4.7 
(18.3) (1,195.3) (150.4) (1.2) (22.1) (251.7) (3.4) 

69.1 39.8 86.2 5.1 62.4 7.2 8.2 
(35.4) (28.1) (113.1) (6.8) (71.5) (4.2) (4.4) 

64.3 5.5 182.8 0.1 309.9 3.8 7.8 
(71.2) (1.0) (232.5) (0.1) (271.5) (4.5) (4.5) 

7.4 7.3 4.7 0.5 127.4 2.6 13.4 
(5.1) (5.0) (5.3) (0.7) (66.6) (1.6) (5.7) 

Each sample group consisted of six individuals 
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Fig. 1. Profiles of relative differences between metal concentrations in O. a. australis and C. tenebrosus tissues. The area enclosed 
by the broken line represents C. tenebrosus concentrations (100%). The point where the shaded area intersects axis denotes the 
percentage metal concentration in O. a. australis relative to C. tenebrosus 

distilled in Teflon before use and NH4OH was prepared by isother- 
mal distillation in Teflon. 

Data analyses were conducted with an IBM 360-195 computer 
using the Statistical Analysis System (Barr et al., 1976) and FOR- 
TRAN programs. Metal concentrations were log transformed be- 
fore statistical analyses because of positive skewness (Giesy and 
Wiener, 1977). The tissue concentrations of metals in the two species 
of crayfish were examined by profile analysis with tests of signifi- 
cance made with Wilk's criterion (Morrison, 1967, p. 141). 

Results 

Ambient temperature, pH and dissolved oxygen of the stream 
waters at the time of sampling were 12 ~ C, 7.7 and 9.3 rag~l, respec- 
tively. However, stream conditions are dependent on surface 
hydrologic factors and do vary slightly (Mathews et al., 1977). 
Trace metal concentrations in stream water (Table 1) were low 
and did not indicate point source contamination from mineral 
deposits or human activity. 

In almost all instances, tissues of the troglobitic species 
O, a. australis contained higher metal concentrations than the tro- 
glophilic C. tenebrosus (Table 2, Fig. 1). Statistical comparison of 
tissue metal concentrations between the two crayfish species (Ta- 
ble 3) indicate the presence of significant differences in many of 
the pairings. Significantly greater metal concentrations in C. tene- 
brosus were only observed for Zn in gill and hepatopancreatic 
tissues. Greater concentrations of the potentially toxic metals Cd 
and Pb were measured in O. a. australis tissues (Table 2, Fig. 1). 
As one example (Fig. 1), O. a. australis carapace contained ap- 
proximately 200% of the Cd and 150% of the Pb found in C. tene- 
brosus carapace. Significant differences (profile analysis, P < 0.05) 

Table 3. Statistical comparison of metal concentrations a in tissues 
between O. a. australis and C. tenebrosus. Analyses conducted util- 
izing one way ANOVA 

Cd Cr Cu Fe Mg Mn Pb Zn Ca K 

Carapace *** *** ** * NS NS NS NS NS *** 

Gill *** NS NS NS NS NS *** *** NS ** 

Gastrolith *** NS ** * NS NS *** NS NS NS 

Green Gland *** NS NS NS NS NS * NS NS NS 

Hepato- NS NS *** NS ** NS *** ** ** *** 
pancreas 

Muscle *** NS ** *** NS ** ** NS * * 

a Log transformed 
* P<0.10; ** P<0.05; *** P<0.01 

were found between tissue concentrations (carapace, gill, hepato- 
pancreas and muscle) of Ca, Cd, Cr, Fe, Pb and Zn in the two 
species. 

No major trends were observed in linear ratios between body 
size and tissue metal concentrations of either species. This could 
be due in part to the low variability in  carapace length (cm) of the 
crayfish collected (0.  a. australis, ~'=2.20, SD=0.38, N=13;  
C. tenebrosus, )~=3.86; SD=0.39, N=7). Sexual differences in 
tissue metal concentrations were not examined statistically because 
of the small sample sizes and evidence from a previous crayfish 
study (L.A. Briese, unpublished data) indicating the lack of sexual 
influence in metal concentrations. 
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Discussion 

Compared with other hard water systems (Kubota et al., 1974; 
McIntosh and Bishop, 1976; Atchison et al., 1977; Stenner, 1978), 
metal concentrations in Merrybranch Cave (Table 1) are represen- 
tative of a relatively non-polluted aquatic habitat. Because of the 
rural location of this cave stream it is assumed that no significant 
introduction of metal pollutants has occurred prior to this study. 
Even under these conditions, O. a. austraIis tissues contain metal 
concentrations as high as those reported by Anderson and Brower 
(1978) in the crayfish Oreonectes virilis collected from an indus- 
trially-polluted river. 

The relative importance of metal uptake vectors (i.e., water 
or food) were not analyzed in this investigation. Studies involving 
aquatic invertebrates indicate that the uptake of non-essential 
metals such as Cd and Pb involves both food and water vectors 
(Enk and Mathis, 1977; Giesy etal., 1979). In a study of 
cave crayfish, Weingartner (1977) determined that over 80% of 
the ingested food of the troglobite Orconeetes inermis inermis and 
the troglophile Cambarus laevis were isopods and amphipods. 
Based on Weingartner's observations, the species examined in this 
study are thought to obtain metals primarily through ingestion 
of the isopod C. alabamensis and exposure to water. 

The contrasting physiological strategies of O. a. australis and 
C. tenebrosus are thought to represent the major source of species 
differences in tissue metal concentrations. Higher metal concentra- 
tions appear to be associated with the greater longevity of 
O. a. australis. The increased longevity of the troglobitic form, 
resulting from selection for lower metabolic rates and specific 
life history traits (K-selection), provides a longer period of expo- 
sure to metals than in the troglophilic species. Evidence from 
a long term study of O. a. australis in Shelta Cave, Alabama indi- 
cates that this species may attain life spans of over 100 years 
(Cooper, 1975). In contrast, troglophilic forms exhibit metabolic 
rates similar to surface crayfish (Weingartner, 1977), and would 
be expected to attain lifespans similar to crayfish in epigean popu- 
lations. Although average ages of the two species examined in 
Merrybranch Cave could not be estimated, it was assumed that 
O. a. australis possesses a significantly longer lifespan than C. tene- 
brosus based on the previous investigations. 

The essential metals (Cr, Cu, Fe, Ms, Mn, Zn, Ca and K) 
did not exhibit comprehensive species differences in tissue concen- 
trations similar to those observed for Cd and Pb (Table 3, Fig. 1). 
This is probably due to the internal homeostatic control of essen- 
tial metals through uptake and elimination processes (Liebsher 
and Smith, 1968). Distribution of some metals among tissues of the 
two species differed (Profile analysis; P < 0.05) and could result from 
temporal (i.e., molting cycle) or specific physiological differences. 

In contrast to the essential metals, Cd and Pb concentrations 
were observed to be significantly greater in O. a. austratis for at- 
most all the tissues examined (Table 3, Fig. l). Direct exposure 
to relatively high concentrations of Cd and Pb from point dis- 
charges are not the only danger posed to aquatic organisms by 
these toxic metals. The amount of Cd (Anon, 1975) and Pb (Patter- 
son, 1965) is increasing in the environment on a global scale 
through the action of numerous non-point sources. Both Of these 
non-essential metals tend to be bioaccumulated in various tissues 
and may be sequestered by protein binding (metallothioneins), 
rather than eliminated (Bryan, 1976; Brown, 1977). Fassett (1974) 
stated that Cd is accumulated continuously upon chronic exposure 
to this metal. The greater longevity of O. a. australis would explain 
the significantly higher concentration of Cd and Pb in tissues 
of this species. 

The unique adaptations of troglobitic organisms may inhibit 
their ability to cope with chronic exposure to even low concentra- 
tions of toxic metals. Based on evidence of low metabolic rates 
in troglobitic crayfish, the biochemical expense of metallothionein 
production could divert energy from other important functions 
such as reproductive output. In addition, because of the increased 
longevity of these species, detoxification of metals by protein bind- 
ing could decrease because of age-related factors in the formation 
of metallothioneins. 

The long term accumulation of metals could potentially 
contribute to the deaths of aquatic troglobites, many of which 
are now considered to be of an endangered or threatened status. 
Another unique faunal group possessing long life spans (Turekian 
etal., 1975; Engemann, 1978), the abyssal invertebrates, could 
also face problems through long-term bioaccumulation of toxic 
metals. Future studies elucidating possible biochemical adapta- 
tions to metal burdens in troglobitic or abyssal organisms may 
allow a better understanding of this phenomenon. 
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