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Bioaccumulation of copper in the tissues of Potamonautes warreni (Calman)
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The copper concentration detected in the water and sediments of the Nalalspruit River, Bronkhorstspruit
River and Nooitgedacht Dam exceeded certain stated limits for the protection of aqualic life. Daspite consi-
derable individual variation, the general ranking of copper concentrations in the various tissues was carapace
< muscle < gonads < midgut gland < gills. Seasonal variation was detected in the bicaccumulation of
copper in crabs sampled fram the Natalspruit River. However, this phencmencn did not occur in crabs from
the other two water bodies, A significant increase in copper concentrations was detecled with a decrease in
size, indicating that the size of the crabs is an important influencing factor in the bioaccumulation of copper. It
was also found that more copper accumulated in the ovary than in the testis per unit weight. The bicaccumu-
lation factors (BF) calculated for the different tissues with respect to the water were highest in the gills and
midgut gland (785,00 — 1257,50 and 432,00 - 1340,00, respectively). The BF with respect io the copper
concentration in the sediments was comparatively low for all the tissues (<0,10 — 2,74}. it appears that P.
warreni is able to regulate the copper concentrations in its various tissues and is therefore not a suitable
indicator of the presence of copper in the aquatic environment.

Die kaperkonsentrasies wat gevind is in die water en sedimente van die Natalspruitrivier, Bronkhorstspruit-
rivier en Nooitgedacht Dam het sekere neergelegde riglyne vir die beskerming van akwatiese lewe oorskry.
Ten spyte van hoé individuele variasies, was die algemene verhouding in die keperkonsentrasies tussen die
verskillende weefsels, karapaks < spier < gonades < spysverteringsklier < kieue. Seisoensvariasie is
waargeneem in die bioakkumulering van koper in die organe en weefsels van krappe wat in die Natalspruit-
rivier versamel is. Geen seisoensvariasie is egter waargeneem by krappe wat in die ander twee akwatiese
sisteme versamel is nie. 'n Duidelike toename in koperkonsentrasies is gevind met 'n afname in groofte.
Krapgrootte lyk dus na 'n belangrike faktor wat die bioakkumulering van koper beinvioed. Dit is ook gevind
dat meer koper akkumuleer in die ovarium as in die testis per eenheidsmassa. Die bicakkumuleringsfaktore
(BF) vir koper wat bepaal is vir die verskillende weefsels ten opsigte van die water, was die hoogste in die
kieue en spysverteringsklier (785,00 — 1257,50 en 432,00 — 1340,00, respektiewelik). Die BF ten opsigte van
die sedimente was relatief laag vir al die weefsels (< 0,10 — 2,74). Dit wil voorkom asof P. warreni koperkon-
sentrasies in die verskeie organe en weefsels kan requleer en dat dit dus nie 'n geskikte indikatororganisme
vir die aanwesigheid van koper in die akwatiese omgewing nie.

* To whom correspendence should be addressed

There are several sources of metal pollution in inland
waters, e.g. geological weathering, industrial processing of
cres and metals, the use of metals and metal compounds,
animal and human ¢xcrete, as well as leaching from domes-
tic refuse and solid waste dumps. Some of the industries
responsible for copper pollution are mining and metallurgy,
paints and dyes, cleaning and duplicating, electroplating and
metal finishing, chemical manufacturing, cxplosives, tex-
liles, electrical components and electronics (Forstner &
Prosi 1979).

Copper is widely distributed in nature in its free state, as
well as in sulphides, arsenides, chlorides and carbonates. In
the aquatic environment, copper can exist in three broad
calegories; particulate, colloidal and soluble. The dissolved
phase could contain both the free ion as well as copper
complexed to organic and inorganic ligands. Speciation of
copper in natural waters is determined by the physico-
chemical, hydrodynamic characteristics and the biological
state of the water (Moare & Ramamoorthy 1984).

Like many other metals copper is essential for normal
growth and development (Friberg, Nordberg & Vouk 1986).
Several copper-containing proteins have been identified in

biological systems (Moore & Ramamoorthy 1984). Copper
is also an essential component of hemocyanin, the oxygen
transport blood pigment found in crabs (Engel 1987; Engel
& Brouwer 1987; Tulasi & Ramanarao 1988).

When essential metals such as copper are limiting, life
processes will nat function at their maximum efficiency.
Conversely, excess mectals usually cause inhibition of the
life processes through interference with cnzyme activity
(George 1982; Bjerregaard & Vislie 1986) and loss of
membrane integrity due to the binding of the metals on
charged sites of proteins and membranes (Roesijadi 1981).
Copper is highly toxic to most freshwater and marine imvert-
ebrates with 1.Cs’s generally less than 0,5 mg/, though
they may range from 0,006 w0 >225,0mg/! under certain
conditions (Moore & Ramamoorthy 1984). The toxicity of
copper is thought 10 be largely atiributable 1o the Cu?* ion.
Toxicity is generally greater in freshwater than in marine
waters, reflecting the relative proportion of the toxic free
copper ion in solution (Hellawell 1986).

The present study was aimed at determining the copper
concentrations in the water, sediments and Lhe different
tissues and organs of P. warreni from three polluted aquatic
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environments. Seasonal variation, as well as possible size
and sex dependency in the bioaccumulation of copper were
also examined,

Materials and Methods

Water, sediment and specimens of P. warreni for metal
analysis were collected every second month (November
1989 - January 1991) at the Natalspruit River, Bronkhorst-
spruit River and Nooitgedacht Dam (Figure 1). Six localitics
with varying metal inputs were chosen in the Natalspruit
River welland ecosystem for the sampling of P. warreni.
Surface water (at 10-cm depth) and sediment (to 5-cm
depth} were taken by using hard pre-washed plastic botiles,
The crabs were transported in polyethylene buckets to the
laboratory, where samples of the carapace, gills, gonads,
midgut gland and muscle were removed. Prior 10 dissection,
carapace width {mm) and sex were recorded for each crab.
The crabs were grouped into four size-classes according to
the carapace width: 10-30 mm (Group 1), 30-40 mm
(Group 2), 40-60 mm (Group 3} and 60-80 mm (Group 4).
Of these, Groups 1 and 2 both represented the immature
developmental stages of P. warreni. Due (0 small sample
weight, it was necessary to pool some of the tissues of
speccimens of Groups 1 and 2 1o obtain the required one
gram wet-lissue sample.
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Water, sediment and tissue samples were digested accor-
ding to methods described by Van Loon (1980), using 55%
nitric acid and 70% perchloric acid. The acid digestion was
performed on a hotplate (200-250°C) for at least 5 h, during
which clearing of the sample was achieved. The copper
cong¢entration in the varicus tissues, water and sediment was
mcasured by means of flame alemic absorption spectro-
photometry (Varian SpecrAA-10). A detailed description of
the methods and techniques used during this study are given
in Steenkamp, Du Preez, Schoonbec, Wiid & Bester (1993).
In order to be able to facilitate the comparison of dry mass
data in the literawure with the data obtained in this study, the
dry matter percentages were determined in cach case. The
tissues of eight crabs were dissected and dried at 60°C for
48 h.

A bicaccumulation factwor (BF) which reflects the
difference in concentration of metal in the water and tissuc
was calculated using the formula of Wiener & Giesy (1979):

BF = Co/{ Cw where Co = wet weight concentration of a
given metal in the crab tssue and Cw the average total
concentration of the metal in the water, The BF with respect
10 the sediment was determined applying the formula of
Kovacs, Nayary & Toth (1984):

BF = [metal] in the tissue / [metal] in the sediment
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Figure 1 Sampling localities on the Natalspruit River wetland (A), the Bronkhorsispruit River (B) and the Nooitgedacht Dam (C).
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Statistical analysis was performed on the data with the aid
of the BMDP2V program. If statistically significant diffcr-
ences were found after analyses of variance (ANOVA),
Scheffe's test for paired comparison was performed on the
data. Student’s ¢-test was used to indicate the extent of
significant differences which may possibly exist between
male and female P. warreni in the bioaccumulation of
copper.

Results
Water and sediment copper concentrations

The mean copper concentration in the Bronkhorstspruit
River (0,04 = 0,01 mg/l) was only slightly lower than those
in the Natalspruit River (0,05 * 0,02 mg/l) and Nooitge-
dacht Dam (0,05 * 0,03 mg/l}). The copper concentration
was very high in the sediments of the Nalalspruit River
{mean: 102,9 = 111,4 pg/g) in comparison with its mean
concentration in the Bronkhorstspruit River (45,8 + 3273
wg/g) and Nooitgedacht Dam (12,9 = 2.1 pg/g) (Table 1).

Tissue variation in the bicaccumulation of copper

Each of the individual tissues showed considerable variation
in the bioaccumulation of copper. In some tissues, notably
the gills and the midgut gland, the mean copper concentra-
tion was very high, being 48,8 ~ 31,8 pg/g wet weight and
32,0 = 87,1 wg/g wet weight, respectively. The carapace
had the lowest mean copper concentration of 8.4 = 7.1 pg/
g wet weight. There were significant differences (P < 0,05)
in the copper concentration between all the tissues, with the
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exception of the copper concentration between the gonads
(19,3 = 12,3 pg/g wet weight) and the muscle (18,7 >
11,4 pgfg wet weight).

Difterences between localities

The bioaccumulation of copper in the carapace of crabs
sampled from Localities 4, 5 and 6 was significantly higher
(P < 0,05) than those from Locality 2 and the Nooitgedacht
Dam. The bioaccumulation of copper in the carapace of
organisms sampled from Locality 4 was also significantly
higher than the carapace copper concentration in crabs
sampled at Localities 1 and 3 (Table 2). The concentration
of copper in the gills of P. warreni sampled at Locality 1
was significantly higher than those from Locality 2 and the
Nooitgedacht Dam.

There was no significant diffcrence in the copper concen-
tration between the gonad samples of P. warreni sampled at
the different localitics (# > 0,05). Crabs from Locality 1 had
a significantly higher concentration (P < 0,05) of copper in
the midgut gland than those sampled at Locality 2 on the
Natalspruit River, thc Nooitgedacht Dam and the Bronk-
horstspruit River,

The muscle copper concentration of P. warreni sampled
at Localities 4 and 6 was significantly higher (P < 0,05)
than the copper concentration in the muscles of crabs
sampled at Localities 1, 2 and 3, as well as those at the
Nooitgedacht Dam and Bronkhorstspruit River. Crabs sam-
pled at Locality 5 had a significandy higher (P < 0,05)
copper concentration in the muscle than those sampled at
Locality 2 and the Nooitgedacht Dam.

Table 1 Concentrations of copper in the water (mg/l} and sediments (ng/g) of the Natalspruit River
{Localities 1-6). Bronkhorstspruit River and NooitgedachtDam

Natalspruit River

Bronkhorst-  Nooitgedacht

1 2 3 4 5 6 spruit River Dam
Water
November 1989 0,05 0,04 0,10 0,04 0,07 0,05 * .
January 1990 6,03 0,03 0,03 0,02 0,06 0,03 0,03 0,03
March 1990 0,05 0,03 0,02 0,02 * 0,04 0,04 0,05
May 1990 0,04 0,03 0,05 0,03 . 0,04 0,02 0,05
July 1990 0,03 0,04 0,03 0,02 * 0,05 0,05 0,04
Scptember 1990 0,05 0,03 0,06 0,05 . 0,0 0,03 0,03
November 1990 0,07 0,08 0,11 0,11 * 0,02 0,04 0,11
January 1991 0.06 004 0,09 0,02 0,05 0,03 0,04 0,06
X 5D 0,05 = 001 004> 002 006 =003 004=003 006=000 004 =001 004=001 005=003
Sediment
November 1989 > hd - * * . * *
January 1990 98.0 22,0 104.0 1840 1255 7000 83,0 11,0
March 1990 132,0 24,7 116,0 59.0 * 186,0 40,0 14,7
May 1990 106,5 270 1480 16,0 . 19,0 15,0 10,0
July 1990 120,0 34,5 85,5 74,5 * 69,0 53,0 15,6
September 1990 230 280 96,0 86,0 * 1085 93,5 12,0
November 1990 1200 28,0 144,5 124,5 * 86,7 16,0 13,0
January 1991 94,5 25,6 95,0 62,0 890 148,5 20,0 14,5
X = 5D 99,1 = 36,1 17,1 = 39 1127 > 248 86,6 = 53,9 1073 = 258 1882+ 2320458 = 323 129 = 2]

* No data available
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Tabie 2 The mean concentraton of copper (ug/g weight) in Potamonautes
warreni sampled from the Natalspruit River (Localities 1-6), Bronkhorstspruit River
and Nooitgedacht Dam. The bioaccumulation factor (BF) for the different tissues
caleulated with respact to the water and the sediment are also given

Localities Carapace Gills Gonads Midgw gland Muscle
Natalspruit River
1 n 63 57 49 56 62
X =x8D 96 = 48 612 563 20,1 £ 150 67,0= 2055 165 =64
BF (H,0) 192,00 1224,00 402,00 1340,00 330,00
BF (Sedimem) 0,10 0,62 0,20 0,68 0,17
2 ] 128 126 68 120 121
X *SD 88 =496 BS X166 191 £ 130 228212 160=77
BF (H,() 220,00 962,50 477,50 570,00 400,00
BF (Sediment) 0,32 1,42 0.70 0,84 0,59
3 n 65 65 47 61 63
X=x=5D 89 * 406 552181 237 %152 272* 428 196 =98
BF (H,0) 148,33 520,00 395,00 453,33 326,67
BF (Sedimemt) 0,08 0,49 0.21 0,24 0,17
4 n 110 110 33 103 105
X*5D 140=82 S03=x241 219+ 143 324206 289 > 148
BF (HyO) 350,00 1257.50 547,50 810,00 722,50
BF (Sediment) 0,16 0,58 0,25 037 0,33
5 n 25 26 6 17 22
X+ 5D 149+ 68 471226 20082 373 =242 258 =237
BF (H,() 248,33 785,00 333,33 621,67 430,00
BF (Sediment) 0,14 0,44 0,19 0,35 0,24
6 n 84 84 38 84 80
X=*SD 13287 442x157 18494 314145 267 = 16,6
BF (H,0) 330,00 1105,00 460,00 785,00 6675
BF (Sediment) 0,07 0,23 0.10 0,17 0,14
Bronkhorstspruit River
] 133 110 43 91 104
X = 5D 107 =47 429=742 191 =10,1 206=119 174 =76
BF (H,0) 214,00 858,00 382,00 432,00 348,00
BF (Sediment) 0,23 0,9 042 0,47 0,38
Nooitgedacht Dam
n 144 142 81 142 140
X =sD 91*x02 3532251 159297 20,6 x 180 132 *4.7
BF (H.0) 2275 8825 397.5 515 330,00
BF (Sediment) 0,71 214 1,23 1,00 1,02

The bioaccumulation factor (BF), calculated for copper
using total mean values measured in the water from which
thc crabs were sampled, was generally the lowest for the
carapace, ranging from 148,33 to 350,00 with respect to the
water and from less than 0,10 to 0,71 with respect to the
sediment (Table 2).

The BF for the gills and the midgut gland was relatively
high. The BF for the gills varied between 785,00 and
1257,50 with respect to the water, and 0,23 and 2,74 with
respect to the sediment, while the BF for the midgut gland
ranged from 432,0 to 1340,0 and 0,17 to 1,0 with respect to
the waler and sediment, respectively (Table 2).

There were significant differences (P < 0,05) in the
copper concentration in the carapace, gills, gonads and
muscle between the crabs sampled from the Natalspruit
River (pooled localities) and the Nooitgedacht Dam. There

were also statistically significant differences (£ << 0,05) in
the muscle copper concentration between crabs from the
Natalspruit River and the Bronkhorstspruit River, as well as
between crabs from the Nooitgedacht Dam and the Bronk-
horstspruit River (Figure 2).

Seasonal variation

In crabs sampled from the Natalspruit River, significant
differences (ANOVA: P < 0,05} were found in the bicaccu-
mulation of copper between the carapace, gills, gonads and
muscle. Potamonautes warreni sampled during January
1990 had a significantly higher (P < 0,05} carapace copper
concentration than crabs sampled during March, July, Sep-
iember and November 1990. Crabs sampled during Septem-
ber 1990 had a significantly lower (P < 0,05) carapace
copper concentration than crabs sampled during May and
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Figure 2 The mcan concentrations (X * 5D) of copper (wg/g wel weight) in the sclected tissues and organs of Polamonawtes warreni
sampled from the Natalspruit River (pooled localities), Bronkhorsispruit River and Nooitgedacht Dam.

November 1990, and during January 1991 (Tablc 3).

The gill copper concentration of crabs sampled during
Janvary and March 1990 was found 10 be significantly
higher (P < 0,05) than the copper concentration in the gills
of crabs sampled during November 1989, and during May
and November 1990. Crabs sampled during January and
March 1990 had a significantly higher (P < 0,05) copper
concentration in the gonads than crabs sampled during Sep-
tember and November 1990, and January 1991.

The mean concentration of copper in the midgut gland of
crabs sampled during Janvary and March 1990 was higher
than that sampled during November 1989 and May 1990 10
Janvary 1991, These differences were not significant,
however, probably because of the high variability of the
dawa. Crabs sampled during March 1990 had a significandy
higher copper concentration (P < 0,05) in the muscle than
crabs sampled during May 1990 Lo January 1991, There was
a marked decrease in the biocaccumulation of copper in P.
warreni over this period. In general, the concentration of
copper was high during January 1990 and March 1990. A
degree of seasonal variation was observed with respect to
the copper concentration in the carapace and gills, the
concentration being lower during the colder winter months.

Crabs sampled from the Bronkhorsispruit River and
Nooitgedacht Dam showed significant differences only in
the bioaccumulation of copper in the muscles (ANOVA: P
< 0,05) during the various months. Crabs sampled from the
Bronkhorsispruit River during May 1990 had a significantly
lower (P < 0,05) copper concentration in the muscles than
crabs sampled dunng March and Scptember 1990 (Table 3).
Crabs collected from the Nooitgedacht Dam during July
1990 had a significantly higher (P < 0,05) copper concen-
tration in the muscles than crabs collected during May and
November 1990 (Table 3). Although significant rises in the
copper concentration occurred for some periods, no seasonal
variation could be observed in the bicaccumulation of
copper in the varjous organs and tssues ol P. warreni
sampled from the Bronkhorsispruit River and the Nooit-
gedacht Dam,

Sex and size-related variation

There were significant differences (P < 0,05) only beiween
the copper concentration in the genads of mature male and
fcmalc P. warreni samplecd at the Natalspruit River and
Bronkhorstspruit River. There were, however, no significant
differences in the copper concentrations of male and female
crabs from the Nooitgedacht Dam. The bioconcentration of
caopper does not appear to be related to the gender of the
animal, exccpt in the case of thc gonads of thc mature
animals (Groups 3 & 4).

There were significant diffcrences (ANOVA: P < 0,05)
in the copper concentrations in the carapace, gills and
muscle between the four size groups of crabs sampled at the
Natalspruit River, The Sheffe test for paircd comparison of
the four size groups showed that all the size groups differed
significantly (P < 0,05) with respect to the copper concen-
tration in the carapacc. There was a distinct increase in
carapace copper concentration with a decline in carapace
width.

The copper concentration in the gills of £. warreni from
Group 4 was significanily higher (P < 0,05} than the copper
concentration in crabs from Groups 2 and 3. The mean
copper concentration in the gills of crabs from Group 1 was
significantly higher (P < 0,05) than that of Group 4. Therc
was also a significantly higher (P < 0,05) copper concen-
iration in the muscle of crabs from Group 1 than that in
crabs from Group 4.

An increase in carapace widih and therefore crab size is
generally followed by a decrease in copper concentration.
This phenomenon was very clear in the carapace copper
concentration. In crabs sampled from the Bronkhorstspruit
River there were significant differences (ANOVA: P <
0,05) in the copper concentration in the carapace and gills
between the different size groups (Table 4). Crabs from
Groups 1 and 2 had a significantly higher (P < 0,05)
carapace copper concentration than crabs from Groups 3 and
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Table 3 The mean concentratians of copper (ug/g wet weight) in the selected lissu-
os of Potamonautes warreni sampled aver a period of 14 months (November 1989 to
January 1991} at the Natalspruit River, Bronkhorstspruit River and Nooitgedacht Dam

Month Carapace Gills Gonads Midgul gland  Muscle
Natalspruit River
November 1989 n 15 33 - 12 22

X=5D 144 =352 333 =199 21,0 £ 151 240 % 257
January 1990 n 51 56 30 52 54

Xx85D 159=99 609 = 20,4 296 = 149 404 = 190 251 =79
March 1990 n 65 59 52 58 63

XxS5D 110=x60 606 = 19,2 298 = 13,8 61,4 = 200,71 314 =228
May 1990 n 41 41 13 41 as

X*)SD 121 = 10,1 333+ 98 202120 339216 179 =171
July 1990 n 35 i5 15 33 Kh]

X*8D 102=05 397+ 144 197 %82 9 =457T 15073
Seplember 1990 n 81 81 62 80 78

X80 171z=50 475 * 469 163 =125 186 = 9,2 19,1 = 3,1
November 1990 n 90 90 47 90 88

X=8D 102=51 431 236 14997 41 +398 191 = 11,1
January 1991 n 77 76 22 75 75

XxsD 126*57 822176 150 %66 218+ 84 20,5 = 10,3
Bronkhorstspruit River
January 1990 n 14 14 10 14 14

X=xSD 106=55 9,05+ 2044 139 =357 273204 142 =50
March 1990 n I3 13 7 12 13

Xx£8D 93=55 363 = 125 190 = 134 208119 212+ 71
May 1990 n 12 12 5 9 12

X*5D 97 *37 203 + 89 143 £139 148+ 78 11,0 +23
July 1990 n 20 19 2 20 17

X=x5D 11,0x49 389 = 189 165> 14 204 4,5 189 x 126
September 1990  a 20 18 13 21 18

X=SD 12547 448 = 143 222+79 208*103 212=62
November 1990  n 13 13 6 12 12

X*8D 110%x54 266 = 118 256 * 16,1 254 =116 142 = 41
January 1991 n 21 21 - 3 18

Xx8D 10332 334 * 10,7 16,8 = 6,0 18,0 + 4,7
Nooitgedacht Dam
January 1990 n 16 15 9 15 14

X+SD 128+382 421 = 133 150 % 94 269 * 264 150 = 49
March 1950 n 10 10 7 10 10

X*S5D 83=x52 41,3+ 170 139 *85 287 £ 192 129 =38
May 1990 n 12 12 9 12 11

X=50 15=~84 235+ 84 17,1 = 8,1 145=75 105 =49
July 1990 n 28 28 19 28 28

X=SD 78x28 30,5 = 10,1 199 = 11,5 15058 16,2 = 6,0
Seplember 1990 n 22 22 15 22 22

X8O 121190 333119 171=095 198165 144396
November 1990 » 31 3l 9 30 30

X*S5D B7*68 324115 144 = 110 197 = 15,5 10,7 = 3.0
January 1991 n 25 24 13 25 25

X=8D 713=x1340 457 = 54,1 106 = 6,0 246 + 255 123 £ 36

4, Crabs from Group 1 also had a significantly higher (P <  Dlscussion

0,05) gitl copper concentration than crabs from Group 3
(Table 4). However, crabs sampled from thc Nooitgedacht
Dam showed no significant differences ( > 0,05) in the
tissuc copper concentrations between any of the size groups.

The high copper concentrations measured in the water and
especially in the sediments of the Natalspruit River may be
attributed 10 mining and industrial activities in its headwater
regions as well as 1o cffluents from sewage purification
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Table 4 The mean concentrations of copper (pg/g wet weight) for the four size
groups of Potamonautes warreni with respect 10 the selected tissues and organs of
crabs sampled from the Natalspruit River, Bronkhorsispruit River and Nooitgedacht
Dam. (Mean dry matier percentages: carapace = 80,9% dry weight; gills = 13,2%
dry weight; gonads = 39,3% dry weight; midgut gland = 32,6% dry weight and

muscle = 19,6% dry weight)

Size group Carapace Gills Cionads Midgut gland  Muscle
Natalspruit River
1 n 40 38 - 34 33
Xx8D 19970 406 = 13,5 349151 285 =212
2 n 51 52 - 47 43
Xx5D 14772 313+ 26,5 05198 240 =139
3 n 135 132 42 126 129
XxsD 115=x61 426 £ 185 194 =96 2713260 232158
4 n 249 249 198 234 248
X=xSD 90=x359 539=317 213 =142 3711039 200 =107
Bronkhorstspruit River
1 n 12 11 - 10 11
X =*SD 180=3]1 103.8 = 231,1 24,1 =74 20378
2 n 15 14 - 16 11
X=SD 14543 287 83 228=102 194 =56
3 " 36 36 15 26 32
X=*5D 92=x38 322134 214387 184 =78 15,8 £ 52
4 ”n 50 49 28 39 50
X =50 88 =31 413+ 146 178106 225 = 151 173 30
Nooitgedacht Dam
1 n 9 9 - 8 7
X>S5D 159 +9%8 207 = 103 23465 166 22
2 n 12 11 - 12 12
X =50 109 x38 31493 296~ 2711 119+ 39
3 ”n 47 47 11 46 47
X*SD 92=067 3312120 158x99 202167 137x48
4 " 76 75 70 76 74
X+SD 80=106 379+ 328 160 x97 191 £177 128 49

works located alongside this stream. The Bronkhorstspruit
River and Nooitgedacht Dam were subjected to limited
domestic, agricultural and industrial effluents. The concen-
tration of copper obtained during this study in the water of
the Natalspruit River was consistently higher than the
concentrations obtained by Van Eeden (1990} for the same
localities, while no marked differences could be observed in
the metal concentration in the sediments. 1t should be
remembered, however, thal measurements were only taken
once every two months, and that an accurate assessment of
the copper concentrations in thc environment could there-
fore not be obtained. There are also several factors, inclod-
ing rainfall, which may have influenced the concentration of
this metal at the different sampling siles.

The copper concentrations detected in the water of the
Natalspruit River, Bronkhorstspruit River and Nooitgedacht
Dam fell within the limits for the protection of aquatic life
as staled by Kempster, Hauingh & Van Vliet (1980) but
exceeded the stated limits by Gardiner & Zabel (1989),
Environment Canada (1987) and Hant (1974). This indicates
that copper could pose a potential threat to these aquatic

ecosystems. It should be remembered, however, that the
metal species, rather than the total concentration of the
mectal in the waler, is the key to its cffective bicaccumu-
lation by the aguatic biota. The physico-chemical conditions
in recciving waters may lead to a change in the speciation
and toxicity of the metals. The Natalspruit River was sub-
jected 1o a greater degree of organic and mineral pollution
than the other two aqualtic systems (Steenkamp e¢ al. 1993).
This phenomenon, however, could facilitate a reduction in
the toxic effect of metals. This effect is usually attributed 1o
the complexing of the toxic cations and the low toxicity of
the resulting complexes (Zitko & Carson 1976). However,
the parameters measured {lemperature, pH, conductivity,
total hardness, oxygen, ammonia, nitrate, nitrite, sulphate
and phosphate) were within the limits for the protection of
aquatic lifc for all threc ecosystems.

There was a degree of variation in the copper concentra-
tion between individuals of P. warreni, The tlissues also
differed from one another in accumulating copper. These
intraspecific variations can be related 1o various influencing
factors, which include changes in salinity, water hardness,
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dissolved oxygen, the presence of other metals or of com-
plexing agents, change in temperature and pH, size differ-
ences, starvation, age, stage in life history, sex and moulting
(Bryan 1976). The rate at which accumulation occurs in an
organism depends not only on these biological, chemical
and environmental factors, but, the ultimate level which is
reached is governed by the ability of the organism to excrete
the pellutant or, alticmatively, to store it (Bryan 1979),

There is evidence that the ability to regulate body concen-
trations of essential metals such as copper, is a feature of
decapod crustaceans, bul non-¢ssential metals (e.g, Pb, Hg)
scem 1o be less well regulated. This ability is not extended
to other crusiacean 1axa (Rainbow 1985; Rainbow & White
1989). At higher ambient copper concentrations this regula-
tory mechanism breaks down, resuling in an incrcase in
copper levels in all the intemal organs (Bryan 1976; Whilce
& Rainbow 1984),

Potamonautes warreni is able to bioaccumulate compara-
tively high levels of copper. Van Eeden & Schoonbee
(1991) detected copper concentrations as high as 99,3 pg/g
dry weight in whole crabs. In this study the copper levels in
the different tissues and organs investigated revealed high
individual variations, with the general ratio of the copper
concentration belween various organs and tissucs being
carapace < muscle < gonads << midgut gland < gills. Thus
the lowest copper concentration (8,4 *+ 7.1 pg/p wet
weight) was found in the carapace. The variable amounts of
copper found in the carapace could also be a result of the
stage of moult cycle, as was suggested by Arumugam &
Ravindranath (1983) for the lagoon crab Scylla serrata.
However, the relationship between carapace copper concen-
trations of crabs of different moult stages and the concentra-
tions in the surrounding water or food being ingested, still
needs investigation. Nevertheless, since the carapace is shed
periodically, onc may speculate that this could represcat a
route of excretion in decapods.

Several studies indicate that the most significant variation
of toxicant levels is to be found in tissues involved with
regulatory processes, such as the midgut gland and the gills.
This phenomenon was also found in this study, the concen-
trations in the midgut gland and gills being 32,0 = 87,1 ng/
g and 488 * 31.8 pg/g wet weight, respectively. Almost
all smdies on the distribution of metals in crustaccan tissues
showed that the midgut gland is by far thc most important
storage organ for copper (Bryan 1976; Baggato & Alikhan
1987). Variations arc often found in the copper concentra-
tion of the midgut gland among animals of the same specics
beeause the midgut gland seems o act as a store when
excess copper is absorbed from the food or from the sur-
rounding water (Bjerregaard & Vislic 1986). Copper
concentrations as high as 27250 pg/g dry weight were
found in the midgut gland of the crayfish Cambarus bartoni
{Alikhan, Bagatto & Zia 1990).

The gills appeared to be the main sile for the absorption
and loss of copper on the body surface. High copper concen-
trations in the gills can be atiributed partially to the presence
of hemolymph in these tissues. Lethal and sub-lethal effects
of copper in crustaccans have been ascribed tentatively to
the disruption of gill function (Bjerrcgaard & Vislic 1986;
Boitel & Truchot 1989; 1990).
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Since hemocyanin has a high affinity for copper-ions,
these metals are absorbed by the hemolymph and then trans-
ferred W the midgut gland, keeping the copper level in the
hemolymph and other internal organs constant. Variation in
the midgut gland copper concentration among the different
animals in the same species can be substantial, as is the case
with P. warreni. Bryan (1968) found that concentrations in
the midgut gland of Homarus vulgaris varied from 68 10
1150 wgfg ash and in Austropotamobius pallipes pallipes
from 21 to 690 ngfg ash. Metallothioneins, which occur in
the hemolymph and midgut gland of decapods, are low
molecular-weight cytosolic proteins with a high affinity for
copper and other metals. These proleins probably play a role
in the regulation of cssential metals (Klerks & Levinton
1989). The ability of different individuals within a popula-
tion w0 detoxifly metals by binding them with metallothio-
neins is very variable. This may underlic some of the differ-
ences observed in metal tolerance between individuals. The
tissue copper concentration of metallothioneins is normally
very low, but increases afier cxposure o metals.

Excess copper appears to be stored as granules io the cells
of thc midgut gland (Bryan 1971), Tt is possible that thesc
two detoxification mechanisms arc related, ¢.g. metals could
first bccome bound to metallothionein-like proteins and then
be enclosed in a granule (Klerks & Levinton 1989).

Scveral studics demonstrated that the tissuc concentra-
tions of copper alter markedly during the moult cycle (Engel
1987; Engel & Brouwer 1987; Depledge 1989). There is a
decreasc in the midgut gland copper concentration during
the moult cycle duc to a decrease in hemocyanin, Variations
in the midgut gland copper concentrations could thus also be
related partially to the different siages in the moult cycle
(Bryan 1968).

The most important mechanism by which both blood and
midgut gland may increase in copper content may be via the
intake of copper-rich food. Ahhough food is the major
source of copper in decaped crustaccans, copper may also
be obtained from the surrounding water column. It seems
that the midgut gland and the gills are the most sensitive to
copper pollution (Bryan 1976).

The copper concentration in the gonads and muscle was
relatively low compared with that of the other tissues. The
presence of copper in the muscle and gonads is probably
due to the presence of hemolymph in this tissue (Arumugam
& Ravindranath 1983; Bardeggia & Alikhan 1991). The
hemolymph is also very sensitive o copper and this sensiti-
vity may be reflected in these two tissues. Concentrations of
copper in muscle tssue are normally quitc low, Valucs of
3,290 pgfg ash were found in studies done by Bryan
(1968).

There was a significant differcnce in the copper concen-
tration in samples of the carapace and muscle between
various localities, the highest concentrations being those
found at Localitics 4, 5 and 6. This risc in copper concen-
tration can be attributed 10 effluents from two sewage purifl-
cation works situated in the catchment arca of these three
localities.

The capability of mosi organisms to concentrate certain
metals is enhanced by certain feeding and metabolic proces-
ses which may lead to enormously high concentration fac-
tors. Food is a very important source of heavy metals for
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decapods (Bryan 1976). As P. warreni live and feed in close
proximity to the sediments, this must be regarded as a possi-
ble source of metals. The BF, determined with respect to the
water as well as the sediment, was much lower for the cana-
pace than the BF for the gills and the midgut gland of P.
warreni, indicating a better concentrating ability in the latter
two tlissues. Since the copper concentralion in the various
tissues and organs of P. warreni scemed to be well regulated
and independent of concentrations in the environment, how-
ever, the BF did not provide an accurate indication of the
relative availability of the metal in the different localities.

However, this study indicated that the mean copper
concentrations in the diffcrent tissues of P. warreni sampled
from the Natalspruit River alier with scasonal changes. It is
known that temperaturc has an effect on metabolism and it
can thus be expected that the organism's sensilivity increas-
es with an increasc in temperature. The organism may
rcceive greater amounts of the toxicants because of the
increased diffusion or active uptake associated with higher
rates of water movement across the gills or other cell
membranes. This sensitivity is most obvious in the carapace
and gills, the concentration of copper being lowest during
the colder months of May, July and Scpicmber. There is
also a decrease in the copper concentration in the midgut
gland with a decrease in temperature, but this was not
significant, probably becausc of the high vanability of the
data. These findings correspond with results obtained by
Engel (1987) and Djangmah & Grove (1970} for the crabs
Callinectes sapidus and Crangon vulgaris, respectively.
However, no seasonal changes in the bioaccumulation of
copper could be observed in the different tissues of P.
warreni sampled (rom the Bronkhorstspruit River and
Nooitgedacht Dam.

The concentration of copper was cssentially the same for
both sexes, with the exception of the mature gonads. More
copper accumulated in the ovary than in the testis per unit
weight. Bagatto & Alikhan (1987), Alikhan et al (1990)
and Bardeggia & Alikhan (1991) alse found that the two
sexes did not differ significantly in their zinc concentrations.
Sex could thus not be regarded as a wvariation factor for
copper levels in the carapace, gills, midgut gland and
muscle.

Anderson & Brower (1978), as well as Alikhan et al.
(1990}, could not cstablish significant relationships between
tissue copper concentrations and the size of the crayfish
Orconectes virilis and Cambarus bartoni, respectively. In
this study, however, younger P. warreni were able 1o bioac-
cumulate more copper per unit weight than the mature crabs.
A significant increase in copper concentration was found in
the gills and muscle, with a decrease in carapace width. This
can be attributed to the fact that regulatory mechanisms are
not yet well developed in these immature animals, as well as
to the fact that a higher metabolic rate and growth rates
accur in the younger crabs.

Potamonautes warreni are also ablc to regulate the copper
conceneratjon in the various tissues, although not to the
same extent as for zinc (Du Preez, Steenkamp & Schoonbee
1993}, The ability to adapt to these pollutants is obviously a
considerable advantage to these organisms as il provides
them with a degree of protection. There is, therelore, no
certainty that the copper concentration in the various lissues
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will accurately reflect the degree of contamination in their
aquatic environment. This makes P. warrent and other deca-
pod crustaceans less suitable as indicators of the availability
of copper in the aquatic environment,
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