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An assessment of the impact of copper mine
tailings disposal on meiofaunal assemblages

using microcosm bioassays.

Matthew R. Lee ™12and Juan A. Correa!

Departamento de Ecologia, Center for Advanced Studies in Ecology and
Biodiversity' and Estacion Costera de Investigaciones Marinas®, Facultad de
Ciencias Biolégicas, Pontificia Universidad Catdlica de Chile, Alameda 340,

Santiago, Chile

Abstract

Microcosms were used to assess the impact of copper mine tailings disposal on the
littoral meiofaunal assemblages of the Atacama region of northern Chile. The spe-
cific purpose was to establish a cause and effect relationship between the elevated
copper concentrations and altered meiofaunal assemblages observed at the study
sites. Meiofaunal assemblages were exposed to a series of copper concentrations to
assess general toxicity, both densities and taxa diversities decreased with increasing
copper. Natural coarse sediments were mixed with a tailings substitute to assess
the physical impact of the tailings dumping on meiofaunal assemblages. Meiofaunal
assemblage densities increased with increasing amounts of tailings substitute, en-
tirely due to an increase in surface utilising foraminiferans. However, taxa diversities
decreased as the interstitial spaces became blocked. Finally, the microcosms were
used to conduct bioassays of sediments and seawaters from the impacted sites. The

sediments from the impacted sites proved to be toxic resulting in reduced meiofau-
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nal densities and taxa diversities. Seawater samples did not prove to be significantly
toxic. The use of microcosms has allowed the effects of the physical and chemical
components of tailings to be assessed individually, which was not possible in the
field. Additionally, it allowed a cause and effect relationship to be established be-
tween elevated concentrations of porewater copper observed in the field and the
reduced densities and taxa diversities of the meiofaunal assemblages observed at

the same sites.
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1 Introduction

Copper mine tailings were dumped into the coastal environment near Chanaral
in northern Chile for most of the last century, resulting in the formation of
large tailings deposits in the sub-littoral (Castilla & Nealler, 1978) and lit-
toral zones of this area (Castilla, 1983). Initially the tailings were deposited in
Chanaral bay (Fig. 1) and as a result the new shore line is a kilometre further
out to sea (Castilla, 1983). In the 1970’s the tailings were diverted to a new
dumping point at Caleta Palito, ten kilometres to the north of Chanaral bay
(Fig. 1). A second large tailings beach formed to the north of Caleta Palito in
the littoral zone between Caleta La Lancha and Caleta Agua Hedionda (Fig.
1). The beaches around Caleta Palito were not smothered but there was a sig-
nificant amount of tailings mixed in with the natural sediment. The dumping
of solid tailings waste ceased in 1992, and since then only ‘clear water’ tail-
ings have entered coastal waters. The impact of this tailings deposition on the

coastal ecosystems has been extensively studied, with a primary focus on the
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Fig. 1. A map of Chile indicating Chanaral (a) and showing the locations of the
sampling sites (b) the northern and central sites, (c) the reference sites. The dashed

line in (b) indicates the approximate position of the original coastline.

effects on the rocky-shore environment. Studies concerning the sedimentary
environment include Castilla & Nealler (1978); Castilla (1983); Lee, Correa &

Castilla (2001b); Lee, Correa & Zhang (2002); Lee & Correa (2004, 2005).

Meiofauna were selected to study the impact of copper mine tailings disposal
on the high-energy sandy beaches of northern Chile because of their higher

diversity when compared with macrofauna in this environment. The macro-



faunal diversity of Chilean high-energy sandy beaches is low, typically between
one and ten species (Jaramillo, McLachlan & Coetzee, 1993; Jaramillo, 1994)
depending on the physical nature of the beach. In addition to their higher di-
versity the meiofauna also have a number of other advantages over macrofauna
for this type of study (Coull & Chandler, 1992). The macrofaunal species en-
countered in the beaches of this area have a pelagic dispersal phase in their
life-cycles. As a result larvae, usually the most sensitive stage, are not exposed
to the contaminants present in the sediment. This, combined with recruitment
derived from populations outside the affected area, can serve to mask the im-
pact that contaminants may have on the littoral environment. The diversity
of meiofauna provides a wide range of physiological responses and, therefore,
a larger source of potential end points and a more precise understanding of

the true impact of the contaminant(s).

Microcosms are scale models of natural systems which share sufficient fea-
tures with them to provide a reliable insight into the processes and possible
responses of the natural system to change (Lawler, 1998). The use of micro-
cosms in pollution studies has been tried in a number of environments, includ-
ing wetlands (Johnson, 1986), salt-marshes (O’Neill, Cripe, Mueller, Connolly
& Prichard, 1989), soils (Van Beelen, Fleuren-Kemila, Huys, van Montfort &
van Vlaardingen, 1991), freshwaters (Meador, Taub, & Sibley, 1992), estuar-
ies (Lauth, Scott, Cherry & Buikema, 1996), and the deep-sea (Gross, 2000).
Chapman & Long (1983) pointed out the need for relevant bioassays as part
of a broad-based approach in determining the impact of pollutants in the ma-
rine sedimentary environment. In this case we chose to use a multi-species
microcosm methodology as a bioassay. The most recent microcosm bioassay

studies using meiofauna include those of Austin & Somerfield (1997); Chan-



dler, Coull, Schizas & Donelan (1997); Carman, Fleeger, & Pomarico (2000);
Millward, Carman, Fleeger, Gambrell, Powell, & Rouse (2001); Schratzberger,
Wall, Reynolds, Reed, & Waldock (2002) and Suderman & Thistle (2003). All
the groups used microcosms with meiofaunal assemblages as bioassays of con-
taminated sediments. Austin & Somerfield (1997); Millward et al. (2001) and
Schratzberger et al. (2002) studied the effects of metals on estuarine or salt-
marsh meiofauna assemblages. Carman et al. (2000) and Suderman & Thistle
(2003) studied the effects of hydrocarbon pollution on meiofaunal assemblages.
Finally, Chandler et al. (1997) studied the effects of the pesticide chlorpyrifos

on harpacticoid copepod assemblages.

The objective of the work presented here was twofold. First, to assess the effect
of two components of the copper mine tailings: (i) the toxicity of elevated metal
concentrations and (ii) the physical impact of the reducing the interstitial
space. Second, to use the microcosms approach to bioassay sediments and
seawaters from field sites in an attempt to establish a cause-effect relationship
between the observed elevated porewater copper concentrations (Lee et al.,

2002) and the reduced meiofaunal assemblage density and taxa diversity (Lee

& Correa, 2005).

2 Materials and Methods

2.1 Microcosm methodology

The standard microcosm protocol used for these experiments was defined after
a series of preliminary experiments designed to establish: (i) the best method

of acrating the sediment, from above (in the water column) or below (through



the sediment), (ii) the changes in the meiofaunal assemblages over the exper-
imental period compared to changes in the field assemblages, ‘the microcosm
effect’; (iii) the best location for the microcosms, indoors or outdoors, and (iv)
whether or not to exclude macrofauna ( Emerita analoga)from the microcosms.
The details of these experiments are outlined in Lee (2001a). Briefly, it was
decided to aerate the microcosms from above, to maintain the microcosms

indoors and remove FE. analoga.

Each microcosm unit (Fig. 2) consisted of a 100 mm length of PVC plumbing
tubing, 110 mm in diameter, to one end of which a PVC cap was attached
and sealed with transparent silicone, both inside and out. All microcosms
units were acid washed in 10% HNOj for 48 hours prior to the start of each
experiment. During the experimental run each microcosm was fitted with a
thin clear plastic lid, held in place by an elastic band to prevent evaporation
of the seawater and a consequent increase in salinity. Air was delivered to
each microcosm through a flexible plastic tube, which pierced the lid. Before
entering the microcosm, air was passed through a freshwater filter to remove
any potential residues derived from the air pump. Within the microcosm, air
pressure was equalised with the pressure outside by means of an air lock, which
consisted of a piece of tube with a raw cotton wool plug. All microcosms were
placed in a water bath with running sea water for the duration of the exper-
iment. The experimental room had no windows and an ambient temperature
of 15°C + 2°C. All the experiments were run in continuous low intensity light
(Philips 40W fluorescent tubes), as light was assumed not to penetrate more

than a few millimetres into the sediment (Kuhl, Lassen & Jorgensen, 1994).

The ‘seed’” meiofaunal assemblages were obtained from the reference sites;

Las Salinas for coarse sands and Playa Grande for fine sands (Table 1), both
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Fig. 2. Microcosm unit

located in Las Cruces, Region V, central Chile. Fresh sediment for the ‘seed’
assemblages was collected from the reference sites immediately before the start
of each experiment. As meiofauna are known to have a heterogeneous distri-
bution (e.g. Findlay, 1981; Coull, 1988), small amounts of sand were collected
from various points on the beach, but all at the same tidal level. The col-
lected sediment was thoroughly mixed to distribute the meiofauna homoge-
neously through the sediment. The macrofauna, predominantly the mole crab
E. analoga, were removed. Subsequently, 100 cm?® of this sediment was added
to each microcosm to act as a ‘seed’ population. Base sediments were those
which were manipulated to form treatments. Sediments were collected from
the field, frozen and then thawed twice in order to defaunate the sediment
(Austin, McEvoy & Warwick, 1994). The sediment was then dried in an oven
at 60°C for 24 hours. Dead macrofauna (e.g. E. analoga) were picked out by
hand and then the sediment was stored in Ziploc™ bags in the dark until

required.



Table 1
The detailed location of the beaches used in this study. The column Md refers to
the graphic mean sediment grain size in units of phi (¢). The Cupy column gives

the labile copper concentrations in the porewater of each site in ug Cu L1,

Beach Code Md (¢) Cupw Lat. Long.

Puerto Pan de Azucar Pue -0.03 14.5 26°08.3'S 070°39.3'W

Playa Blanca Bla 2.43 59.0 26°11.1'’S 070°39.2'W

Caleta La Lancha Lan 1.96 366.2 26°13.4’S  070°39.2'W

Palito 100m Norte Mil -0.78 101.1 26°16.1’S 070°39.2'W

Playa Palito Pal -0.78  290.9 26°16.3'S 070°39.3'W
Playa Chanaral Cha 2.30 1294 26°20.5'S 070°37.4'W
Las Salinas Sal 0.38 0.2%  33°29.5'S  071°38.1'W
Playa Grande Pgr 1.66 0.2*  33°30.3'S 071°36.6'W

*The Cup,y for Sal and Pgr are the value for seawater at the marine station, Sal

and Pgr lie to the immediate north and south of the station respectively.

2.2 Copper tozicity microcosms

Copper spiked sediments were prepared as follows. Base sediments from Las
Salinas (coarse) were prepared as described above and spiked with: 50, 100, and
150 pg Cu L~ using CuSOy as standard stock solutions. The fourth treatment
was a control of 10 ym filtered seawater from Las Cruces ( 0.17ug Cu L™ (s.e. & 0.01)).
The stock CuSQO, solution was made up using a Merck™ copper standard

(1gL™'), which was diluted to make up the test treatments. Sufficient base



sediment was placed into four acid washed plastic buckets (10% HNOj3 for 48
hours), one for each treatment, and the test solutions added to each. The
buckets were covered and left for 48 hours to allow the copper to form an
equilibrium with the various ligands present in the sediment/seawater ma-
trix. Five replicate microcosms were prepared for each treatment using 400 ml
of treatment sediment and 100 ml of ‘seed’ sediment from Las Salinas. The

sediments were gently mixed together by hand and the trials run for six weeks.

2.8  Tailings substitute microcosms

The tailings substitute test sediments were prepared as follows. The base sed-
iments were obtained from Las Salinas (coarse) and prepared as described
above. The tailings substitute was obtained from Playa Grande (fine) and
prepared in the same manner as the base sediments. The two sediments were
mixed together to form the following treatments: 100% Las Salinas (Control),
75% Las Salinas + 25% Playa Grande, 50% Las Salinas + 50% Playa Grande,
and 25% Las Salinas + 75% Playa Grande. Treatments will be referred to from
this point on by the amount of tailings substitute (Playa Grande); i.e. Control
(0%), 25%, 50% and 75%. Five replicate microcosms were prepared for each
treatment using 400 ml of treatment sediment and 100 ml of ‘seed’ sediment
from Las Salinas. The sediments were gently mixed together by hand and the

trials run for six weeks.



2.4 Sediment and seawater bioassays

Sediment bioassays were conducted using five replicate sediment samples col-
lected from the study sites in the Chanaral area (Fig. 1). Five, approximately
1 L sediment samples were placed in Ziploc™ bags at each site, packed into a
cooler and immediately returned to the laboratory. The sediments were then
subjected to the freeze-thaw method (Austin et al., 1994) to remove the meio-
fauna. The sediments were divided into two groups, coarse and fine. Coarse
sediments were collected from Puerto Pan de Azucar, Palito 1000m Norte, and
Playa Palito (Fig. 1, Table 1) and the reference sediment and ‘seed’ assem-
blage for the coarse bioassays from Las Salinas (Table 1). Fine sediments were
collected from Playa Blanca, Caleta La Lancha, and Playa Chanaral (Fig. 1,
Table 1) and the reference sediment and ‘seed’ assemblages for the fine bioas-
says from Playa Grande (Table 1). The seawater used in these microcosms
was 10 pm filtered seawater from Las Cruces ( 0.17ug CuL™! (s.e. + 0.01)).

Five replicate microcosms were set-up for each site and run for six weeks.

Seawater bioassays were conducted using five replicate seawater samples col-
lected from the surf zone of the sites around Chanaral. The samples were di-
vided into two groups, coarse and fine sediment sites, collected from the same
sites used for the sediment bioassays. Samples were filtered on site (45 um)
and placed into acid-washed (10% HNOj3 for 48 hours) 1 L plastic bottles,
then into a cooler and returned immediately to the laboratory. The reference
waters and ‘seed’ assemblages were from the same two sites as before. The
base sediments in the seawater bioassays came from Las Salinas (coarse) and
Playa Grande (fine). Five replicate microcosms were set-up for each site and

run for six weeks.

10



2.5 Sample processing and analysis

At the end of each experimental run the sediment in each microcosm was
mixed and a single 50 cm?® sample taken, giving five replicate samples for each
treatment. The samples were fixed for at least four days in 10% formalin.
The meiofauna were extracted from the sediment using a simple decantation
technique (Pfannkuche & Thiel, 1988). Samples were shaken for approximately
30 seconds and the supernatant poured through a 45 pm mesh. This process
was repeated five times for each sample and had an extraction efficiency of
95% (Lee, 2001a). The meiofauna were enumerated in a grided Petri dish
under a binocular microscope (Wild M5). Diversity (number of groups ~ 5)
was evaluated at a high taxonomic level and here will be referred to as ‘taxa

diversity’ see Warwick (1988) for justification.

2.6 Metal analyses

Labile metal concentrations in both the seawater and the sediment porewater
from the study sites were determined using the diffusive gradients in thin-
films (DGT) technique (Davidson & Zhang, 1994; Zhang & Davidson, 1995;
Zhang, Zhao, Sun, Davidson & McGrath, 2001). As only copper concentrations
showed a strong association with the distribution of the tailings (Lee et al.,
2002), the information presented in this report is restricted to this metal. For

a detailed discussion of the distribution of metals in this area see Lee et al.

(2002).
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2.7 Statistical analyses

The meiofauna data were analysed using standard univariate analyses (SYS-
TAT v9.0, Spss Inc.) and multivariate analyses (PRIMER, Plymsolve). The
following multivariate analyses were conducted on 4th root transformed data:
analysis of similarities (ANOSIM) (Clarke & Green, 1988; Clarke, 1993), non-
metric multidimensional scaling (MDS) (Field, Clarke & Warwick, 1982; Clarke,

1993), and similarities percentage analysis (SIMPER) (Clarke, 1993).

3 Results

3.1  Copper tozicity microcosms

A significant decline (Fig. 3) in meiofaunal assemblage density was observed
with increasing copper concentration (Kruskal-Wallis (H) test: H = 15.764,
p = 0.001), which was also the case for taxa diversity (H = 10.395, p =
0.015). Foraminiferans (H = 13.038, p = 0.005), harpacticoid copepods (H
= 10.382, p = 0.016) and polychaetes (H = 11.163, p = 0.011) all showed a
significant decline in density with increasing copper concentration. Nematodes
and ostracods showed a decline in density with increasing copper concentration
but this was not significant. Turbellarians, on the other hand, did not show any
significant variation in density over the range of treatments. Both halacarids
and tardigrades were present in the microcosms but did not show any variation

in density over the range of treatments.

12
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Fig. 3. Changes in meiofaunal assemblage density and taxa diversity in a series of

copper spiked sediments (Error bars = standard errors).

3.2 Tailings substitute microcosms

There was a significant increase in meiofaunal assemblage densities (H =
14.988, p = 0.002) and a significant decrease in taxa diversities (H = 10.962,
p = 0.012) with increasing amounts of tailings substitute (Fig. 4). The densi-
ties of foraminiferans increased with increasing tailings substitute H = 14.737,
p = 0.002). None of the other groups showed a significant change in density
across the range of treatments. However, in the cases of harpacticoid copepods
and ostracods the trend was a decrease in density with increasing amounts of

tailings substitute

13
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Fig. 4. Changes in meiofaunal assemblage taxa diversities, total and foraminiferal
densities in response to increasing amounts of tailings substitute (Error bars =

standard errors).

3.8 Sediment and seawaters bioassays

The meiofaunal assemblage densities after exposure to the test sediments are
presented in Figures ba (coarse sites) and 5b (fine sites). For the coarse sites
bioassays the meiofaunal assemblage densities were higher for Las Salinas and
Puerto Pan de Azucar than they were for Palito 1000m Norte and Playa
Palito (Fig. 5a). Furthermore, it was clear that the meiofaunal assemblage
densities decreased with increasing labile copper concentrations. The fine site
bioassays showed the same pattern as the coarse sites. Playa Grande and Playa

Blanca had higher meiofaunal assemblage densities than Caleta La Lancha

14



and Playa Chanaral. However, the relationship with labile porewater copper
concentrations was less obvious. The meiofaunal assemblage densities after
exposure to the test scawaters are presented in Figures 5c (coarse sites) and 5d
(fine sites). For the coarse sites bioassays the meiofaunal assemblage densities
were similar for all sites, and there was no apparent relationship with the labile
copper concentrations. For the fine sites, however, there were slightly lower
meiofaunal assemblage densities for Caleta La Lancha and Playa Chanaral
compared with Playa Grande and Playa Blanca, suggesting that there was a
possible relationship between meiofaunal assemblage densities and the labile

seawater copper concentrations.

There was a steady decline in meiofaunal assemblage taxa diversity with in-
creasing labile porewater copper concentrations at the coarse sites (Fig. 6a).
For the fine sites there was a clear difference between Playa Grande and Playa
Blanca, and Caleta La Lancha and Playa Chanaral (Fig. 6b). The sites Caleta
La Lancha and Playa Chanaral had higher labile porewater copper concentra-
tions than Playa Grande and Playa Blanca. There was a slight decline in taxa
diversity with increasing labile seawater copper concentrations for the coarse
sites (Fig. 6¢). For the fine sites there were slightly lower taxa diversities at
Caleta La Lancha and Playa Chanaral when compared with Playa Grande

and Playa Blanca (Fig. 6d).

There was significant variation in the meiofaunal assemblage densities be-
tween treatments for the coarse site sediment bioassays (H = 14.992, p =
0.002), but no significant variation in the meiofaunal assemblage taxa diver-
sity. Of the four principal meiofaunal groups (foraminiferans, turbellarians,
nematodes and harpacticoid copepods) there was a significant variation be-

tween treatments, except for turbellarians (foraminiferans: H = 14.503, p =

15
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0.002, nematodes: H = 8.904, p = 0.031, harpacticoids: H = 15.099, p =
0.002). The meiofauna assemblage densities and taxa diversities varied signif-
icantly for the fine site sediment treatments (density: H = 16.109, p = 0.001,
diversity: H = 15.133, p = 0.002). The variation across the range of treat-
ments was also significant for each of the four principal meiofaunal groups
(foraminiferans: H = 17.243, p = 0.001, turbellarians: H = 15.385, p = 0.002,
nematodes: H = 16.896, p = 0.001, harpacticoids: H = 14.977, p = 0.002).
The variation between treatments for the coarse site seawater bioassays was
not significant. Additionally, neither the meiofaunal assemblage taxa diversity
nor the four principal meiofaunal groups showed significant variation between
treatments. For the fine site seawater bioassays there was also no significant
variation between treatments for the meiofaunal assemblage densities. Of the
four principal meiofaunal groups none showed significant variation between
treatments with the exception of the harpacticoid copepods (H = 8.767, p =
0.033).

ANOSIM analyses for the coarse site sediment bioassays indicated that there
was significant variation between treatments (R = 0.396, p < 0.0001). There
were significant differences between all treatments in the pairwise comparisons,
except for the comparison between Palito 1000m Norte and Playa Palito. There
was also significant variation between treatments for the fine site sediment
bioassays (R = 0.705, p < 0.0001). Again there were significant differences
between all treatments in the pairwise comparisons, except for the comparison
between Playa Grande and Playa Blanca. The ANOSIM analysis of the coarse
site seawater bioassay results indicated that there was no significant variation
between treatments (R = 0.029, p = 0.354). Neither were there any significant

differences between treatments in the pairwise comparisons. For the fine site

18



seawater bioassays again there was no significant variation between treatments
(R =0.068, p = 0.161), and there were no significant differences between the
treatments in pairwise comparisons. However, the comparison between Playa

Blanca and Playa Chanaral is close to significance at p = 0.079.

The coarse site sediments bioassay MDS plot (Fig. 7a) had a high stress value
(0.17) and therefore had to be treated with caution. It did not differentiate
between the treatments; however, the dispersion of the points for each treat-
ment indicated that Playa Palito was considerably more toxic than the other
treatments. The fine site sediments bioassay MDS plot (Fig. 7b) had a very
low stress value (0.01) indicating that it was a very good representation of the
relationships between the treatments. The treatments were clearly separated
into two groups, Playa Grande with Playa Blanca and Caleta La Lancha with
Playa Chanaral. The dispersion of the points for each treatment indicated that
Caleta La Lancha and Playa Chanaral were more toxic than Playa Grande and
Playa Blanca. No plots for the seawater bioassays are presented as there were

no significant differences between the treatments (ANOSIM analyses).

The foraminiferans in the coarse site sediment bioassays (Fig. 8a) showed a
steady decline in density with increasing labile copper concentrations. Turbel-
larian numbers were very low and no pattern was discernable. The nematodes
showed a broadly similar pattern to the foraminiferans. For the harpacticoid
copepods there were higher densities at Las Salinas and Puerto Pan de Azucar
than at Palito 1000m Norte and Playa Palito. The foraminiferan densities for
the fine site sediment bioassays (Fig. 8b) showed a steady decline in response to
increasing labile copper concentrations. Again the turbellarian densities were
low but clearly higher for Playa Grande and Playa Blanca than for Caleta La

Lancha and Playa Chanaral, suggesting a relationship with increasing labile
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copper concentrations. The nematodes showed the same pattern as the turbel-
larians. The pattern for the harpacticoid copepods was broadly the same as
for the turbellarians and nematodes, though densities were much higher for

the harpacticoids.

For the coarse site seawater bioassays (Fig. 8c) the foraminiferan densities did
not change and there was no apparent relationship between the foraminiferan
densities and the labile copper concentration. This pattern held for the turbel-
larians and the nematodes, and to a lesser extent for the harpacticoid cope-
pods, where the density for Las Salinas (the reference treatment) was higher
than for the other three treatments. The picture for the fine site seawater
bioassays (Fig. 8d) was similar to the coarse sites. There were no differences
in foraminiferan densities between sites. The densities of turbellarians were
low, although there was an apparent decline in turbellarian density with in-
creasing labile copper concentrations. The nematodes showed the opposite
relationship where densities increased with increasing labile copper concen-
trations. However these observed trends were not statistically significant. The
harpacticoid copepod densities for Playa Grande and Playa Blanca were ob-
viously, and significantly (H = 8.767, p = 0.033) higher than for Caleta La

Lancha and Playa Chanaral.

SIMPER analysis of the data indicated that for the coarse sites sediment
bioassays the highest degree of similarity between the meiofaunal assemblages
was between Las Salinas and Puerto Pan de Azucar the two least impacted
sites (Table 2a). The harpacticoid copepods were the group most responsible
for the differences between the assemblages in all comparisons, except that
between Las Salinas and Puerto Pan de Azucar, the foraminiferans were the

group most responsible for the differences between assemblages. The highest
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Table 2
The average faunal similarity between bioassay treatments, determined using simi-
larity percentage analysis (SIMPER) analysis

a)Sediment Bioassays

Coarse Sites Fine sites
Sal  Pue  Mil Pgr Bla Lan
Pue 0.715 Bla 0.917
Mil 0.713 0.679 Lan 0.648 0.649

Pal 0.586 0.554 0.682 Cha 0.514 0.513 0.825

b)Seawater Bioassays

Coarse Sites Fine sites
Sal  Pue  Mil Pgr Bla Lan
Pue 0.749 Bla 0.867
Mil 0.692 0.726 Lan 0.852 0.881

Pal 0.720 0.757 0.676 Cha 0.798 0.813 0.840

similarity between treatments for the fine sites sediment bioassays was between
Playa Grande and Playa Blanca (Table 2a), although there was also a high
degree of similarity between Caleta La Lancha and Playa Chanaral. For this set
of bioassays the harpacticoid copepods were again the group most responsible
for the differences between the assemblages. However, the turbellarians were
more important for the comparisons between Playa Blanca and the tailings

sites, Caleta La Lancha and Playa Chanaral.

Comparison of the meiofaunal assemblages for the seawater bioassays indi-
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cated that Puerto Pan de Azucar and Playa Palito for the coarse sites and
Playa Blanca and Caleta La Lancha for the fine sites had the highest similari-
ties (Table 2b). However, these distinctions between sites are finely judged as
the assemblages for all the treatments were very similar. The nematodes con-
tributed the most to the differences between assemblages for the coarse sites.
For the fine sites there was little to choose between the turbellarians and
the harpacticoid copepods with both contributing equally to the differences

between the assemblages.

4 Discussion

The objective of this research was to establish a cause-effect relationship be-
tween elevated concentrations of porewater copper observed in the field (Lee
et al., 2002) and the reduced densities and taxa diversities of the meiofaunal
assemblages observed at the same sites (Lee & Correa, 2005). The evidence
presented here supports such a cause-effect relationship. Meiofaunal assem-
blages exposed to a series of copper spiked sediments showed a decrease in
both density and taxa diversity with increasing copper concentrations. These
observations were confirmed when meiofaunal assemblages were exposed to
sediments from the impacted sites near Chanaral. Those sites known to have
the highest concentrations of copper exhibited significantly lower meiofau-
nal assemblage densities and taxa diversities compared to the controls, which
matched the situation in the field (Lee & Correa, 2005) where the same sites
had significantly lower meiofaunal assemblage densities and taxa diversities

compared to the reference sites.

The physical impact of the tailings was difficult to distinguish from the over-
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all impact in the field. In the microcosms there was an increase in meiofaunal
assemblage densities with increasing amounts of tailings substitute. However,
this increase was entirely due to the surface utilising foraminiferans. If the
foraminifierans are removed from the total meiofauna data, then there is a
trend to decreasing meiofaunal density with increasing amounts of tailings
substitute, probably due to a loss of the true interstitial species (see Lee
& Correa, 2004). This is supported by the decrease in taxa diversity with
increasing amounts of tailings substitute. The increase in foraminifera as a
result of the physical impact of the tailings was not observed in the field as
foraminifera are sensitive to copper, and therefore, they decrease in abundance

with increasing concentrations of copper (Lee & Correa, 2005).

The major meiofaunal groups, with the exception of turbellarians, declined
in abundance with increasing labile porewater copper, thus providing further
evidence of the sensitivity of foraminiferans and harpacticoid copepods, and
the insensitivity of turbellarians, to bioavailable copper already observed in
the samples from the field (Lee & Correa, 2005). The insensitivity to copper
of the turbellarians is an important observation. The otoplanid turbellarians
have a high tolerance for copper exhibiting near to zero mortality in toxicity
tests with copper concentrations as high as 200 ug L= (M.R. Lee, unpublished
data). In the field they appear to increase as a proportion of the meiofaunal
assemblage when the concentration of porewater copper is higher. At Caleta
La Lancha (100% tailings) they constitute 95% plus of the meiofaunal assem-
blage (Lee & Correa, 2005). Although nematodes did decline in abundance
with increasing concentrations of copper, this result was not significant and
it is consistent with the field studies done in the area (Lee & Correa, 2005).

Nematode communities exhibit an ability to develop tolerance to metals after
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prolonged exposure (Howell, 1984), which has led to the development of the
Pollution Induced Community Tolerance (PICT) methodology using nema-

todes in the benthic marine environment (Millward & Grant, 1995).

The sediment bioassays indicated that Playa Blanca is not an impacted site,
clarifying inconclusive indications from our previous field data (Lee & Cor-
rea, 2005). Therefore, the low meiofaunal assemblage density at Playa Blanca,
compared with the reference sites and primarily due to a lack of harpacticoids,
is probably the result of variables other than the tailings that were not mea-
sured in the study. However, another northern site, Puerto Pan de Azucar,
was significantly different from the control supporting the evidence from the
field data that it was indeed impacted. The sequence of impact within the
northern sites does not appear to be related to distance from the discharge
site at Caleta Palito, as Playa Blanca is closer than Puerto Pan de Azucar
to Caleta Palito but does not appear to be impacted. This suggests that the
movement of the tailings along the coast is more complex than just a longshore
drift phenomenon. Playa Blanca lies within a deep embayment and it may be
that the formation of a topographically controlled front across the mouth of
the bay is sufficient to prevent the suspended tailings from entering the bay
(Wolanski & Hamner, 1988). Another cause could be the residual effect of the
ore processing that took place at Puerto Pan de Azucar in the first part of the
20th century (J.C. Castilla. personal communication) and therefore the im-
pact at this site may not be necessarily due to the tailings dumping at Caleta

Palito.

The same effects on the meiofaunal assemblages were not observed in the sea-
water bioassays. This may, to a certain extent, be an artifact of the bioassay

methodology where the test seawater was added directly to uncontaminated
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sediment and therefore it is inevitable that a new dynamic equilibrium would
form to include the ligands present in the sediment (Chapman, Wang, Janssen,
Persoone & Allen, 1998). The significance of this is open debate, as the nat-
ural sediment used lacks many of the important ligands, such as acid volatile
sulphides (AVS) and significant quantities of organic matter. The situation in
the field, on the other hand, is different in that the sediment, though lacking
the important ligands mentioned previously, has already been in contact with
the seawater and therefore an equilibrium already exists. A future modifica-
tion of the methodology would be to expose the uncontaminated sediment to
the test seawater for 24 hour period in advance of the test to allow a chemical
equilibrium to form (Ma, Kim, Cha & Allen, 1999) and then add a second,
fresh test seawater sample to the microcosm at the beginning of the test run.
This would prevent a rapid change in the microcosm chemistry and therefore
exposure conditions for the meiofaunal assemblages over the first few days of
the test run. In the field we believe that the source of the copper in the sea-
water is primarily the tailing deposited at each site (Lee et al., 2002). In the
seawater bioassays, only in the case of the harpacticoid copepods was there
any evidence of impact. The abundance of harpacticoid copepods was signif-
icantly lower at Caleta La Lancha and Playa Chanaral, both 100% tailings
sites, compared to the control and Playa Blanca, thus underlining the sensi-
tivity of this group to bioavailable copper (van Damme et al., 1984; Lee, et

al., 2001b; Lee & Correa, 2005).

The only comparable studies in the literature where metal contaminated sed-
iments have been taken from the field and placed in microcosms with test
meiofaunal assemblages were conducted by Austin & Somerfield (1997) and

Millward et al. (2001). In the case of Austin & Somerfield (1997) their as-
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semblages were dominated by nematodes, typical of fine sediment estuarine
sites, and they only measured total metal concentrations. In spite of that,
their results broadly agree with those reported here. They found that changes
in the meiofaunal assemblage structure were related to increases in the sed-
iment metal loadings, predominantly copper. Their bioassays also validated
the findings of an earlier field study in the same area (Somerfield, Gee & War-
wick, 1994) underling the usefulness of the microcosm bioassay approach in
assessing the effects of pollutants on sedimentary environments and confirming
the cause-effect relationship. Their principal concerns with the methodology
were the possible effects of the destruction of the sediment structure during
the microcosm preparation and with the existence of a ‘microcosm effect’.
The concerns with the disruption of the sediment structure is more relevant
in their estuarine sediments than in our high-energy sandy beach sediments
where the vertical structure is less well defined. The main issue relevant to the
metal chemistry in the estuarine sediments would be the presence of anoxic
conditions and sulphides (Chapman et al., 1998). In the Chanaral sediments,
however, anoxic conditions were not encountered on any of the beaches sam-
pled (M.R. Lee, personal observation). The anoxic sediment layer, if it exists
on these beaches, would lie well bellow the level of the sediment collected
for our microcosm bioassays. The second issue of ‘microcosm effect’, where
changes to the meiofaunal assemblage may be caused simply by confinement
to the microcosm, was considered in the control experiments conducted before
the bioassays. The observed ‘microcosm effects’ using this bioassay methodol-
ogy were slight increases in foraminiferan and turbellarian densities. However,
there were no significant differences in the meiofaunal assemblage densities
or diversities between field and microcosm samples, nor were there any sig-

nificant differences in the nematode and harpacticoid densities between field
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and microcosm samples (Lee, 2001a). The ‘microcosm effect’ only needs to
be taken into account when relating the results of the bioassays to field data,
as it does not affect the comparison of one microcosm bioassay with another.
The experiments conducted by Millward et al. (2001) used saltmarsh com-
munities, lower copper concentrations and shorter exposure times. However,
the observed trends in meiofaunal abundance are broadly in agreement with
those presented here. The density of harpacticoids decreased with increasing
porewater copper concentrations and nematodes did not show a significant

decrease in abundance with increasing porewater copper.

Bat & Raffaelli (1998) summarised that to be useful, a sediment bioassay
needs to have a number of desirable properties: (i) a high degree of sensitiv-
ity to the contaminants under consideration, (ii) a high survival rate in the
control bioassay treatment, (iii) occupation of the microenvironment under
consideration, preferably with an intimate and continuous contact with the
sediments and porewaters, (iv) a low sensitivity to variability in the natural
sediment parameters, for example sediment grain size, allowing a wide variety
of sediment types to be tested, (v) a broad geographic range which can en-
hance the applicability of the bioassay, (vi) ease of collection, handling, and
maintenance in the laboratory, (vii) ecological relevance and importance, (viii)
easily cultured or year-round availability from the field and finally, (ix) the

need to be rapid, simple, and inexpensive.

The bioassay presented here uses a complete meiofaunal assemblage collected
from the field and exposed to the test sediments or seawater in a microcosm.
By using the meiofaunal assemblage the protocol fulfils the first desirable prop-
erty of a bioassay by providing a range of species with a range of sensitivities

or end-points. In doing so it avoids the problems identified by McPherson &
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Chapman (2000) of insensitive, and therefore inappropriate, species being used
for bioassay analyses. The meiofauna live their entire lives in intimate associ-
ation with the interstitial environment, fulfilling the third desirable property
of the bioassay. The meiofauna, as individual species, are sensitive to natural
variation in the sediment parameters (property iv). However, meiofauna as a
group are common to all sedimentary environments in all parts of the world.
Thus, the meiofaunal assemblage used can be ecologically relevant in terms
of both the sedimentary environment and the geographic location, fulfilling

properties v, vi, vii, and viii.

The meiofaunal assemblage microcosm also has a desirable property not out-
lined above, in that for some of the species in the assemblage it is possible
that all the stages in the life-cycle will be exposed to the sediment over the
six-week duration of the microcosms. The importance of this is that the lar-
val/juvenile stages of the life cycle are often the most sensitive to toxicants
(Chandler & Green, 2001). It is not always desirable, therefore, for the bioas-
say to be rapid. On the other hand, the microcosm bioassays used here do
fulfil the other two components of property ix above, in that they are simple

to set up and maintain and they are inexpensive.

In summary, the application of the microcosm bioassay approach has validated
the findings of the field based studies (Lee & Correa, 2005) and established the
cause-effect relationship. Sites known to have high concentrations of bioavail-
able copper compared to the reference sites had lower densities of meiofauna,
particularly of those groups identified previously as being sensitive to cop-
per, e.g. harpacticoid copepods (Lee, et al., 2001b). In addition, the bioassays
were able to provide further information on the impact status of some of the

northern sites, particularly Playa Blanca, indicating that it is not impacted by
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the dumping of tailings at Caleta Palito. The bioassay methodology presented
here fulfils the majority of the desirable properties outlined by Bat & Raffaelli
(1998) and has proved useful as a component of an SQT approach (Long &

Chapman, 1985) in assessing pollution impact in coastal sediments.
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