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Indicator Species for Interpreting Environmental Variability
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ABSTRACT. The Antarctic coastal zone is influenced by natural phenomena associated with the ice
sheets and ocean as well as by anthropogenic impacts associated with national programs and com-
mercial activities around the continent. Understanding the complexity of this circumpolar system is
essential for both basic and applied science objectives. Indicator species are a fundamental tool for
interpreting the sources and dynamics of Antarctic environmental change. The underlying criteria for
selecting indicator species include: (1) common in coastal marine habitats around the continent; (2)
large, abundant and easy to collect; (3) basic biology is known; (4) available baselines preceding
human impacts; (5) contain chemical signatures of environmental impacts; (6) easy to manipulate in
field and laboratory experiments; and (7) present in impacted and appropriate control sites. Among
the species which fit all of these criteria are two circumpolar bivalve molluscs: the epifaunal scallop
(Adamussium colbecki) and the infaunal clam (Laternula elliptica). The utility of indicator species for
assessing environmental variability in the Antarctic coastal zone is discussed in relation to the

Antarctic Treaty system and other relevant international programs.
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Distinguishing Natural Variability from
Human Impacts

Basic and applied research continuum

It is the combination of basic information from pris-
tine environments and applied information from
disturbed environments which is necessary for dis-
tinguishing human impacts from natural variability
(Fig. 1). Such impact assessment should be based on
a range of perspectives from short-term biochemical
and physiological responses to relatively long-term
population responses. Understanding the interaction
between natural phenomena and anthropogenic
impacts in Antarctica (Champ ef al. 1992; Hyland et
al. 1994; Lenihan and Oliver 1995; Berkman 1997a) is

central to the international implementation of envi-
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ronmental management strategies under the Protocol
on Environmental Protection to the Antarctic Treaty
which was signed by the 26 Antarctic Treaty
Consultative nations in Madrid in 1991 (Madrid
Protocol). This paper will discuss biological baselines
and responses with indicator species that exist in
pristine and disturbed environments that can be
used to assess whether human activities in Antarctic
coastal areas are impacting local biota and, if so, to
what extent.

Human impacts in Antarctic coastal areas

The Antarctic coastal zone can be divided into three
regions (Benninghoff and Bonner 1985): shoreline
interface between the ocean and the land or ice;
enclosed marine habitats (bays, coves and harbors)
with restricted circulation; and exposed nearshore
habitats with unrestricted circulation. Even though
Antarctica is relatively remote, coastal areas can be
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Fig. 1. The Scientific Research Continuum which illustrates:
(a) the relationship between natural processes and anthro-
pogenic impacts; and (b) the need for integrating basic
and applied science to implement ecosystem management
strategies under the Protocol on Environmental Protection
to the Antaarctic Treaty. Adapted from Berkman (1992a,
1997a).

influenced by human activities that create: (a) acute
short-term lethal impacts or (b) chronic longer-term
sub-lethal impacts on the associated biological sys-
tems (Giesy and Graney 1989). Acute biological
impacts can arise unexpectedly, as with the Bahia
Paraiso oil spill which occurred in the Antarctic
Peninsula region in 1989 and caused the mass mor-
tality of adjacent intertidal limpets (Kennicutt 1990).
Chronic impacts can occur from coastal research sta-
tions which involve discharges, dumping and habi-
tat modification over time (Dayton 1972) and are
distinct from undisturbed reference habitats
(Lenihan et al. 1990). Chronic impacts also may be
cumulative because they occur "in combination with
other activities in the Antarctic Treaty Area” (Article
3.2, Madrid Protocol), such as Antarctic tourism
which is fast approaching 10,000 individuals per
year (Enzenbacher 1994). Coastal areas with possible
cumulative human impacts include Ross Island,
King George Island, Northern Antarctic Peninsula,
and some sub-Antarctic islands (De Poorter and
Dalziell 1997).

It has been suggested that Antarctic coastal com-
munities can recover, perhaps within years, after
chronic hydrocarbon pollution has abated (Platt
1978). In general, if this conclusion is correct (Clarke
and Laws 1981), then chronic sub-lethal contamina-
tion should not permanently impact the fitness of

Antarctic species. Beyond measuring the exposure

of marine populations to contaminants from
Antarctic coastal stations, it is important to assess
how chronic sub-lethal impacts affect their fitness.
Fitness, as measured by individual and population
viability, fecundity, and development rates
(Dobzhansky et al. 1977), is a fundamental feature of
evolutionary biology and species’ adaptations in the
Antarctic marine ecosystem. Such baseline fitness
measurements also are central to understanding the
capacity of individuals and populations to recover
from human impacts (Robinson 1989; EPA 1992).

Basic research: biological baselines and responses
Environmental records which unambiguously reflect
natural variability in the absence of any anthro-
pogenic impacts exist in the past. Among the geo-
logical, chemical and biological records (Berkman
and Yoshida 1994), fossils provide ideal baselines for
interpreting historical environmental conditions
(Berkman 1997a).

Cores of guano from Adelie penguin (Pygoscelis
adelie) rookeries around the continent (Goodwin
1993; Baroni and Orombelli 1994; Emslie 1995; Tatur
et al. 1997) can provide information about occupa-
tion-abandonment cycles and periods in Antarctic
coastal areas. For example, the continuous occupa-
tion of Adelie penguins along the Victoria Land
Coast near 74°50' S reflects the persistence of the
Drygalski Ice Tongue and its dynamic connection
with the East Antarctic Ice Sheet during the last
6,000 years (Berkman 1997a). In other areas along
the Victoria Land Coast, Adelie populations regular-
ly appear and disappear over time scales from
decades to centuries (Baroni and Orombelli 1994).
These baseline data provide insights about natural
variability that can be used to assess the environ-
mental factors which are influencing changes in
penguin populations this century (Fraser et al. 1992).

The persistent scallop population at Explorers
Cove in West McMurdo Sound, Antarctica, is anoth-
er example of a fossil assemblage that reflects natur-
al variability (Berkman 1997a). Based on their spa-
tial distribution (Stuiver et al. 1981) and occurrence
throughout sediment cores from the Dry Valley
Drilling Project (McKelvey 1985) in Explorers Cove,
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these scallops have lived in this habitat during the
last 5,500 years (corrected for the 1,300-year age of
the carbonate radiocarbon reservoir in the Southern
Ocean as derived by Berkman & Forman (1996)).
These data indicate that the habitat conditions have
been relatively stable and have not fluctuated
beyond the tolerance of the scallop population dur-
ing this period. Moreover, any marked declines in
the scallop population today would reflect environ-
mental changes which have not been experienced
over the last 5,500 years. Understanding the basic
ecology and biology of representative species is an
essential first step in developing baselines for inter-
preting biological responses associated with natural
and anthropogenic impacts in Antarctic coastal

areas.

Antarctic coastal marine indicator species

Bivalve molluscs have been identified as ideal indi-
cator organisms (Table 1} and have been used exten-
sively for monitoring pollution in coastal marine
systems around the world under the design of the
"Mussel Watch' program (Phillips 1977; Goldberg et
al. 11978; O'Connor 1996). Two species which meet
all of the criteria in Table 1, the ubiquitous epifaunal
scallop (Adamussium colbecki) and infaunal clam
(Laternula elliptica), were identified by Berkman &
Nigro (1992) as ideal nearshore marine species for
extending the 'Mussel Watch’ program to the
Southern Ocean. These species, which are the largest
bivalve molluscs in the Southern Ocean (>90 mm)
and have densities that commonly exceed 70 m?
(Berkman 1991; Ahn 1993), were subsequently estab-
lished as key environmental indicators in the
Southern Ocean by the Scientific Committee on
Antarctic Research through environmental initia-
tives associated with the Coastal Shelf - Ecology of
the Antarctic Sea Ice Zone (SCAR 1994) and Council
of Managers of National Antarctic Programs (SCAR
1996).

Adamussium and Laternula have been the focus of
more than 65 publications and are among the most
studied coastal marine benthic species around
Antarctica (Table 2). These studies provide informa-
tion on the geology (e.g. paleoecology and evolu-

Table 1. Criteria of key marine indicator species for assess-
ing natural and anthropogenic impacts in Antarctic
coastal areas

(a) Common in nearshore habitats around the continent
(b) Large, abundant and easy to collect

(c) Basic biology is known

(d) Available baselines preceding human impacts

(e) Contain chemical signatures of environmental impacts
(f) Easy to manipulate in field and laboratory experiments
(g) Present in impacted sites and appropriate control sites

tion); ecology (e.g. competition, predation, evolution
and epizoic species); population biology (e.g. size fre-
quency, density, biomass, and spatial distributions);
physiology (e.g. growth, reproduction, mortality,
feeding and histology); and biochemistry (e.g. toxicol-
ogy, metabolism and composition). This extensive
database of basic and applied information provides
an advantage for generating biological baselines and
responses to assess anthropogenic impacts in
Antarctic coastal areas. These background studies
provide an excellent starting point for developing
long-term, circumpolar and international studies to
integrate population, organismal and cellular
responses of these key indicator species for inter-
preting environmental impacts (both natural and
anthropogenic) in Antarctic coastal areas.

Applied research: "minor or transitory impacts”
The Madrid Protocol creates a comprehensive frame-
work for assessing environmental impacts; conserv-
ing Antarctic fauna and flora; managing waste dis-
posal and marine pollution; and protecting
Antarctic areas (Lyons 1993). In the United States,
the Madrid Protocol is being implemented as
Amendments to the Antarctic Conservation Act of
1978 (Public Law 104-227). The fundamental princi-
ple of the Madrid Protocol (Article 3.2) is to ensure
that:

Activities in the Antarctic Treaty area shall be
planned and conducted so as to limit adverse
impacts on the Antarctic environment and

dependent and associated ecosystems.

The criteria for planning and conducting these
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Table 2, Background data collected for the epifaunal scallop (Adamussium colbecki) and the infaunal clam (Laternula elliptica) in
Antarctic coastal areas

Species Biochemistry Physiology Population Ecology Geology
Adamussium 14,19, 20,25,26, 14, 16,19, 20, 23,24, 4,5, 10, 16, 18, 23, 1,2,4,5 910,13, 3,6,7,812,17,
colbecki 28,29, 36,39,42, 29,31,33,44,49,53, 25,28,29,33 34,38  15,16,18, 19,21, 23, 27,43, 45, 46, 5],
44, 49, 50, 53, 56, 57, 58, 63 41, 44, 53, 54, 55,59, 25, 29,33, 38,39,41, 59
57, 58, 60, 63, 65 66 53, 54, 55, 56, 59, 66
Laternula 26,37,42, 44,47, 23,24,33,35,42, 44, 4,11,22,33,35,40, 1,2,4,11,21,22,33, 78,12, 26,27, 30,
elliptica 52, 58, 60 52, 58, 60, 62, 64 44, 47, 48, 52, 62 35, 40, 60, 62, 64 32, 43, 45, 46, 61

1 Soot-Ryen (1951); 2 Nicol (1966); 3 Stuiver et al. (1976); 4 Ralph & Maxwell (1977); 5 Nakajima ef al. (1982); 6 Stuiver et al.
(1981); 7 Chapman-Smith (1981); 8 Yoshida (1983); 9 Mullineaux & DeLaca (1984); 10 Stockton (1984); 11 Zamorano et al.
(1986); 12 Adamson & Pickard (1986); 13 Tucker & Burton (1987); 14 Honda et al. (1987); 15 Alexander & Del.aca (1987); 16
Berkman (1988); 17 Denton et al. (1989); 18 Berkman (1990); 19 Mauri et al. (1990); 20 Barrera et al. (1990); 21 Dell (1990); 22
Lenihan et al. (1990); 23 Berkman et al. (1991); 24 Pearse et al. (1991); 25 Berkman (1991); 26 Baroni et al. (1991); 27 Berkman
(1992b); 28 Berkman et al. (1992); 29 Berkman & Nigro (1992); 30 Adamson & Colhoun (1992); 31 Nigro et al. (1992); 32
Ingdlfsson et al. (1992); 33 Brey & Clarke (1993); 34 Nigro (1993); 35 Ahn (1993); 36 Viarengo et al. (1993); 37 Marshall et al.
(1993); 38 Berkman (1994a); 39 Berkman (1994b); 40 Ahn (1994); 41 Hain & Melles (1994); 42 Barrera et al. (1994); 43 Hayashi
& Yoshida (1994); 44 Nigro et al. (1994); 45 Igarashi et al. (1995a); 46 Igarashi et al. (1995b); 47 Kennicutt et al. (1995); 48
Lenihan & Oliver (1995); 49 Viarengo et al. (1995); 50 Berkman & Forman (1996); 51 Berkman & Prentice (1996); 52 Ahn et al.
(1996); 53 Van Bloem (1996); 54 Chiantore et al. (1997); 55 Albertelli ef al. (1997); 56 Regoli et al. (1997a); 57 Regoli et al. (1997b);
58 Nigro et al. (1997); 59 Berkman (1997a); 60 Brey & Mackensen (1997); 61 Hjort et al. (1997); 62 Ahn (1997); 63 Regoli et al.
(1998); 64 Ahn & Shim (1998); 65 Berkman & Ku (1988); 66 Cattaneo-Vietti ef al. (1998)

activities shall be based on "information sufficient to In one sense, the time frame of a transitory impact

allow prior assessments of, and informed judgments  is already defined in relation to species recruitment,
as in the Convention on the Conservation of
Antarctic Marine Living Resources (CCAMLR)

which discusses the prevention of changes (Article

about, their possible impacts." In addition, "regular
and effective monitoring shall take place” (Article
3.2) to

. . i t" iall ibl tw:
allow assessment of the impacts of ongoing 2c) which are not "potentially reversible over two or

. . three decades.” I eneral , "'mi
activities and to facilitate the early detection of ree decades.” I a more general sense, minor or

. . i i " 1 istinguished f
the possible unforescen impacs... transitory impacts” should be distinguished from

changes which are associated with the natural vari-

Parties to the Antarctic Treaty shall "promote
cooperative programs of scientific, technical and
educational value" and "provide the appropriate
assistance to other Parties” in planning and conduct-
ing these environmental assessment activities
(Article 6.1). Together, the prior assessments along
with the regular and effective monitoring will be
used by the Antarctic Treaty nations in making deci-
sions about whether their activities (Article 8.1)
have:

(a) less than a minor or transitory impact;
(b) a minor or transitory impact; or
(c) more than a minor or transitory impact.

ability of Antarctic populations (Wolfe et al. 1987).
To accomplish these objectives, the Madrid Protocol
(Annex 1: Article 5.2) requires that:

"procedures shall be put in place, including
appropriate monitoring of key environmental
indicators, to assess and verify the impact of any
activity...”

Conclusions

International research collaborations should be
designed to generate biological baselines for assess-
ing natural variability and human impacts in
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Antarctic coastal areas (Abbott and Benninghoff
1990; Berkman 1997b) . Among the indicator species
that can be used to interpret these impacts, special
attention should be given to Adamussium colbecki
and Laternula elliptica which have been identified by
the Scientific Committee on Antarctic Research for
assessing both natural (SCAR 1994) and anthro-
pogenic (SCAR 1996) impacts. From a basic science
perspective, this research will produce fundamental
data on the biology and ecology of two circumpolar
marine species that are ubiquitous throughout the
Holocene in the marine ecosystem around
Antarctica. From an applied science perspective,
experimental responses of these indicator species
will reflect their capacity to recover from human
impacts. Relevance of this coastal-zone research
extends from local to global scales through the
Antarctic Treaty System (Lyons 1993), Scientific
Committee on Antarctic Research (Benninghoff and
Bonner 1985; SCAR 1994, 1996) and the
International Geosphere Biosphere Program
(Pernetta and Milliman 1995).
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