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Abstract: Twenty-six salmon (Oncorhynchus spp.) stocks from the Pacific Northwest are listed as either threatened or
endangered. A number of anthropogenic factors, likely including degradation of habitat by chemical contaminant expo-
sure, have contributed to their decline. Techniques that can assess injury or judge the efficacy of regulatory actions on
the recovery of this species are needed. We strive to understand why a population is changing by examining changes in
their intrinsic birth rates, death rates, and (or) growth rates. However, salmon populations are influenced by other spe-
cies in the community. To address this issue, we developed a parsimonious three-trophic-level community model con-
sisting of prey, salmon, and parasites and examined the model’s response to one anthropogenic factor (contaminant
exposure) using qualitative analysis. This community model may not only provide valuable insight into salmon survival
but also may broaden the approaches available to elucidate direct and indirect effects. We demonstrate analytically that
some community members, possibly salmon themselves, might be ambiguous or unreliable variables to monitor. We
also demonstrate that other species in the community, such as parasites, may be more sensitive than salmon in monitor-
ing the influence of anthropogenic factors such as contaminants.

Résumé : Vingt-six stocks de saumons (Oncorhynchus spp.) de la région du nord-ouest pacifique d’Amérique du Nord
sont menacés ou en danger. Plusieurs facteurs anthropiques, incluant vraisemblablement la dégradation des habitats par
exposition aux contaminants chimiques, ont contribué à leur déclin. Il y a un besoin de techniques qui permettent
d’évaluer les dommages et de juger de l’efficacité des mesures réglementaires sur la récupération de ces espèces. Nous
cherchons généralement à comprendre les raisons des changements dans une population en mesurant les variations dans
les taux intrinsèques de natalité, de mortalité et (ou) de croissance. Cependant, les populations de saumons sont affec-
tées par les autres espèces de la communauté. Pour répondre à cette question, nous avons mis au point un modèle par-
cimonieux de communauté à trois niveaux trophiques, soit les proies, les saumons et les parasites, et avons étudié, par
analyse qualitative, les réactions du modèle à un facteur anthropique, l’exposition aux contaminants. Ce modèle de
communauté fournit non seulement des informations précieuses sur la survie des saumons, mais il peut en plus procu-
rer des nouvelles avenues pour élucider les effets directs et indirects. Notre analyse démontre que certains membres de
la communauté, éventuellement les saumons eux-mêmes, peuvent s’avérer être des variables ambiguës ou incertaines à
suivre durant la surveillance écologique. Elle démontre aussi que d’autres espèces dans la communauté, telles que les
parasites, peuvent être plus sensibles que le saumon pour indiquer l’influence des facteurs anthropiques, tels que les
contaminants.

[Traduit par la Rédaction] Arkoosh et al. 1175

Introduction

Human activities, such as overfishing, industrial and urban
development, landscape alteration, and release of toxic
chemicals into the environment (Kennish 1992), have dam-
aged the health of North American fishery stocks. These fac-
tors likely have brought a number of salmon populations in
the Pacific Northwest close to extinction (Nehlsen et al.
1991; Quinn 1994; National Research Council 1996). To

date, 26 salmon (Oncorhynchus spp.) stocks have been listed
as either threatened or endangered in Washington, Oregon,
Idaho, and California (National Marine Fisheries Service
2000). The need for effective ways of monitoring the health
of salmon species is well recognized and is particularly
highlighted by the requirement to monitor the status and re-
covery of listed species. However, it is not always obvious
in a community which species and endpoints will provide
the most useful information on how environmental stressors
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impact community members. Nor is it obvious how manage-
ment activities aimed at changing those stressors ultimately
affect the abundance of a target species such as salmon.
Numerous efforts to set environmental or regulatory crite-

ria focus on protecting ecological resources at the population
level. They emphasize the measurement of endpoints such as
growth, survival, and reproduction, which are clearly related
to population growth rate. For example, the US Environmen-
tal Protection Agency’s water quality criteria (US Environ-
mental Protection Agency 1997, 1998) use this approach.
Similarly, in ecological risk assessment, endpoints that are
relevant to population abundance are generally considered
useful because of their high ecological relevance (US Envi-
ronmental Protection Agency 1997, 1998). Essentially, these
approaches use a population- rather than community-level
assessment. In a population analysis, impacts arising from
the community are summarized, or hidden, in the survival
and fertility of a single species. This analysis is common be-
cause a life table approach is relatively straightforward. The
problem is that interpretation can be ambiguous because so
many factors are lumped into population parameters. In a
community model, the interacting variables, such as species,
are dissected out and impacts on all community members
theoretically are analyzable. A difficulty arises from the task
of documenting and measuring all relationships. This prob-
lem can be approached by taking a qualitative perspective
for which a set of mathematical tools has been developed
(Dambacher et al. 2002, 2003a, 2003b) and applied to fish-
eries (Castillo et al. 2000). These two modeling approaches,
which focus on the population and on the community, are
best considered as being complementary, not mutually ex-
clusive.
For salmon recovery efforts, growth rate (λ) can be calcu-

lated from a Leslie population matrix with data from direct
tracking of return rates; in turn, linking λ to environmental
variables can be suggested as a means to devise a strategy
(e.g., Kareiva et al. 2000). However, populations do not exist
independently of each other but as a community of relation-
ships with other species, their predators, prey, parasites,
pathogens, or competitors (Preston 2002). Similarly, envi-
ronmental stressors may not affect just a single target spe-
cies but also affect the species with which they interact.
Because of these indirect effects, the ultimate impact of a
stressor on target species abundance can be ambiguous and
is not always easily predictable. In fact, it has been sug-
gested that indirect effects may have a greater influence on a
population than direct effects (Lampert et al. 1989; Menge
1995). Simply monitoring changes in the target species pop-
ulation may not always be the best way to assess injury or to
judge the efficacy of remedial or regulatory actions.
A tenet put forth by Karr (1998) is that the condition of a

watershed is reflected by the health of the fish communities
residing in those waters. Fausch et al. (1990) outlined four
main approaches that have been used when monitoring fish
communities for determining water quality. Briefly, these
four monitoring approaches are as follows: indicator taxa or
guilds; species richness, diversity, and evenness; multivariate
methods; and the index of biotic integrity. Only one ap-
proach specifically examines the proportion of individuals
with disease, namely the index of biological integrity. How-
ever, this assessment is only concerned with the presence of

externally evident disease and parasites of the fish and not
the presence of a parasite population in the environment in
total. Parasite assemblages of fish may be a more sensitive
indicator of environmental stressors, such as contaminants,
than fish themselves because they reflect their host’s interac-
tions with benthic, planktonic, and fish communities
(Landsberg et al. 1998). In other words, a parasite responds
to all of its life cycle hosts. This interaction allows the para-
site to be an indicator species of trophic interactions (Marco-
gliese 2001).
Fish harbor both micro- and macro-parasites (May 1983).

Microparasite models focus on prevalence, while macropara-
site models are concerned with density and distribution. In
general, toxicology studies have focused on macroparasite
populations (e.g., Valtonen et al. 1997; MacRury and John-
son 1999). Few studies have examined the effect of contami-
nants on microparasites.
In this study, based on community theory, we propose a

general modeling approach to improve monitoring activity.
Specifically, we determine how different trophic levels of a
food chain respond with different degrees of ambiguity to a
perturbation that affects more than one level. As a specific
example, we examine a parsimonious three-trophic-level
community consisting of prey, salmon, and parasites affected
by perturbation of exposure to chemical contaminants. Chem-
ical contaminant exposure was chosen as the perturbation of
interest because its effects on different components of the
community can be estimated from previous studies. Our
analysis of this model is described in three sections. The ini-
tial section provides a brief theoretical presentation on the
use of qualitative modeling in research. The second section
discusses the proposed variables (benthic prey, salmon, and
parasites) of our community matrix as well as how each
variable is influenced by contaminant exposure. The third
section derives the predicted effects on a parasite–salmon–
prey community after exposure to a defined stress, in this
case contaminant exposure. These analyses suggest that in a
three-variable chain, the top level demonstrates the only un-
ambiguous change under a variety of scenarios. Thus, if cer-
tain parasite populations occupy this niche, they would show
promise as a variable to monitor for detecting the impacts of
contaminant-associated environmental degradation on a
salmon community.

Qualitative community modeling

Qualitative models are typically constructed and analyzed
in the following manner (Puccia and Levins 1985). A so-
called signed digraph (directed graph) first is drawn to illus-
trate the direct relationships between each variable. In the
three-trophic-level model or “signed digraph”, positive influ-
ences that would tend to increase population abundance are
pictorially represented with a line arrow. A line with a circle
at the end of it represents a negative influence on the vari-
able where the circle ends. The pairwise combination of a
positive and negative arrow thus represents a predator–prey
relationship between two variables. The self-effect symbol, a
circle within a circle, connects the variable to itself. A nega-
tive self-effect is used to represent a population’s self-
regulatory capacity. This type of effect can also represent
other complex and poorly characterized environmental fac-
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tors that limit the population but are not dealt with specifi-
cally in the community matrix model. We provide a primer
on analysis of complex communities or loop analysis (Ap-
pendix A).
Perturbation experiments are considered to be of either a

“pulse” or a “press” nature (Bender et al. 1984). A pulse
perturbation is nonsustained; pulse experiments examine a
community as it returns to equilibrium after it has been per-
turbed temporarily. During a press (sustained) perturbation
experiment, species densities are continually altered by a
change in mortality rate of these species. Its impact on all
community variables can be “predicted” theoretically
(Bender et al. 1984; Yodzis 1988). Contaminant exposure of
a community is considered to act as a press perturbation
(Yodzis 1988), although a pulse is clearly a possibility in mi-
grating fish. Press perturbation experiments yield informa-
tion on both direct and indirect effects resulting from the
perturbation. Pulse perturbation experiments only provide
information on direct effects (Bender et al. 1984) and have
not been studied extensively.
The inverse of the negative of the matrix predicts changes

in the population density that arises from press perturba-
tions. The procedures measuring the direct and indirect ef-
fects in a community resulting from a press perturbation can
be done quantitatively, but since this type of data is virtually
absent from the ecological literature (Dambacher et al.
2002), analyses have by necessity been qualitative. Until
recently, this limitation was a serious impediment, since pre-
dictions were all-or-none. New theoretical advances and
mathematical algorithms have made qualitative analysis more
flexible and highly predictive (Dambacher and Rossignol
2001; Wootton 2002; Dambacher et al. 2003a). Recent ex-
perimental evidence indicates that qualitative (loop) analysis
is the theoretical approach that is best predictive of the be-
havior of a complex community following a press perturba-
tion because it incorporates complex loops and nontrophic
interactions (Hulot et al. 2000).

Community structure

We propose that a predator–prey chain of three variables,
essentially three trophic levels that parsimoniously repre-
sents the community, would be the most clearly affected by
contaminant exposure in our salmon community. For this
specific analysis, the variables in our community are benthic
invertebrates (prey), salmon (predator), and parasites (top
predator) (Figs. 1a and 1b). In our current model (Fig. 1),
the prey positively influences the salmon population, and the
salmon population negatively influences the prey. Similarly,
the salmon population positively influences parasites, where
parasites negatively influence salmon. Additionally, each vari-
able has a negative self-effect, indicating that there is some
degree of negative feedback on the population owing to un-
identified environmental influences, which could include
other predators and competitors, as well as physical environ-
mental features.
The impact of contaminants on the variables within our

community is a press perturbation, which is a sustained
change in the strength of a parameter (Bender et al. 1984;
Schmitz 1997). Intuitively, a press is a change in the birth or
death rate of a variable. Based on our quantitative studies

and the literature, polychlorinated biphenyls (PCBs) and
polycyclic aromatic hydrocarbons (PAHs) negatively affect
or press salmon and their prey. Once exposed, salmon are
more susceptible to virulent microparasites (Arkoosh et al.
1991, 1994). However, the press perturbation of PCBs and
PAHs on parasite populations in the community can have a
negative or positive affect on the population depending on
the kind of parasite.
As discussed above, the variables that we have chosen for

our community are prey, salmon, and their parasites. All
three of these variables interact with another variable in our
community. A number of anthropogenic factors may affect
salmon. Our own studies have focused on the influence of a
particular anthropogenic factor, contaminants, on salmon
health. We have determined through 15 years of study that
PCBs and PAHs alter salmon health (reviewed in Arkoosh
and Collier 2002). These studies have demonstrated that PCBs
and PAHs can reduce growth rate and immune responsive-
ness of juvenile salmon and increase their susceptibility to
infectious disease. All of these effects have the potential for
reducing salmon populations. However, monitoring popula-
tion and community impacts of anthropogenic influences is
difficult. At this point, we have not established a quantitative
relationship between contaminant impacts on salmon health
and salmon abundance. Nor have we considered these re-
sponses in a community context or examined potential indi-
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Fig. 1. (a) Community signed digraph, (b) community matrix,
and (c) inverse of the negative of the community matrix. The
diagraph symbolizes the ecological relationship between popula-
tions in a community. Each link (arrow) is represented as an ele-
ment of the community matrix. Our salmonid community
consists of parasites, salmon, and their prey. The symbols or
links characterize the effects that a population variable or species
has on other populations and corresponds to an element of the
community matrix. The qualitative inverse of the negative of the
community matrix tabulates the results of a positive press to a
particular variable on prey, salmon, and parasites and are read
down the appropriate column.



rect effects of PCBs and PAHs on salmon populations
mediated through the impacts of these contaminants on para-
sites or prey. We put forward, based on a qualitative com-
munity theory model, which variable(s) in the community
should best be monitored to identify effects of contaminants
on salmon populations.

Salmon
Pacific salmon have disappeared from approximately 40%

of their historical Pacific Northwest habitat (Nehlsen et al.
1991). Many of the remaining stocks that were once abun-
dant have now declined precipitously (Quinn 1994). The ma-
jority of the human population in the Pacific Northwest of
the United States and Canada puts a high value on salmon,
and as a result, these fish have great symbolic as well as
economic significance (National Research Council 1996).
The salmon’s decline has led the US federal government to
list many “salmonid evolutionarily significant units” as ei-
ther endangered or threatened to confer protection to these
disappearing species. Consequently, it is important to under-
stand the factors contributing to their decline and to monitor
how remedial actions contribute to their recovery.
Juvenile chinook salmon (Oncorhynchus tshawytscha) can

be exposed to contaminants, such as PCBs and PAHs, as
they migrate from their resident rivers to the ocean (McCain
et al. 1990; Stein et al. 1995; Stehr et al. 2000). Juvenile
salmon exposed in both the field and the laboratory to PCBs
and PAHs are immunosuppressed (Arkoosh et al. 1991, 1994)
and more susceptible to disease (Arkoosh et al. 1998, 2001)
than those not exposed to the contaminant. It has also been
determined that PCB and PAH exposure (Casillas et al.
1995a, 1995b) affects the growth rate of the young salmon.
Since our data support the theory that contaminant exposure
could directly contribute to declines in salmon abundance by
negatively influencing salmon survival and reproductive po-
tential, we examined the model with a negative press pertur-
bation of contaminants on salmon.

Prey
Prey species of juvenile salmon, primarily benthic and

epibenthic invertebrates, also accumulate substantial levels
of chlorinated hydrocarbons and aromatic hydrocarbons when
they reside in contaminated sites. Several studies have docu-
mented elevated concentrations of these contaminants in
stomach contents of juvenile salmon from Pacific Northwest
estuaries (McCain et al. 1990; Collier et al. 1998; Stehr et al.
2000), and additional field and laboratory studies confirm
the uptake of PCBs and PAHs by major juvenile salmon prey
species such as amphipods, midges (Chironomidae) (Fry and
Fisher 1990; Hwang et al. 2001), mysids (Lester and
McIntosh 1994), and cladocerans (Dillon et al. 1990; Evans
et al. 1991; Kucklick et al. 1995).
As with salmon, PCBs appear to impact survival and re-

production of these animals. For example, Nebeker and
Puglisi (1974) examined eight Aroclor mixtures and their ef-
fects on survival and reproduction in Daphnia magna (water
flea), Gammarus pseudolimnaeus (amphipod), and Tanytarsus
dissimilis (midge), which are all potential prey for salmon.
Severe effects occurred at water concentrations in the low to
sub-ppb range. Similarly, in a 10-day bioassay, Hwang et al.
(2001) observed reduced survival, increased developmental

time, and reduced fecundity in Chironomus riparius (midge)
fed a diet contaminated with certain PCB congeners. Chin et
al. (1998) observed increased energy utilization for growth,
molting, and oxygen consumption in mysids exposed to PCBs.
Fewer studies exist that examine effects of PAHs on salmon
prey species. However, Kemble et al. (2000) observed a sig-
nificant negative correlation between the reproduction of the
amphipod Hyalella azteca and the concentration of PAHs.
Alterations in benthic invertebrate community structure

have also been observed at sites with high concentrations of
PCBs in sediments. For example, Wright (1988) reported de-
clines in chironomid species richness and abundance in Mis-
souri streams contaminated with PCBs. Several studies report
declines in taxa richness, species diversity, and abundance of
benthic invertebrates in sediments contaminated with PCBs
(Wildhaber and Schmidt 1998; Bishop et al. 2000; Long
2000) and PAHs (Poulton et al. 1997; Jewett et al. 1999;
Peso-Aguiar et al. 2000). Accordingly, given the direct ef-
fects of contaminants on the survival and reproduction of
salmon prey species, we will examine the model with a neg-
ative press perturbation of contaminants on prey.

Parasites
Effects of contaminants on parasite prevalence and inten-

sity are complex. In fish, responses of parasites to contami-
nants appear to depend on whether the parasite is internal or
external and whether the parasite has a direct or indirect life
cycle (D’Amelio and Gerasi 1997; Pukkinen and Valtonen
1998). Pulkkinen and Valtonen (1998), for example, studied
parasites of whitefish (Coregonus lavaretus) in lakes con-
taminated by pulp and paper mill effluents and found that, in
comparison with fish from unpolluted lakes, those exposed
to pulp mill effluent showed an increase in the prevalence of
infection with cestodes and trematodes transmitted through
an intermediate host but a decrease in the prevalence of a
crustacean ectoparasite with a direct life cycle. Parasite pop-
ulation may be altered through effects on reproduction,
transmission, and death (Lafferty and Kuris 1999).
Studies specifically examining effects of PCBs and PAHs

on parasites are scarce. However, a review by Overstreet
(1993) examined effects of petroleum hydrocarbons on
pathogens in relationship to the fish host. Overstreet (1993)
found that petroleum hydrocarbons might cause either an in-
crease or a decrease in a pathogen population. Several stud-
ies report an overall decline in parasite species diversity and
richness and the disappearance of particularly sensitive para-
site species at polluted sites (Dusek et al. 1998; Broeg et al.
1999; Galli et al. 2001). However, at the same time, there
may be increases in prevalence and intensity of infection
with certain other parasites. For example, increases in the
prevalence and intensity of trichodinid infections in the gills
are observed in several fish species following exposure to
organochlorines and heavy metals (Broeg et al. 1999), sew-
age treatment works effluent (Yeomans et al. 1997), and
crude oil (Khan 1990). Other studies report increases in cer-
tain groups of parasites but declines in others. For example,
Valtonen et al. (1997) studied parasite communities in four
study lakes in Finland and found reduced numbers of
digeneans and myxosporeans but increased numbers of acan-
thocephalans and monogeneans in a lake contaminated by
pulp mill effluent as compared with two less-polluted lakes.
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Changes in the density of intermediate hosts, direct effects
on ectoparasites, and impaired immune systems were re-
garded as important mechanisms influencing parasite preva-
lence and diversity in this system. Given the complex
influence of contaminants on pathogen populations, we will
examine the model with either a negative or positive press
perturbation of contaminants on pathogens. We will also ex-
amine the model with contaminants not having a direct ef-
fect on parasites.

The model: interactions of prey, salmon,
and parasites

Based on the above information, we propose the relation-
ships between the variables in the community (parasites,
salmon, and their prey) presented in Figs. 1a and 1b. Each
variable is self-regulated, since they have a degree of inde-
pendence from each other; the self-effects take into account
self-regulation and other trophic chains to which each vari-
able is linked. A press to a variable is represented at the pop-
ulation level; that is, a positive press can result in either an
increase in reproduction and (or) a decrease in death rate. A
negative press would be the reverse.
The signed digraph was entered into a computer program

called Powerplay, which compiles the community matrix
(available at www.jambrosi.com). The community matrix is
simply a tabulation of interaction parameters between vari-
ables (Puccia and Levins 1985). The generated community
matrix was entered into another computer program, MAPLE,
which assesses stability criteria (Dambacher et al. 2002). For
a system to be theoretically stable, that is, to be able to re-
cover from a disturbance, feedback at all levels should be
negative. Also, the feedback at higher levels cannot be greater
than the feedback at lower levels. A stable community is one
that is resilient to perturbations and will exist through time
(Li and Moyle 1981). Typical of a predatory–prey chain, our
system exhibits strong stability (in its broad sense, namely
of persistence) as assessed by the Routh–Hurwitz criteria
(May 1973; Logofet 1993; revised by Dambacher et al.
2003b).
Given that the model of the community is stable, we can

predict changes in population levels following a press per-
turbation (Fig. 1c). The procedure consists of taking the in-
verse of the negative of the community matrix (Bender et al.
1984; Dambacher et al. 2002).

Negative press of contaminants on salmon and prey
The contaminants of concern, namely PCBs and PAHs,

negatively affect salmon and prey populations (Fig. 2a). Our
analysis predicts how this press will affect the community.
These effects are shown pictorially as a digraph (Fig. 2b) of
the inverse (prediction table, Fig. 2c) of the community ma-
trix (as in Yodzis 1988). All of the effects of a PCB press at
the parasite and salmon level have a negative effect. When
two presses occur in a community, the effects are additive;
when the effects are positive and negative, a degree of ambi-
guity is introduced. Given a double press, the effect of the
contaminant on the prey level is qualitatively ambiguous be-
cause both positive and negative effects affect the same vari-
able. This ambiguity suggests that in a salmon community
exposed to contaminants, the most reliable variables to mon-

itor would be either the salmon population or the parasite
population. The effect of the contaminant on these popula-
tions would be unambiguously negative, unlike the effect on
the prey population.

Negative press of contaminants on salmon, parasites,
and prey
Contaminants can also influence parasitic populations, re-

sulting in a triple press. However, depending on the parasite,
the press may be either positive or negative. If the press is
negative (Fig. 3a), predictions are that all of the effects on
the parasite resulting from contaminants would be negative
(Figs. 3b and 3c). However, the effects on the salmon and
prey would either be negative or positive. This result makes
the effects on salmon and prey qualitatively ambiguous. The
only unambiguous variable in the community would be the
parasite population. This analysis suggests that, when the
contaminants are known to have a negative effect on the par-
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Fig. 2. Negative press of contaminants on two variables (salmon
and prey): (a) community signed digraph, (b) prediction signed
digraph, and (c) its inverse of the negative of the community
matrix. The signed digraph represents the final effects of con-
taminants negatively affecting salmon and prey in the community
without directly affecting the parasite population. If contaminants
negatively affect prey and salmon in our community, there are
two populations that can be monitored for unambiguous results.
These are salmon and parasites (Figs. 2b and 2c). All of the ef-
fects resulting from the press on salmon and parasites are nega-
tive. Monitoring prey can potentially give ambiguous results
because that population can either increase or decrease (Figs. 2b
and 2c). That is, the response of the prey population resulting
from a press perturbation can either decrease or increase.



asite population as well as on the other variables, parasites
rather than salmon or prey populations would be the most
desirable variable to monitor the effects of contaminants on
a salmon community.

Negative press of contaminants on salmon and prey but
positive press on parasites
If the press of contaminants is positive on the parasite

variable but negative on the other variables (Fig. 4a), all of
the effects on the salmon population resulting fom contami-
nants would be negative. However, the effects on the prey
and parasites would be either negative or positive (Figs. 4b
and 4c). Consequently, the effects on prey and parasites may
be too ambiguous to monitor. The only unambiguous vari-
able in the community would be the salmon population. This
suggests that when the contaminants are known to have a
positive effect on the parasite population, the salmon popula-
tion and not the prey or parasite populations would be the

most reliable variable to monitor when determining the ef-
fects of contaminants on a salmon community.

Discussion

We demonstrate that the effect of press perturbations, as
arising from a chemical contaminant, can have counterintuitive
results on different trophic levels of a community. Further-
more, if contaminants were to have compounded effects on
the community, that is, impact on more than one variable,
the behavior of the system would be very complex. Taking a
parsimonious structure of the system and analyzing it quali-
tatively, we identify which variable(s) would yield unambig-
uous or less ambiguous results. Monitoring a variable without
taking community structure into account could possibly lead
to misleading results and wasted resources.
The top trophic level, the parasite population in our spe-

cific example, should be the target of a monitoring campaign
because ambiguous predictions suggest the possibility that
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Fig. 3. Negative press of contaminants on three variables (para-
sites, salmon, and prey): (a) community signed digraph, (b) pre-
diction signed digraph, and (c) its inverse of the negative of the
community matrix (c). The signed digraph represents contami-
nants negatively affecting salmon, prey, and parasite populations
in the community. If contaminants negatively affect parasites,
salmon, and prey in our community, there is only one population
that can be monitored for unambiguous results (Figs. 3b and 3c).
The least ambiguous population to monitor would be the parasite
population. Monitoring prey and salmon can potentially give am-
biguous results because these populations can either increase or
decrease (Figs. 3b and 3c).

Fig. 4. Negative and positive presses; negative press from contami-
nants on salmon and prey but a positive contaminant press on par-
asites: (a) community signed digraph, (b) prediction signed
digraph, and (c) its inverse of the negative of the community ma-
trix. The signed digraph represents contaminants negatively affect-
ing salmon and prey populations in the community but positively
affecting parasite populations. If contaminants negatively affect
salmon and prey but positively affect parasites in our community,
there is only one population that can be monitored for unambigu-
ous results (Figs. 4b and 4c). The least ambiguous population to
monitor would be the salmon population. Monitoring prey and
parasites can potentially give ambiguous results because these pop-
ulations can either increase or decrease (Figs. 4b and 4c).



no change or no significant change could be observed at
lower trophic levels, salmon and their prey, following con-
tamination. The cancellation and compensation between pos-
itive and negative effects resulting from multiple pathways
lead to ambiguity at the lower levels. Monitoring these vari-
ables may provide no signal of contamination or signals that
are ambiguous. Paradoxically, in the case with negative in-
put on all of the variables, salmon abundance could increase
following contamination at the top trophic level. If this ef-
fect is strong enough to overcome the consequences of the
negative impact on salmon itself and its prey, the overall re-
sult is an increase in the level of salmon. In this case, moni-
toring salmon would lead to a conclusion that the
community is healthy. In reality, highly deleterious input
may be compensated by losses at the top trophic level,
which eventually could lead to community destabilization. A
recent study documents the ability of migrating salmon to
deliver pollutants into spawning grounds (Krummel et al.
2003).
A recent study indicates that trophic levels respond differ-

ently to a widely acting press perturbation, namely climate
change (Voigt et al. 2003). The authors document that “sen-
sitivity increases significantly with increasing trophic level”.
Our theoretical analysis above provides a possible explana-
tion for this phenomenon. Any broad environmental stressor
that acts as a press perturbation on all levels of a trophic
chain, climate change and toxicants being two examples, af-
fects the top trophic level most clearly. This level thus ap-
pears to be the most sensitive from a community
perspective.
Community matrix analysis is mostly qualitative because

of the difficulty of quantifying relationships; indeed, there
appears to be a single totally specified community for which
the predictions of the inverse matrix were tested (Schmitz
1997). A recent qualitative study of a complex aquatic meso-
cosm (containing eight variables) correctly predicted the re-
sult of an experimental press perturbation (Hulot et al. 2000).
A similar analysis of another aquatic community (10 vari-
ables) also demonstrated that the long-term behavior of com-
plex communities is highly predictable in a natural setting as
well (Dambacher et al. 2002).
Qualitative analysis now provides researchers with a pow-

erful hypothesis-stating tool and can prevent serious miscal-
culations in experimental design. Specifically, in our system,
the most practical variable to monitor, prey, proves to be the
least reliable from a theoretical perspective and the analysis
may prevent expenditure of valuable resources into an unre-
warding project. The technique theoretically is prone to fail-
ure if a particular relationship or input is an order of
magnitude greater or less than the rest of the community
(Bender et al. 1984). A more difficult task is identifying the
structure of the community. An aggregation, such as above,
of all prey items or parasites into a single guild variable ulti-
mately may prove too simplistic, in which case, more com-
plex models can be devised but potentially with more
ambiguity. Schmitz and Sokol-Hessner (2002) empirically
demonstrated that guild level aggregation may lead to in-
creased predictability.
Qualitative analysis also provides an avenue for not only

determining which population to examine in a community to
determine the effects of contaminants on endangered salmon

populations but also for determining the effects of combined
stressors on the population. Accordingly, Ruckelshaus et al.
(2002) suggested that when examining the recovery of
salmon, it is important to determine simultaneous modifica-
tions in the four major identified anthropogenic factors that
influence salmon (habitat degradation, hydroelectric dams,
harvest practices, and hatchery practices) and natural ecolog-
ical factors. Our model could be expanded to incorporate
these four major classes of stressors.
Technical considerations will now direct future research

and monitoring. Given that parasites, pathogens, and other
salmon predators are a candidate for monitoring the impact
of toxicants, we must give serious thought to this variable.
In particular, how would we best devise indices of parasite
level in the community? It may be that a controlled field or
laboratory experiment will be required to validate both the
theory and the monitoring technique. Furthermore, the actual
direct impact of toxicants on parasitic organisms and other
predators clearly requires elucidation. Our model therefore
offers a justification for laboratory and field testing of toxi-
cants on organisms previously not considered in monitoring.
We conclude that a target population of interest, salmon in

our example, may not always be the best indicator. Thus,
while a toxicant may have a direct negative effect on salmon
fitness, the reduction in fitness may not be translated into
lower abundance because of countervailing reductions in their
parasites, and so on. An a priori theoretical analysis allows
us to anticipate such behavior and plan for alternative moni-
toring methods.
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Appendix A. Primer on analysis of complex
communities (loop analysis)

There are two common methods of representing commu-
nities in the ecological literature. The first is as a signed di-
graph. Each variable, most commonly a species, is
represented as a large circle. Density-dependent interactions,
or links, are represented as a pointed arrow or circled arrow,
each being a positive or negative interaction, respectively.
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The most common paired interaction is that of predator–
prey, which is represented as a positive and negative arrow,
as occurs below between N1/N2 and N2/N3. A “self-effect”
represents intraspecific interactions, as on N1, such as aris-
ing from logistic growth.
The second method is as a community matrix, which is a

tabulation of the density-dependent interactions, wherein
each element of the matrix corresponds to a link in the di-
graph. Elements of the matrix are generally subscripted and
ai,j can be read as “the direct effect to i from j”.

Two main analyses are carried out on a community ma-
trix. The first is to assess stability. The procedure is to derive
the characteristic polynomial, the coefficients of which are
the feedbacks of the system. In order for a community to re-
cover, all feedbacks must be negative. However, this condi-
tion is not sufficient and the system must meet another
condition that ensures that destabilizing overcorrection will
not occur. The procedure is more complex and nonintuitive.

These so-called Routh–Hurwitz criteria have recently been
revised (Dambacher et al. 2003b).

Characteristic polynomial =

–λ3 – a1,1λ2 – (a1,2a2,1 + a2,3a3,2)λ1

– (a1,1a2,3a3,2)λ0

where λ are the eigenvalues (measures of recovery). The co-
efficients are all negative and therefore the community is
stable.
The second analysis consists of “predicting” new levels of

variable density following a press perturbation. This is done
simply by applying Cramer’s rule, which consists of calcu-
lating the inverse of the negative of the community matrix.
Thus, the effects on all variables of a press perturbation to
variable N1 is read down the first column:

Further discussion and a description of computer programs
are available in Dambacher et al. (2002).
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