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ABSTRACT 

AUERBACH, S. I. (ed.) 1987. Ecological research needs at 
hazardous waste disposal sites. ORNt/TM-70368. 
Oak Ridge National Laboratory, Oak Ridge, Tennessee. 
36 P P n  

The Superfund Amendments and Reauthorization Act of 1986 includes 
sections calling for new efforts in ecological research speciflcally 
related to assessing threats to ecosystems from exposures to hazardous 
wastes. 
ecological research applicable to the assessment of hazards associated 
with chemically contaminated sites, to various cleanup approaches and 
their potential consequences, and to biological monitoring programs 
established for surveillance after remedial actions have been taken. 

in the environment are manifested as a deterioration o f  communlity 
structure and/or function at the ecosystem level or as a loss o f  a 
commercially important or ecologically critical population. The 
application of biological markers (biochemical indicators) offers a 
promising method for monitoring and predicting the long-term effects o f  
contaminants at the population level. 
quantitative relationship between the chemical contaminants and changes 
In the suites of  biological markers. 
exposure regimes requires quantitative and qualitative information on 
the composition of leachates generated from the buried waste and an 
understanding o f  how their composition i s  altered during transport 
through soil to the exposed organisms. 

o f  contamfnants in the subsurface, especially of the complex 
contaminant mixtures that are characteristic of many hazardous waste 
disposal sites. 
wastes on the naturally occurring microbial flora and the potential for 
-I_ in situ biodegradation as well. 

aquatic and terrestrial ecosystems that can be used in routine 

This report describes some new and developing areas o f  

The ecologically relevant impacts of exposure to hazardous wastes 

Research is needed to develop a 

A realistic definition o f  

Little is &nown o f  the rates and pathways of microbial degradation 

?here is a need to determine the impact o f  these 

Research is needed to develop improved exposure models for both 

V 



assessments. Ecolog ica l  exposure i nvo l ves  an a r r a y  o f  complex 
processes that. a re  n o t  inc luded i n  e x i s t i n g  hazardous waste assessment 
models. 
substances on ecosystems requ i res  a knowledge o f  t h e  f lows of  energy 
and ma t te r  and o f  t h e  r e l a t e d  eco log i ca l  food web. The p r e d i c t i o n  o f  
poss ib le  d i s r u p t i v e  e f f e c t s  on a whole food web requ i res  a d e t a i l e d  
knowledge o f  t h e  s t r u c t u r e  o f  t h e  web and o f  t he  many dynamic feedback 
e f f e c t s  i n  t h e  t o t a l  ecosystem. 

Deal ing w i th  t h e  p o t e n t i a l l y  d i s r u p t i v e  e f f e c t s  o f  t o x i c  

v i  



INTRODUCTION 

S. I. Auerbach 

The release o f  toxic substances from contaminated sites or waste 
disposal facilities can pose a threat both to human health and to the 
integrity o f  the ecosystem. 
Reauthorization Act of 1986 includes sections calling for basic 
research to detect toxic substances in the environment and to assess 
and quantify the risks to human health and the environment resulting 
from exposure to such substances. Protection o f  the environment and 
its various ecosystems is an explicit component o f  the legislation (see 
Sect. 121 of the Act). 

Evaluating the potential for exposure to contaminants in the 
environment is a challenging task because of the diversity and 
multiplicity o f  the routes of exposure (air, water, food, soil 
particles), the large differences In the biological availability o f  
contaminants in these media; and the complexity o f  molecular, 
biochemical, and toxicological interactions within exposed organisms, 
populations, and ecosystems. This complexity limits our capabllity 
either to quantify exposure to chemical or physical agents in the 
environment or to assess the ecological significance of such exposure. 
Exposure to environmental insults cannot be quantified readily by 
measuring body burdens of contaminants. Many deleterious chemicals are 
rapidly metabolized, are excreted, or are toxic at concentrations below 
analytjcal detection limits. Furthermore, the relationship between 
body burden and toxic response is complex and highly variable. 
Assessing the significance of exposure to complex mixtures of 
chemicals, the most realistic scenario, is even more problematic. 
Constructing inventories o f  chemical contaminants is often 
prohibitively difficult, time consuming, and expensive. Such 
inventories may ignore possible synergistic or antagonistic 
interactions o f  chemicals, which can invalidate predictions based on 
the toxicity of individual chemicals. 

The Superfund Amendments and 
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Understanding and p r e d i c t i n g  t h e  t o x i c o l o g i c a l  e f f e c t s  o f  chemical 
contaminants on populat ions,  conwnunities, and ecosystems requ i res  
i n fo rma t ion  n o t  o n l y  on t h e  types and amounts o f  chemicals released t o  
t h e  environment, b u t  a l s o  on the organisms and b i o l o g i c a l  processes 
t h a t  a r e  exposed t o  the chemicals, 
t h i s  r e p o r t  w i l l  p rov ide  i n fo rma t ion  c r i t i c a l  t o  t h e  assessment o f  
hazards associated w i t h  chemical ly  contaminated s i t e s ,  t o  var ious 
cleanup approaches and t h e i r  p o t e n t i a l  consequences, and t o  b i o l o g i c a l  
mon i to r i ng  programs s e t  up f o r  s u r v e i l l a n c e  a f t e r  remedial a c t i o n s  have 
been taken. In add i t i on ,  t h i s  program o f  s tud ies  w i l l  enhance our  
understanding o f  t h e  i n t e r r e l a t i o n s h i p  between organisms and t h e i r  
environment as w e l l  as t h e  o v e r a l l  f u n c t i o n i n g  o f  ecosystems, both o f  

which a re  impor tant  f o r  improving ecotox ico logy as a p r e d i c t i v e  science. 

contaminants i n  t h e  environment a re  n i f e s t e d  as a d e t e r i o r a t i o n  o f  
community s t r u c t u r e  or f u n c t i o n  a t  t he  ecosystem l e v e l  o r  as a l o s s  o f  
a commercial ly impor tant  or  e c o l o g i c a l l y  c r i t i c a l  populat ion.  The 
adverse e f f e c t  on t h e  i n d i v i d u a l  animal i s  of concern on ly  i n s o f a r  as 
i t  presages a papulat ion- level  e f f e c t .  However, t h e  complexi ty o f  

d e t e r i o r a t i o n  o f  t h e  popu la t i on  o r  ecosystem i s  apparent. 
adequately p r o t e c t  t h e  environment, such d e t e r i o r a t i o n  must be detected 
and evaluated e a r l y  i n  the  temporal sequence between exposure and 
i r r e p a r a b l e  ecosystem da e. There a re  a number o f  ecolog ic  research 
areas t h a t  bear d i r e c t l y  o r  i n d i r e c t l y  on t h i s  chal lenge. 
broad range o f  a c t i v i t i e s  i n c l u d i n g  (a)  the! development and use o f  
promising new biochemical techniques, (b) t he  development and 
a p p l i c a t i o n  o f  new conce t s  i n  eco log i ca l  r i s k  analys is ,  
( c )  ecotsx ico logy,  and ( d )  a p p l i c a t i o n s  o f  microbial ecology i n  
biotechnology. 

The research p r o g r ~ m s  o u t l i n e d  i n  

The e c o l o g i c a l l y  re levan t  impacts o f  exposure t o  chemical 

i n t e r a c t i o n s  imposes a long la tency  pe r iod  before 
To 

l h e y  cover a 
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BIOLOGICAL MONITORING 

J. F. XcCarthy and B. T .  Walton 

Biological monitoring is an important area in ecotoxicology that 
i s  especially relevant to the assessment o f  hazards associated with 
chemicals at waste disposal sites. The biological monitoring approach 
can be used to detect many chemicals which are present i n  amounts that 
are below analytical detection limits in a i r ,  water, soil, or sediments 
but which can be detected in biota due to their enrichment over ambient 
concentrations (Hartinucci et al. 1983). In addition, the biological 
availability o f  chemicals present at a site can be determined through 
analysis o f  native animals for signs o f  toxicant exposure (Rowley 
et al. 1983). Because plants and animals serve as indicators crf 
contaminant exposure over time and space, exposure histories can often 
be reconstructed from body burdens o f  contaminants (NAS 1986). In 
addition, toxicity testing of environmental samples, ruch as effluent 
discharges and receiving waters, is sometimes used instead o f  abiotic 
residue analyses to meet the requirements o f  national and state 
discharge permits (Roop and Hunsaker 1985; Bergman, Kimerle, and blaki 
7 986) 

Research i s  needed to support the scientific basis on which 
biological monitoring programs are conducted, especially in the areas 
of biological accumulation and availability o f  toxicants, biochemical 
indicators of toxicant exposure (biomarkers), and species selection f o r  
field studies. 

Accumulation and Availability o f  Toxicants 

The properties of  environmental persistence and biological 
accumulatlon were among the first to be identified as being 
characteristic of substances having the potential to cause 
environmental problems. Barker (1958) recognized this nearly 30 years 
ago when he described the potential for robins to receive lethal doses 
of ODT when feeding on earthworms that had accumulated residues of this 
compound from contaminated soil and decomposing leaf litter. O f  



particular concern in hazard assessment is the potential for human 
exposures to toxic chemicals buried at waste disposal sites due to the 
movement of such chemicals through food chains. In addition, an 
understanding of the fundamentals of bioaccumulation in aquatic and 
terrestridl ecosystems is crjtical t o  species selection in biological 
monitoring programs. 

for wildlife is an unresolved issue. Numerous studies indicate that 
direct uptake o f  contaminants from water is probably more significant 
than uptake from food for aquatic species (Kay 1984; Southworth et al. 
1982; Spacie and Harnelink 1984); however, the importance of trophic 
asssclations in terrestrial species is less definitive (Malton and 
Edwards 1986; Beyer 1986). Research is needed to delineate the 
relative importance o f  trophic associations in the aquisition of 
contaminant body burdens for var jous  taxa, especially in terrestrial 
ecosystems. 

The relative importance o f  food as a route o f  contaminant exposure 

Biochemical Indicators of Toxicant Exposures 

The application of biochemical indicators (biological markers) in 
free-living animals offers a promising method of predicting the long- 
term effects o f  exposure t o  environmental contaminants a t  the 
population level, There is considerable evidence in the literature to 
show that animals from chemically contaminated environments exhibit 
increased levels of P-450 enzymes or have detectable levels o f  DNA or 
protein adducts (Varanasi, Stein, and Horn 1981; Martineau e t  al. 1986). 
Free-living, o r  feral, animals ~xpe~i~entally exposed t o  contarninants 
respond with predictable changes in several biological markers (Kurelec 
e t  al. 1979; Stegeman et al. 1986; and Shugart et. al. 1986). Research 
is needed, however, to develop a quantitative relationship between 
exposure to che icals and changes in suites o f  biological markers, and 
to d e ~ ~ n s ~ ~ a t ~  that these biological markers can be used to predict a 
physiologically or ecologically important response such as impairment 
o f  reproductive function, loss  o f  stamina, diminished ability to compete 
effectively in the environ ent, o r  increased susceptibility to disease 
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or parasites. Validation of these relationships will require a 
combination of (a) long-term controlled laboratory experiments to 
establish cause-effect relationships between exposure, changes in 
biological markers, and concomitant changes in toxicologic end points; 
and (b) long-term field studies documenting the detection o f  biological 
markers in naturally exposed animals and the consequent changes at the 
population or community level. Changes in fecundity, growth, or 
survival observed in laboratory studies can be incorporated in existing 
ecosystem simulation models to predict population and trophic 
responses, which can then be compared with observed field data. 

populatfons o f  animals can be closely linked with the development of 
biological markers for detecting and understanding human exposure. 
Advances in analytical chemistry and analytical biology can be directly 
utilized in research on feral vertebrates, such as small mammals, birds 
and fish, although some markers will have to be modified (e .g . ,  
monoclonal antibodies may differ between species). 

Progress in the application of biological markers to natural 

Since feral animal species share the environment w i t h  humans, they 
may be exposed to environmental contaminants through many o f  the same 
routes as are human populations. By proper selection of feral animals 
with different habitats, specific sources and routes of exposure can be 
identified and compared: fish for water exposure, burrowing animals for 
soil-borne contamination, and herbivores for warning of potential 
contamqnation of garden produce. 

legislation is identification of the hazardous waste disposal sites 
that pose the greatest danger to public health. Analysis of biological 
markers in feral animals living around waste disposal sites or in 
adjacent areas occupied by human populations could efficiently identify 
those sites having high levels of biologically available toxicants 
(Talmage, Shugart, and Walton 1986). Appropriate species could be 
collected and tested without the publicity that would attend the 
sampling o f  human populations (or of their pets). Body tissues could 
be analyzed destructively if necessary, thus removing some o f  the 
limitations in the application of biological markers in humans. 

One of the essential research needs outlined in the Superfund 
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Studies on b i o l o g i c a l  r k e r s  i n  f e r a l  species should be coordinated 
from t h e i r  i n c e p t i o n  w i t h  surveys o f  b i o l o g i c a l  markers i n  humans and 
w i t h  ep idemio log ica l  s tud ies  o f  human h e a l t h  e f f e c t s .  b l i t h  a 
s u f f i c i e n t l y  l a r g e  and d ive rse  data base, i t  may be poss ib le  t o  use 
c o s t - e f f e c t i v e  surveys o f  e a s i l y  sampled f e r a l  species t o  improve 

on human heal th ,  and document t h e  ame l io ra t i on  o f  hazards as 
techno log ica l  improvements i n  waste t reatment  a r e  developed and 
implemented. 

i o l o g l c a l  s tud ies,  b e t t e r  d e f i n e  the impacts o f  t o x i c  waste s i t e s  

Se lec t i on  o f  Species f o r  M o n i t o r i n g  

The success o f  any b i o l o g i c a l  mon i to r i ng  program depends i n  p a r t  
on the  s e l e c t i o n  o f  app rop r ia te  species f o r  ana lys i s .  Although i d e a l  
c r i t e r i a  for species s e l e c t i o n  have been publ ished (NAS 1986), 
a d d i t i o n a l  data a re  needed t o  serve as a bas is  f o r  choosing organisms 
approp r ia te  for f i e l d  mon i to r i ng  a t  s p e c i f i c  s i t e s  f o r  s p e c i f i c  k inds 
o f  contarninants. P re l im ina ry  comparative s tud ies  o f  t e r r e s t r i a l  
species a t  Oak Ridge Nat ional  Laboratory i n d i c a t e d  t h a t  t he  degree o f  
contact  w i t h  s o i l  as w e l l  as food preferences may be impor tant  
determinants o f  exposure t o  contaminants i n  the  f i e l d  (Talmage, 
Shugart, and Malton 1984). Species comparisons a r e  needed under f i e l d  
cond i t i ons  f o r  var ious types o f  contaminants t o  determine t h e  most 

approp r ia te  species f o r  s p e c i f i c  b i o l o g i c a l  mon i to r i ng  programs. 
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CHEHICAL-SOIL-BIOLOGICAL INTERACTIONS 

S. E .  Herbes 

The potential ecological and toxicological effects o f  contaminants 
released from waste disposal areas depend upon the concentrations and 
chemical forms of the contaminants to which the organisms are exposed. 
Except for those that come into direct contact with buried waste (e.g., 
burrowing animals and plants whose roots penetrate into the waste), the 
organisms will be exposed to contaminant mixtures in waste leachate. A 
realistic definition of exposure regimes requires quantitative and 
qualitative information on the composition of leachates generated from 
the buried waste and an understandqng of how thls composition i s  
altered during transport through so i l  to the exposed organisms. 

Listed below are some o f  the major unresolved issues of leachate 
chemistry and soil-chemical interactions which currently limit our 
ability to define exposures to contaminants that are present in 
leachates from hazardous waste disposal sites. 

dozens of potentially toxic contaminants. Few toxicologic studies on 
mixtures of more than two potentially hazardous compounds have been 
undertaicen (e.g., Giddings, Herbes, and Gehrs 1985; Bergman, Kimerle, 
and Haki 1986). While similar compounds may interact in an additive 
manner, the ecological effects o f  more disparate mixtures may differ 
signjficantly from effects of individual contaminants. In particular, 
virtually no data are available on the effects of mixtures conitaining 
both organic compounds and metals. 
characterize complex mixtures of contamjnants and to determine the 
toxicologic effects of leachates from hazardous wastes generated under 
conditions that simulate as realistically as possible conditions o f  
waste disposal sites, 

disposal sites, and their subsequent ecological and toxicological 
effects, are highly dependent upon the character of the waste and its 
disposal environment. To fully evaluate the potential effects, the 

1. Leachates from hazardous wastes are often complex mixtures of 

Studies are thus needed to 

2. The chemical characteristics of leachates from hazardous waste 
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mechan’lsrns governing leachate generation as a function of the waste’s 
chemical characteristics and disposal environment should 

be investigated. Certain environmental parameters, including the pH, 
the kind and amount of  dissolved salts, and the presence of potential 
complexing agents, are known to be important in solubilization o f  toxic 
metals. The parameters controlling solubilization of organic 
contaminants and the interactions between the contaminants that promote 
or decrease solubilization are less well established. The importance 
of the disposal environment in controlling contaminant solubilization 
is recognized in the continuing evolution of the U . S .  Environmental 
Protection Agency‘s extraction procedure for determining leachable 
contaminants in waste, from its original promulgation in 1982 (USEPA 
1982a) through the most recent proposed modification (Fed. Reg. 1986), 
which uses a more realistic leaching solution. Additional studies are 
needed to explain more fully the principles controlling leaching of 
hazardous waste constituents. 

3 ,  The ecological and toxicological effects of  contaminants may 
depend upon their physicochemical form (e.g., dissolved, 
particle-bound, colloidal, o r  associated wSth humics or other 
macromolecules). Substantial information is available concerning the 
effect of organic and inorganic fom in metal toxicity, which has been 
incorporated into metal toxicity criteria (e.g., NAS-NAE 1972). Far 
fewer studies are available for organic compounds; and extremely few 
exist on complex mixtures o f  contaminants that are likely to be present 
in leachates from many hazardous waste disposal sites. Research is 
therefore required to elucidate the effects of contaminant form on 
toxicity and the potential for bioaccumulation of leachate constituents 
by both plant and animal co 

4. The composition o f  leachate may be altered substantially due 
to sorptive attenuation to soil surfaces during passage through soil 

develop the capability to predict ex osure regimes for biological 

better understood, 
contamlnant transport have been evaluated in laboratory or field 

the point of  generation t o  the oint o f  exposure of organisms. To 

unities, the effects o f  sorption on leachate composition must be 
At present only relatively simple models of 
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studies (e.g., Gillham 1982). Few quantitative data are available with 
which to evaluate contaminant transport through soil under natural 
conditions. Processes that may be of particular importance are (a) the 
effects o f  f l o w  through macropores and the extent to which sorption 
coefficients (Kd's) determined with bulk material reflect sorptive 
attenuation in these pores (Thomas and Phillips 1979; Beven and Germann 
1982), and (b) the effect of nonequilibrium kinetScs (e.g., sorption by 
water moving through macropores during rainfall) on attenuation o f  
sorption. Necessary studies include laboratory-scale investigations o f  
compositional changes in leachates during passage thracrgh simulated 
aquifer materjal, development o f  more realistic models, and testing o f  
predicttve capabilities by monitoring the compositional changes in 
plumes from existing waste disposal areas. Linkage o f  compositional 
changes in effluents with biological or ecological effects is a 
critical component of these studies. 

5. Volatile organic contaminants ( V O C s )  (e.g., chlorinated 
ethenes and ethanes) may be removed from leachates by volatilization, 
either directly into the air or into unsaturated soil pores. 
Volatilization is known to occur under some geohydrologic conditions; 
detection of contaminant vapors in soil has been used to detect 
contaminated groundwater (e.g., Glaccum, Noel, and HcMillan 1963). 
Although volatilization is a significant pathway for removal of  VOCs 
from surface waters, little data are available on the effect o f  this 
process in modifying contaminant concentrations in hazardous waste 
leachate. Furthermore, few data are available that address the 
importance of  this process either in removing VOCs f rom groundwater or 
in providing a pathway for potential exposure of  roots and burrowing 
animals in the unsaturated zone to volatile leachate constituents. 
Studies are needed to assess the importance of volatilization I n  both 
contaminant transport and ecological effects. 

6. Little is known of the rates and pathways of microbial 
degradation o f  contaminants in the subsurface, particularly of  the 
complex contaminant mixtures that are characteristic o f  many hazardous 
waste disposal sites. Hazardous waste leachates will undoubtedly 
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produce m o d i f i c a t i o n s  i n  subsurface m l c r o b i a l  communities, as 
populat ions respond t o  both t o x i c a n t s  and p o t e n t i a l  growth subst rates 
present i n  t h e  leachate. Because groundwater movement i s  genera l l y  
Slow, t he  extended contact  t ime between organisms and groundwater 

contaminants creates t h e  p o t e n t i a l  f o r  s u b s t a n t i a l  a l t e r a t i o n  o f  the 
contaminants. Such a l t e r a t i o n s  may r e s u l t  i n  d e t o x i f i c a t i o n  o f  the 
contaminants through degradat ion t o  innocuous products such as water 
and carbon d i o x i d e  o r  may r e s u l t  i n  t h e  product ion o f  e q u a l l y  t o x i c  
products,  such as t rans fo rma t ion  o f  t r i c h l o r o e t h y l e n e  under anaerobic 
cond i t i ons  t o  t h e  carcinogen v i n y l  c h l o r i d e  (K leop fe r  e t  a l .  1985). 

Studies a r e  needed t o  assess how m i c r o b i a l  communities adapt t o  
contaminant i npu ts  and t o  determine what fac to rs  c o n t r o l  t h e  r a t e s  and 
end products o f  degradation. 
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MICROBIAL ECOLOGY 

A. V .  Palumbo and 0. C. White 

Research in microbial ecology related to hazardous waste disposal 
must be focused on two areas. First, the impact of the waste on the 
naturally occurring microbial flora must be evaluated, particularly as 
it relater to human health, for increased pathogenicity or formation of 
toxic metabolites. For example, the presence of hazardous waste could 
result in selection for heavy metal tolerance and thus in 
antibiotic-resistant organisms. Additionally, the metabolism of one 
toxic compound can result in the formation o f  another toxicant (e.g.* 
formation of vinyl chloride from trichloroethylene) (Barrio-Lange et 
al., 7986; Vogel and PIcCarty 1985). The second area of research to 
focus on is the potential for in situ biodegradation of the waste 
elther by the Jndigenous microbiota or by introduced, possibly 
genetically manjpulated, bacteria. 

need to be characterized to determine the levels of  potentially 
hazardous bacteria or higher microorganisms. The environment of 
contamdnated zones is likely to be quite different from that of 
uncontaminated areas; thus, there may be a shift in the bacterial 
c m u n i t y  structure. Contamfnated surface soils or subsurface 
sediments may harbor bacteria which would not normally persist in the 
environment due to nutrient Ilmitation (Sinclair and Alexander 1984), 
predation by protozoans (Habte and Alexander 1977) ,  or competltion from 
other bacteria (Geldreich 1972). Conditions in a contaminated zone may 
result In allevjation o f  these factors due to increased nutrient supply 
and/or elimination o f  possible predators or competitors. 
Uncontaminated aquifers, subsurface sediments, and groundwater usually 
contain relatively small populations of largely gram-positive bacteria 
(Smith et al. 1985) which support even smaller populations o f  
protozoans. With contamination, there is often an jncrease in 
bacterial numbers and a shift to gram-negative bacteria (Smith et al. 
1985; Smith et al. 1986). Some hazardous waste disposal sites are 

The microbial cornunities that are present in contaminated zones 
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contaminated with at least some easily degradable compounds, and there 
are elevated populations of bacteria, possibly including pathogenic 
bacteria, at these sites. Enteric bacteria i n  soil are known to 
survive longer and possibly multiply when sufficient organic matter is 
present (Gerba 1985). Even in the absence of pathogenic bacteria, the 
elevated total bacterial populations may support populations of 
pathogenic amoeba, 

detect and enu erate indjvidual species or groups o f  microorganisms, 
and to define conditions in the environment is also important. 
Potentially significant organisms may be present at levels which are 
too low to detect by conventional plate counts or Most Probable Number 
(MPN) techniques, Novel techniques such as RNA probes (Sayler et al. 
1985). "signature1' phospholipid biomarker identification (e .g.  Nichols 
et al. 1986)' fluorescent antibody techniques (Stanley, Gage, and 
Schmidt 19741, and RNA sequence analysis are all potentially valuable 
methods to characterize microbial co unities. Biochem4cal analysis o f  
the bacterial community may also yield valuable information about 
conditions in contaminated aquifers, For example, the redox 
environment o f  the bacteria can be monitored by measuring the microbial 
respiratory quinone/isoprenologue ratios (Hedrick and White 1986)- The 
nutritional status o f  microbial co unities can be estimated from the 
ratios o f  the bacterial endogenous storage polymer poly-beta-hydroxy 
alkanoate (PBH) to phospholipid ester-linked fatty acids (PFLA)  
(Findlay et al. 1985; Findlay and White 1987). Further research is 
necessary on the application of these techniques to environmental 

not require microbial growth could complement analysis by 'signature" 
lipid biomarkers. 

A t  sites that are being considered as candidates for situ 
biological rectification, the factors limiting microblal growth need to 
be investigated. Often the presence of  easily degradable substances 
will result in utilization o f  much of the oxygen available in the 
aquifer; therefore, oxygen may be a limiting factor, at least to 

Research on novel means to characterize microbial populations, to 

s .  For example, the development o f  DNA probe techniques that do 
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aerobic degradation. However, once oxygen is provided in a cleanu'p 
effort, often as hydrogen peroxide, inorganic nutrients may become 
limiting, 
oxygen and/or inorganic nutrients are needed, and these may be coupled 
with biochemical measures of respiratory quinones and nutritional 
status to relate the microcosm to the subsurface environment. 

There are two strategies involved i n  the use of microorganisms to 
degrade toxic waste at hazardous waste sites: 
growth o f  existing microorganisms at the site, and (b) introduction of  
degradative microorganisms to the site. 
either naturally selected organisms or genetically engineered 
organisms. 
microorganisms and introduction o f  new microorganisms should be 
investigated and understood before the widespread use o f  these 
techniques. Some site-specific research may be needed in every case 
where in situ treatment is considered. 
obtained, the level of  effort necessary at each site may be reduced if 
some o f  the potential problems prove to be very improbable. Fotential 
problems include the stimulation of the growth of  undesirable 
microorganisms along wtth the desirable degradative microorganisms. 

should be monitored. Stimulation of microbial populations to high 
levels, up to 1000 times the site o f  commonly existing populations, 
could cause a concomitant increase in populations o f  pathogenic 
microorganisms of either prokaryotic or eukaryotic forms. Bacteria 
that make up a very small portion o f  the original population may, under 
the changed conditions, be elevated to levels of concern. 

There are likely to be complex mixtures o f  hazardous materials at 
many of the waste disposal sites, and the biological transformation of 
these products should be studied before stimulation of existing 
populations or introduction of new organisms is attempted. Some 
transformation products may be of equal or greater concern than the 
parent compounds. For example, anaerobic degradation of 
trichloroethylene (TCE) can result in the formation of vinyl chloride 
(Barrio-Lange et at. 1986). 

Microcosm experiments can be used to determine if additional 

(a) stimulation of the 

The microorganisms may be 

The effects of growth stimulation of existing 

After some experience i s  

Changes i n  the bacterial community during in situ cleanup efforts 
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I n v e s t i g a t i o n  o f  t he  cond i t i ons  i n  groundwater a q u i f e r s  bo th  
before and d u r i n g  in -waste degradat ion at tempts must be 

o rde r  t o  p r e d i c t  what t rans fo rma t ion  products w i l l  be formed. 
- s i t u  cleanup o f  a TCE-contaminated s i t e  i s  being considered, aerobic  

I f  an 2 

i t i o n s  should be maintained i n  t h e  a q u i f e r .  
Other p o t e n t i a l l y  impor tant  research areas include, i n v e s t i g a t i o n s  

o f  t h e  p o t e n t i a l  f o r  g e n e t i c a l l y  engineered ~ i c r o o r ~ a n i s ~ s  t o  spread 
beyond t h e  area i n  w I c h  they a r e  introduced. This research may 

inc lude  i n v e s t i g a t i o n s  o f  t h e  t r a n s p o r t  o f  b a c t e r i a  i n  groundwater and 
s i t e - s p e c i f i c  hyd ro log i ca l  s tud ies  and mo e l i n g  o f  b a c t e r i a l  growth and 
t ranspor t .  

Development o f  p r e d i c t i v e  models o f  t r a n s p o r t  and growth o f  
b a c t e r i a  coupled t o  hydro log ic  and chemical models would a l s o  be 

impor tant  f o r  assessing t h e  p o t e n t i a l  e f fec t i veness  o f  i n  s i t u  
r e c t i f i c a t i o n .  Such models could be used t o  design r e c t i f i c a t i o n  
measures, i n c l u d i n g  s i t i n g  o f  i n j e c t i o n  and withdrawal w e l l s ,  t o  

and c logging o f  a q u i f e r s  around t h e  we l l s .  
i n i m i z e  undesi rab le outcomes such as development o f  anaerobic zones 
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ECOLOGICAL RISK ANALYSIS 

G. W. Suter 

Ecological risk analysis determines the probability of undesired 
effects on nonhuman biota and ecosystems from environmental 
contamination (Barnthouse and Suter 1986). Like human health risk 
analysis, it is conveniently divisible into four steps: (a )  rlisk 
Identification, (b) exposure analysis, which estimates the 
concentration or duration characteristics of the exposure to a toxicant 
that results from a release, (c) effects analysis, which estimates the 
response to that exposure, and (d) risk management, which combines the 
results of the prior steps with policy considerations to formulate a 
course of action. Of these steps, exposure analysls and effects 
analysis are Important areas of basic scientific research. 

Exposures resulting from toxic waste disposal are particularly 
difficult to predict. In aquatic systems, they can result from a 
combination of  slow, relatively steady, continuous processes (e.g., 
groundwater recharge of streams) and occasional pulse processes (e.g., 
overland f l o w  or formation of  seeps following periods of high 
precipitation) that are not well simulated by existing aquatic exposure 
models. The terrestrial situation is even more complicated, s'ince 
terrestrial communities developing on, or adjacent to, waste disposal 
s l tes  can be exposed by the movement of chemical components o f  the 
waste or by direct exposure to the waste at the site of  disposal. 
Plants may send their roots into waste or contaminated soil, and 
animals have been known to burrow into, and even consume, waste 
(HcKenzie et al. 1982; NRC 1981). The problem o f  chemical uptake by 
roots is particularly difficult because (a) plants develop roots in 
buried waste only i f  it is an appropriate rooting medium, (b) there is 
no accepted method o f  translating concentrations o f  chemicals i n  soil 
i n t o  plant exposures, and (c) the tests for determining the uptake of  
chemicals by roots are conducted i n  hydroponic systems that have 
questionable relevance to conditions in the field. 
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Research i s  needed t o  develop improved exposure models f o r  both 
aquat ic  and t e r r e s t r i a l  ecosystems t h a t  can be used i n  r o u t i n e  
assessments f o r  t h e  p r e d i c t i o n  o f  exposure t o  components o f  hazardous 
wastes. 
emphasized ~ o v e ~ e n t  i n t o  groundwater and w i th in  aqu i fe rs .  
d iscuss ion  i nd i ca tes ,  eco log i ca l  expasure i nvo l ves  an a r r a y  o f  complex 
processes t h a t  a re  n o t  inc luded i n  e x i s t i n g  hazardous waste assessment 
models. The development o f  s u i t a b l e  exposure models f o r  eco log i ca l  
r i s k  ana lys i s  must be based on f i e l d  and labo ra to ry  research (see 

d i ve rse  routes o f  exposure, and on t h e  p a r t i c u l a r  demands o f  r o u t i n e  
assessment modeling. S t ra teg ies  need t o  be improved f o r  developing 
models t h a t  balance accuracy ( i - e . ,  t h e  models must g i v e  good 
p red ic t i ons ) ,  g e n e r a l i t y  ( i .e . ,  the  models must be parameterized w i th  
data t h a t  a r e  r o u t i n e l y  ava i l ab le ) ,  and u t i l i t y  ( i .e . ,  t h e  models must 
be use fu l  i n  e f f e c t s  assessment. and must comprehensibly convey t h e i r  
r e s u l t s  and t h e  associated unce r ta in t y  t o  dec i s ion  makers and t h e  
pub1 i c )  . 

moved beyond t h e  d i r e c t  comparison o f  t o x i c i t y  t e s t  r e s u l t s  and 
e n t a l  Concentrat ions t o  i nc lude  models f o r  e x t r a p o l a t i o n  

between species, l i f e  stages, and l e v e l s  o f  b l o l o g i c a l  o rgan iza t i on  
(Barnthouse and Suter  1986). The f o l l o w i n g  are major i ssues r e l a t e d  t o  
e f f e c t s  ana lys i s  f o r  ecosystems t h a t  r e q u i r e  research. 

1.  Naste leachates t y p i c a l l y  c o n s i s t  o f  complex and p o o r l y  
de f ined mix tu res  o f  chemicals. Whlle t h e r e  i s  a consensus t h a t  t h e  
e f f e c t s  o f  components o f  m ix tu res  a re  a d d i t i v e  i n  l e t h a l  aqueous 
exposures, i t  i s  n o t  c l e a r  whether sub le tha l  e f f e c t s  can also  be 
modeled a5 a d d i t i v e .  There a l s o  i s  no good evidence concerning t h e  
response o f  p l a n t s  o r  ecosystem processes t o  mix tures o f  p o l l u t a n t s  i n  
s o i l .  

E x i s t i n g  models o f  t h e  t r a n s p o r t  o f  waste cons t i t uen ts  have 
As t h e  above 

IL-BIOLOGICAL INTERACTIONS"), on an awareness o f  t h e  

Analys is  o f  t h e  eco log i ca l  e f f e c t s  o f  p o l l u t a n t s  has on ly  r e c e n t l y  

2. Since waste leachates a r e  l i k e l y  t o  e n t e r  ecosystems s low ly  
and cont inue f o r  long  per iods,  acc l ima t ion  and adapta t ion  a re  l i k e l y  to 
occur on t h e  i n d i v i d u a l ,  popu la t i on  and ecosyste l e v e l s .  There i s  
c u r r e n t l y  no accepted way t o  consider  these processes i n  r i s k  analyses. 
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3.  There is currently no good way to assess risks to plants from 
soil pollutants. Toxicity data are inconsistent, and the most 
consistent test data [seed germination, hypocotyl elongation, and 
seedling growth in hydroponic culture-(USEPA 1982b)] bear an unknown 
relationship to the responses o f  plants in soil. 

4. Initial testing requirements and the requirements for 

additional testing in tiered testing schemes are based on cost and 
tradition rather than the expected contribution o f  the data to the 
reduction of uncertainty in the risk analysis. 
research to develop decision analysis and other procedures for tying 
the testing requirements to the needs of risk analysis. 

5. Many kinds o f  organisms (e.g., amphibians, reptiles, birds, 
ungulates, aquatic insects, and mollusks) are seldom included in 
testing schemes for determining the ecological effects of toxicants. 
Research is needed to determine the extent to which the more c m n l y  
tested organisms can serve as predictors of the respanses of  these 
seldom tested organisms. 

6. There i s  no consensus about the level of  biological 
organization at which ecological risk analyses should be conducted, 
although nearly all testing for ecological effects i s  conducted at the 
level of  the individual whole organism. Research is needed to 
determine the relative utility o f  tests and models o f  responses at the 
physiological, individual, population, and ecosystem levels in 
predicting and explaining responses observed in field experiments and 
In monitoring o f  polluted ecosystems. 

7. There is no ecological equivalent o f  epidemiolagy. Although 
considerable effort is beSng devoted to monitoring the effects of 
pollutants in the field, ecological risk models and procedures have 
been almost entirely devoted to predictive assessment based on 
laboratory tests rather than to elaboration of the implications of 
observed responses in the fjeld. As monitoring techniques become more 
precise, employing more subtle markers of exposure and response to 
pollutants (see "BIOLOGICAL HOHITORINGU), it will become increasingly 
necessary to develop methods to determine the implications and 
significance o f  the monitoring results and to extrapolate the effects 
into the future. 

There i s  a need for 
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I N T E R A C T I O N  BETWEEN FOOD WEBS 
AND T O X I C  SUBSTANCES 

0. L. DeAngelis 

I n t e g r a l  t o  every ecosystem i s  a network o f  feeding r e l a t i o n s h i p s  
c a l l e d  a food o r  t r o p h i c  web. Photosynthesiz i  g autotrophs form the  
bas is  o f  such webs, suppor t ing a superst ructure o f  herb ivores and 
carnivores.  I n  add i t i on ,  t he re  a r e  decomposers t h a t  break down the  
biomass o f  dead organisms, r e l e a s i n g  n u t r i e n t s  t h a t  a r e  a v a i l a b l e  f o r  
use by aut.otrophs. 
species and an even l a r g e r  number o f  in terconnect ions between species. 
A t o x i c a n t  t h a t  i s  taken up by one p a r t  o f  t h e  food web i s  l i k e l y  t o  
spread by c y c l i n g  through most o f  t h e  remain-ing p a r t s  o f  t h e  web. 

The i n t e r a c t i o n s  o f  food webs w i t h  t o x i c  substances should be 
looked a t  f r o  two general p o i n t s  o f  view: (1) The t ransformat ion,  
t r a n s f e r ,  and t r a n s p o r t  processes performe on t h e  t o x i c  substances by 
t h e  food webs (co under t h e  t e r m  ' I fa te")  and ( 2 )  t h e  
poss ib le  d i s r u p t i v e  e f f e c t s  o f  t h e  t o x i c  substances on t h e  food web. 

t ranspor t .  Toxic substances may be transformed i n  t h e  food web i n t o  
new forms t h a t  a r e  more dangerous t o  humans: 
me thy la t i on  o f  metafs such as mercury by microorganisms t o  produce a 
more t o x i c  form o f  the metal .  The food web a l s o  serves t o  t r a n s f e r  
t o x i c a n t s  from one type o f  organism t o  another. 
example o f  m @ t h y l m e ~ ~ u r y ,  i n  c e r t a i n  circumstances i t  can accumulate i n  
b i o t a  such as f i s h  and e n t e r  t h e  human food web. F i n a l l y ,  t h e  
accumulation o f  t o x i c  substances i n  o b i l e  animals may r e s u l t  i n  t h e r e  
substances being t ranspor ted  beyond t h e  i n i t i a l  area o f  contaminat ion.  

To be ab le  t o  p r e d i c t  t he  i n f l uences  o f  t h e  food web, i t  i s  
necessary t o  know i t s  s t r u c t u r e ,  e s p e c i a l l y  t h e  pr imary paths o f  f l o w  
of mat ter ,  The m o b i l i t i e s  o f  c r i t i c a l  organisms t h a t  may d isperse 
t o x i c  substances must also  be known. 

A food web normal ly  conta ins many thousands o f  

Consider f i r s t  t h e  processes o f  t ransformat ion,  t r a n s f e r ,  and 

f o r  example, t h e  

To cont lnue w i t h  the  

The second viewpoint ,  t h a t  o f  dea l i ng  w i t h  t h e  d i s r u p t i v e  e f f e c t s  
o f  t o x i c  substances t o  ecosystems, requ i res  n o t  o n l y  a knowledge sf t h e  



f l ows  o f  energy and m a t t e r  (5.e.. r a t e  s t ruc tu res ,  see “ECOSYSTEM 
STABILITY AND RISK ANALYSIS”), b u t  a l s o  general  understanding of t h e  
complex r o l e s  played by organisms. 
d i s r u p t i v e  e f f e c t s  i n t o  t h r e e  gradat ions,  from severe t o  sub t le .  

photosynthet ic  o r  decomposit ional components o f  a food web. A severe 
impact on a u t o t r o p h i c  p roduc t i on  w i l l  cause the  co l l apse  o f  t h e  whole 
food web. Impairment o f  decomposit ion w i l l  slow n u t r i e n t  r e c y c l i n g  and 
a f f e c t  t h e  autotrophs, again w i th  poss ib le  e f f e c t s  on a l l  b i o t a  i n  t h e  
system. The e f f e c t s  o f  bo th  autot roph and decomposer i n c a p a c i t a t i o n  
can be l a r g e l y  p red ic ted  f rom a knowledge o f  t h e  energy and n u t r i e n t  
f l o w  i n  t h e  ecosystem. 

The in te rmed ia te  g rada t ion  o f  d i s r u p t i o n s  due t o  t o x i c  substances 
encompasses t h e  e f f e c t s  r e s u l t i n g  f rom the  l o s s  o f  keystone predators,  
keystone mu tua l i s t s ,  and o t h e r  i n d i v i d u a l  species t h a t  p l a y  p i v o t a l  
r o l e s  i n  food web s t r u c t u r e .  Paine (1966) showed t h a t  t h e  l o s s  o f  a 
keystone p reda to r  could cause d r a s t i c  changes i n  t h e  composi t ion o f  
prey species i n  a marine i n t e r t i d a l  comnunity, and t h i s  idea has been 
a p p l i e d  t o  many o t h e r  systems. Losses o f  p i v o t a l  species such as 
i n s e c t  p o l l i n a t o r s  o r  t h e  l o s s  o f  a keystone m u t u a l i s t  ( i .e . ,  p l a n t s  
t h a t  p l a y  a c r i t i c a l  r o l e  i n  ma in ta in ing  populat ions o f  p o l l i n a t o r s )  
can reverberate through a food web. 
t h i s  second type o f  d i s r u p t i v e  e f f e c t  requ i res  more than j u s t  a 
knowledge o f  energy and m a t e r i a l  f lows i n  t h e  ecosystem; a d e t a i l e d  

knowledge o f  t h e  in terconnect ions between var ious species, i n c l u d i n g  
those t h a t  do n o t  i n v o l v e  m a t e r i a l  t r a n s f e r ,  4s necessary. 

The most s u b t l e  g rada t ion  encompasses t h e  inconspicuous, perhaps 
sub le tha l ,  e f f e c t s  o f  t o x i c  substances. These sub le tha l  e f f e c t s  may 
slow down prey, making them more vu lnerable t o  predat ion,  t i p  the 
balance i n  a compe t i t i ve  r e l a t i o n s h i p ,  o r  combine i n  s u b t l e  ways w i t h  
o t h e r  f a c t o r s  t o  change species composi t ion i n  an ecosystem. 
P r e d i c t i n g  such e f f e c t s  can o n l y  be made from a d e t a i l e d  knowledge o f  
t h e  l i f e  h i s t o r i e s  o f  t h e  var ious species present  i n  t h e  ecosystem and 
t h e  cond i t i ons  i n  t h e  p a r t i c u l a r  geographic l oca le .  

For  convenience, we can d i v i d e  

The most severe e f f e c t s  o f  t o x i c  substances a re  d i s r u p t i o n s  t o  t h e  

Recogni t ion o f  t h e  p o s s i b i l i t y  o f  



Both the f a t e  and e f f e c t s  o f  t o x i c  substances have been t h e  o b j e c t  
ny s tud ies,  b u t  few s tud ies  R ressed whole ecosystems. 

Single-species l a b o r a t o r y  t e s t s  h a w  been t h e  principal means o f  
p r e d i c t i n g  b i o l o g i c a l  accumulation and t h e  e f f e c t s  on i n d i v i d u a l  
species, 

s, however, l a r g e r  sca le studies are needed. Since F i e l d  s tud ies  
a re  u s u a l l y  expensive and t ime consu ing,  l abo ra to ry  icrocosrn s tud ies  
o f  s i m p l i f i e d  ecosystems represent  a p r a c t i c a l  compromtse f o r  g e t t i n g  

tion on t h e  f a t e s  o f  t o x i c  substances i n  food webs. 
athematical  modeling o f f e r s  an inexpensive way t o  extend p r e d i c t i o n s  

t o  large,  complex systems. Many computer mo e l s  a r e  now a v a i l a b l e  t o  

a v a i l a b l e  t o  assign t h e i r  parameter values. The p r e d i c t i o n  o f  poss ib le  
d i s r u p t i v e  e f f e c t s  on whole food webs i s  an extremely d i f f i c u l t  

To determine the  f a t e s  o f  t o x i c  substances i n  complex f o s  

ever, t h e  models a re  o n l y  as good as t h e  i n fo rma t ion  

l t e d  by the  l a c k  o f  knowledge o f  t h e  ny dynamic feedback 
e f f e c t s  i n  a food web. C ~ ~ ~ u t ~ ~  m e lr  should be combined w i t h  
u n c e r t a i n t y  ana lys i s  t o  determine same o f  t h e  poss ib le  harmful e f f e c t s  
o f  t o x i c a n t s  WI a food web, together  w i t h  the  u n c e r t a i n t y  o f  t h e  
occurrence o f  these e f f e c t s .  
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ECOSYSTEM STABILITY AND R I S K  ANALYSIS 

S. #. Bartell 

An integrated approach involving manipulative experiments, 
monitoring studies, and ecosystem modeling should be used to evaluate 
and extend current methods for estimating the ecological risk posed by 
t o x l c  chemicals in terrestrial and aquatic ecosystems (e.g., O'Neill et 
al. 1982; Q'Neil, Bartell, and Gardner 1933). The state of an 
ecosystem is intrinsically multidimensjonal. Thus, its description 
requires the simultaneous consideration of a wide range of structural 
and functional characteristics. Therefore, an ecosystem's response to, 
and recovery from, anthropogenic stress should be measured in reference 
to a comprehensive set of system descriptors. 
estimation might usefully derive from a quantitative understanding of  
the patterns o f  energy and material flux that define the rate 
structures* o f  ecosystems. Ecosystem research should therefore focus 
on quantification of changes in the underlying rate structures of 
ecosystems in relation to exposure to toxic chemicals. Implementation 
of this integrated approach would contribute to development o f  an 
increased capability for forecasting the ecological risk posed by toxic 
chemicals in ecosystems. 

understanding o f  the response of natural systems to perturbation. 
Stability theory provides a conceptual framework for understanding an 
ecosystem's response to, and recovery from, anthropogenic stress. 
Ecosystem stability can be divided into two measurable components 
(Webster, Waide, and Patten 1975): (1) resistance, the abil-ity o f  the 
system to resist changes in the face of perturbation, and (2) resilience, 

General methods o f  r5sk 

Estimators of  ecological risk should derive from a basic 

*The pattern of  flux along individual system pathways, when 
normalized to total system inputs (or outputs) and determined for all 
known system pathways, defines a rate structure for energy or material 
flow through an ecological network. System pathways may be deflned by 
physical processes (e.g., advection) or ecological processes (e .g. ,  
uptake, predation, excretion) connecting the components of  the 
network. A distinct rate structure can result for each material o f  
interest (e .g . ,  kilocalories o f  energy, nitrogen, lead). 
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t h e  r a t e  o f  ecosystem recovery f o l l o w i n g  pe r tu rba t i on .  
r e s i l i e n c e  a re  r e l a t e d  t o  t h e  pa t te rns  o f  energy and m a t e r i a l  f l u x  
through the  network o f  b i o l o g i c a l  and a b i o t i c  co 
c o n s t i t u t e  t h e  system ( i - e . ,  t h e  r a t e  s t r u c t u r e s ) .  Resistance can be 

Resistance and 

ined by t h e  presence o f  l a rge ,  f r e q u e n t l y  a b i o t i c ,  components 
tu rnove r  ra tes ,  which can b u f f e r  t he  e f f e c t s  o f  v a r i a t i o n s  i n  

t h e  environment (Webster, Waide, and Patten 1975). Smaller, more 
dynam-ic ecosystem components ( e . g . ,  populat ions of heterot rophs)  
c o n t r i b u t e  t o  t h e  systemls r e s i l i e n c e  ( O ' N e i l l  1976), An inverse 
r e l a t i o n s h i p  between res i s tance  and r e s i l i e n c e  has been proposed 

p r e d i c t a b l e  from t h e  r a t e  s t r u c t u r e  o f  ecosyste 

rev ised t o  emphasize the  c h a r a c t e r i s t i c  s p a t i a l  and temporal scales o f  

a ide, and Patten 1975). Resistance and r e s i l i e n c e  should be 

The s t a b i l i t y  theory o f  Webster, Waide, and Patten (197%) has been 

d i f f e r e n t  ecosyste s (Waide, i n  press).  These, d i f f e r e n c e s  I n  sca le 
must be normalized when comparing d i f f e r e l a t  ecosystems ( e . g . ,  f o r e s t s  

and lakes ) .  Waide used t o t a l  organic mass, t o t a l  energy d i s s i p a t i o n ,  
and ecosystem tu rnove r  s t r u c t u r e  as s c a l i n g  fac to rs .  Ecosystem 
turnover  can be approximated by the  turnover  r a t e  o f  t h e  pr imary 
producers, ca l cu la ted  as  t h e  r a t l o  o f  n e t  pr imary product ion t o  
au to t roph ic  b i o  ss. Fur the r  ana lys i s  o f  t h i s  s c a l i n g  
examination o f  a l t e r n a t i v e s  may p rov ide  t h e  long-needed a b i l i t y  t o  
meaningful comparisons across d i spa ra te  ecosystem types, This abi 
i s  r equ i red  i f  we are  t o  understand the  r e l a t i v e  r i s k s  posed by 

t o x i c a n t s  t o  d i f f e r e n t  ecosystems. 
State-space ana lys i s  i s  emerging as a powerful  conceptual t o o  

ecology (e.g., H o l l i n g  1973) and ecotox ico logy (Johnson, i n  press; 

make 
i t y  

i n  

Waide e t  a l .  1980; Schind ler  e t  a l .  198 1 t h a t  f a c i l i t a t e s  q u a n t i t a t i v e  
r i z a t i o n  o f  t h e  multidimensionaP nature o f  ecosystem response and 

recovery f o l l o w i n g  s t ress.  Using t h i s  method, t h e  changes i n  t h e  r a t e  
s t r u c t u r e  o f  an ecosystem determine a succession o f  ecosystem s t a t e s ,  
Each s t a t e  can be represented by a s i n g l e  vec to r  i n  a mul t id imensional  
phase-space. The dynamic behavior o f  t h e  ecosystem s t a t e  vec to r  
descr ibes a t r a j e c t o r y  through the  phase-space. System response t o  
p e r t u r b a t i o n  can be q u a n t i f i e d  by comparing t h e  magnitude and d i rec t ' r on  
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o f  displacement o f  t r a j e c t o r i e s  o f  systems per turbed by t o x i c  chemicals 
w i t h  those o f  nondis turbed reference systems. Values o f  se lec ted  
ecosystem d e s c r i p t o r s  can be used t o  d e f i n e  trajectories i n  
phase-space. The temporal pa t te rns  o f  displacement of these 
t r a j e c t o r i e s  can be used t o  measure system res i s tance  and r e s i l i e n c e  i n  
r e l a t i o n  t o  chemical s t ress .  

Cor re la t l ons  among desc r ip to rs  o f  ecosystem s t r u c t u r e  and f u n c t i o n  
may change i n  r e l a t i o n  t o  n a t u r a l  d r i v i n g  va r iab les  such as l i g h t  and 
temperature and t o  t h e  pa t te rns  o f  d is turbance.  Changes i n  c o r r e l a t i o n  
s t r u c t u r e  i n  response t o  p e r t u r b a t i o n  may i n d i c a t e  a change i n  t h e  
under l y ing  r a t e  s t r u c t u r e  o f  t h e  system t h a t  can determine t h e  system's 
responses t o  f u t u r e  d is turbance.  Therefore, an a l t e r e d  c o r r e l a t i o n  
s t ruc tu re ,  whether due t o  p r i o r  p e r t u r b a t i o n  o r  s imply  t o  normal 
v a r l a t i o n  i n  d r i v i n g  var iab les ,  i m p l i e s  a t  l e a s t  t h e  p o t e n t i a l  f o r  
d i f f e r e n c e s  i n  response t o  new st resses.  Analys is  o f  c o r r e l a t i o n  
s t r u c t u r e s  may lead t o  p r e d i c t i o n s  about t h e  res i s tance  and r e s i l i e n c e  
t h a t  cou ld  be ex t rapo la ted  across ecosystem types. 

ecosystems w i l l  on average equal 1.0. Exogenous pe r tu rba t i ons  can 
d i s t u r b  t h i s  balance and a l t e r  t h e  p roduc t i 0n : resp i ra t i on  r a t i o  {e.g., 
Odum 1985). This  response may be viewed as a n a t u r a l  consequence o f  
t h e  nonequ i l i b r i um thermodynamic na ture  o f  ecosystems. These complex, 
organized systems a re  susta ined by t h e  i n f l o w  and d i s s i p a t i o n  o f  f r e e  
energy. These ecosystems e x i s t  i n  s ta tes  o f  l o c a l l y  minimized ent ropy 
product ion,  and p e r t u r b a t i o n  o f  these systems would be expected t o  lead 
t o  g r e a t e r  energy d i s s i p a t i o n .  Changes i n  t o t a l  ecosystem produc t ion  
and r e s p i r a t i o n  i n  r e l a t i o n  t o  t o x i c a n t  exposure can thus serve as 
u s e f u l  measures o f  energy f l o w  a t  t h e  ecosystem l e v e l ,  an i n t e g r a t i o n  
o f  changes i n  t h e  under l y ing  r a t e  s t r u c t u r e  o f  t h e  ecosystem. 

One r e s u l t  o f  an i n t e g r a t e d  exper imental ,  moni tor ing,  and modeling 
e f f o r t  w i l l  be t o  increase our  a b i l i t y  {a )  t o  p r e d i c t  ecosystem 
responses t o  anthropogenic pe r tu rba t i ons ,  based on t h e  known e f f e c t s  o f  
such pe r tu rba t i ons  on s p e c i f i c  ecosystem components, and (b) t o  
cha rac te r i ze  t h e  p r o p e r t i e s  o f  t e r r e s t r i a l  and aquat ic  ecosystems t h a t  
determine t h e i r  s t a t e  and t h e i r  res i s tance  t o ,  o r  a b l l i t y  t o  recover  
from, t o x i c a n t  s t ress .  

The r a t i o  o f  p roduc t ion  t o  r e s p i r a t i o n  i n  unstressed, s teady-state 
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