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Abstract. Sound decision making in environmental research and management requires an understanding
of causal relationships between stressors and ecological responses. However, demonstrating cause–effect
relationships in natural systems is challenging because of difficulties with natural variability, performing
experiments, lack of replication, and the presence of confounding influences. Thus, even the best-designed study
may not establish causality. We describe a method that uses evidence available in the extensive published
ecological literature to assess support for cause–effect hypotheses in environmental investigations. Our method,
called Eco Evidence, is a form of causal criteria analysis—a technique developed by epidemiologists in the 1960s—
who faced similar difficulties in attributing causation. The Eco Evidence method is an 8-step process in which the
user conducts a systematic review of the evidence for one or more cause–effect hypotheses to assess the level of
support for an overall question. In contrast to causal criteria analyses in epidemiology, users of Eco Evidence use
a subset of criteria most relevant to environmental investigations and weight each piece of evidence according to
its study design. Stronger studies contribute more to the assessment of causality, but weaker evidence is not
discarded. This feature is important because environmental evidence is often scarce. The outputs of the analysis
are a guide to the strength of evidence for or against the cause–effect hypotheses. They strengthen confidence in
the conclusions drawn from that evidence, but cannot ever prove causality. They also indicate situations where
knowledge gaps signify insufficient evidence to reach a conclusion. The method is supported by the freely
available Eco Evidence software package, which produces a standard report, maximizing the transparency and
repeatability of any assessment. Environmental science has lagged behind other disciplines in systematic
assessment of evidence to improve research and management. Using the Eco Evidence method, environmental
scientists can better use the extensive published literature to guide evidence-based decisions and undertake
transparent assessments of ecological cause and effect.
Key words: causal criteria analysis, causality, causal inference, weak inference, Eco Evidence, systematic
review, environmental assessment.
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Do dams on rivers cause changes in fish assemblages? More specifically, will building a new dam
negatively affect the endangered native species found
at the proposed dam site? These types of general
and specific questions concerning human impacts on
5

Downloaded From: https://bioone.org/journals/Freshwater-Science on 01 Dec 2021
Terms of Use: https://bioone.org/terms-of-use

6

R. H. NORRIS ET AL.

the environment are being asked of environmental
scientists every day. How much confidence can we
have in our answers? It may be possible to see
statistical associations between apparent stressors and
indicators of environmental degradation, but reaching
a conclusion with an acceptable level of confidence
that one thing actually causes another is challenging in
environmental research. However, causal understanding in environmental science is vital for answering general questions of causality in natural environments and for addressing specific instances of environmental degradation.
Weak inference in environmental sciences
Environmental investigations often are carried out
in situations where robust conclusions concerning
hypothesized causes and effects are difficult to draw
(Beyers 1998). For example, we might observe a
difference between the fish assemblages upstream
and downstream of a particular dam, but several
potential explanations may exist for this observation
other than the dam itself. Difficulty in inferring the
most likely cause of such differences stems from
several sources. First, studies are often observational,
and from a study-design point of view, any treatments cannot be randomly allocated (Beyers 1998,
Johnson 2002). To extend the example, dams are not
placed randomly within stream networks but are
situated at locations where river and valley hydromorphology deliver the best outcomes in terms of
efficient water storage and supply. Thus, differences
in the fish assemblages could be caused by the
differences in river morphology that affected the
choice of dam location and may have existed before
the dam was built. The study is happening after the
event, control sites may not be available, and
replication cannot be imposed.
This example demonstrates the main factors that can
lead to a study design that lacks one or more
characteristics that would allow us to infer a cause–
effect relationship with reasonable confidence (Downes
et al. 2002). Often, no data exist that describe the
putatively disturbed location before development,
allocating control locations is difficult, confounding
environmental factors exist, and replication is insufficient in these naturally variable environments. In many
situations, a lack of before data is inevitable because the
purpose of the investigation is to determine ecological
effects of prior or concurrent developments. Control or
reference locations may not be available, particularly for
large-scale disturbances or systems. Environmental
gradients between disturbed and control sites and
factors, such as rainfall, temperature, and latitudinal
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effects, can confound the interpretation of any observed
ecological difference. Inference also is weakened by
insufficient replication in space and time (Johnson 2002).
At the level of the treatment, multiple independent,
potentially disturbed locations are rarely examined
within the same investigation. Thus, inherent differences between the potentially disturbed and control
locations are not accounted for, and the chances of
confounding are greater, particularly because natural
environments often exhibit great variation among
locations. Replication of control locations defines an
envelope of undeveloped conditions against which to
compare the impact location, thus reducing the likelihood of spurious conclusions. Again, however, replicate
control locations often are not available for environmental investigations.
Provision of before-development data, multiple
control locations, and appropriate replication are
stipulated as the minimum data requirements for
inferring human impacts on the environment
(Green 1979, Downes et al. 2002). A single study
with these characteristics might allow us to reach a
confident conclusion if it were sufficiently powerful
to detect changes considered ecologically significant. However, the difficulties described above
mean that, in many studies, these requirements
are not fully met (Norris et al. 2005). Thus, one
could argue that very few studies of human impacts
on the environment can provide a severe (sensu
Popper 1983) test of an hypothesized cause–effect
relation, and that strong inference (sensu Platt 1964)
is seldom possible with individual studies. Thus,
novel (and robust) methods are required to assess
cause–effect hypotheses about human impacts,
particularly if a legal challenge is to be made or if
management must balance ecological health with
economic or social considerations.
Causal criteria and multiple lines of evidence
If one can seldom infer cause and effect from
individual ecological studies, then additional evidence is needed (Downes et al. 2002). The evidence
might be from sources as wide-ranging as repeated
studies of the same hypothesized cause–effect relation
in different environments and with different study
designs and methods, experimental results from
small-scale manipulations in the laboratory or field,
or evidence of the hypothesized causal agent within
the target organism (e.g., body burden of heavy
metals in fish near mine sites). Individually, none of
these types of evidence may be convincing, but
together they may provide numerous lines of evidence (sensu Norris et al. 2005) that amount to a
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TABLE 1. The causal criteria defined by Hill (1965) for use in epidemiology. These criteria were developed from criteria
originally defined in the US Surgeon General’s report on the health effects of smoking (USDHEW 1964). Subsequent users have
tended to concentrate on smaller subsets of the 9 criteria.
Criterion
Strength of association

Definition
abc

Consistency of associationabc
Specificity of associationac
Temporalityac
Biological gradient (dose–response)bcd
Biological plausibilitybc
Coherencea
Experimentc
Analogy

Increase in disease incidence associated with exposure to the risk factor. Measured as the
likelihood (i.e., increased risk) of developing the disease when exposed to the risk factor.
An association between the hypothesized cause and effect has been observed repeatedly
in a variety of places, circumstances, and times.
Refers to the case where either: 1) the effect is found only in association with the
hypothesized cause or 2) only one effect is associated with the cause.
The hypothesized cause is observed to precede effect.
A sensible relationship exists between the dose of the hypothesized cause and the level
of response observed.
A conceptually sensible biological explanation exists for the relationship between cause
and effect.
Support for the cause–effect relation is provided by known facts including laboratory
results or patterns in association between cause and effect between populations.
Results from experimental studies support the cause–effect relationship. This criterion applies
only to situations where the hypothesized cause is manipulated experimentally.
The hypothesized cause–effect relation can be argued on the basis of similarity with an
established cause and effect.

a

Original criteria defined by USDHEW (1964)
Criteria quantitatively identified by Weed and Gorelic (1996) as being the most commonly used in epidemiology
c
Principal causal criteria identified by Adams (2005)
d
Weed and Gorelic (1996) and Weed (1997) used the name ‘dose-response’ for this criterion
b

powerful argument for causality. Intentionally or
otherwise, environmental researchers often seek to
strengthen their arguments for causality by informally
including other lines of evidence from the literature
in the discussion sections of their research papers
(reviewed in Downes et al. 2002). However, until now,
we have lacked a rigorous framework for synthesizing these lines of evidence.
Here, we introduce a method that considers the
evidence from many studies to transparently assess
the level of support for questions of cause and effect.
The method, called Eco Evidence, is a form of causal
criteria analysis. Causal criteria were developed by
epidemiologists in the 1960s for assessing cause–
effect hypotheses in the face of weak evidence (Weed
1997, Tugwell and Haynes 2006). The causal criteria
are a checklist. Each hypothesized cause–effect
relation is assessed against a series of criteria that
have as their philosophical basis the Henle and Koch
postulates for inferring causes of disease (Evans
1976). The best-known set of epidemiological causal
criteria was developed by Hill (1965), but exactly
which criteria are adopted for particular studies is
variable. The most commonly used causal criteria in
epidemiology are detailed in Table 1 (Weed and
Gorelic 1996).
Fox (1991) was the first to suggest that the
epidemiological approach for assessing causation
would be suitable for use in the environmental
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sciences, but little debate or testing of appropriate
criteria for use in this area has ensued (Beyers 1998,
Downes et al. 2002, Suter et al. 2002, Adams 2005,
Plowright et al. 2008). Thus, consistency and clarity in
the criteria used are lacking among the relatively few
existing case studies (Lowell et al. 2000, Cormier et al.
2002, Downes et al. 2002, Collier 2003 and case studies
therein, Fabricius and De’Ath 2004, Burkhardt-Holm
and Scheurer 2007, Haake et al. 2010, Wiseman et al.
2010). Of these studies, all but Downes et al. (2002)
analyzed existing data or new studies at a particular
site. Moreover, although Fox (1991) and Suter et al.
(2010) provided methods to quantify fulfillment of
individual causal criteria, only Norris et al. (2005)
provided a quantitative method to combine information across criteria to assess the overall level of
support for causality. The method used by Norris
et al. (2005) also is generally applicable to the range of
studies undertaken in environmental science, including investigations of human impacts and more
general investigations of cause and effect in natural
environments.
Eco Evidence is a more fully developed version of
the method published by Norris et al. (2005) and is
supported by freely available software. It incorporates
concepts suggested by Suter et al. (2002, 2010), Adams
(2005), and Downes et al. (2002). The method operates
within the conjecture–refutation model of scientific
progress familiar to most researchers and can identify
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Steps in the Eco Evidence framework. Adapted from Nichols et al. (2011).

knowledge gaps. It centers on systematic review of
the extensive pool of existing scientific literature to
assess transparently the level of support for cause–
effect hypotheses. Each published study relevant to
the topic in question is weighted by its ability to
contribute to the argument for causality. Stronger
studies contribute more to the assessment, but weaker
evidence is not discarded. This feature is important
because environmental evidence is often scarce. All
studies are considered collectively against one or
more hypotheses, and the specific cause–effect hypotheses assessed depend on the specific ecological
question at hand (also see Suter et al. 2002). Each
hypothesis is then evaluated against several causal
criteria.
Method: the Eco Evidence Analysis Framework
Eco Evidence is an 8-step framework and method
(Fig. 1) that is presented in full detail by Nichols et al.
(2011). The method is a form of systematic review of
the scientific literature. Thus, in our paper, the user is
called the reviewer. Steps 1 to 4 and 6 of the method
can be loosely described as problem formulation. The
reviewer documents the nature of the problem under
investigation and formulates an overall question
(hypothesis), identifies the context in which the
question will be asked, develops a conceptual model
of the problem, and documents the hypothesized
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cause–effect relationships within the overall question
that will be tested. Step 5 consists of the literature
search and systematic review. The reviewer extracts
and collates evidence from relevant literature. The
reviewer then reconsiders the conceptual model in the
light of the literature review, and decides whether Steps
1–4 should be revised (Step 6). In Steps 7 and 8, the
reviewer weights, combines, and considers the evidence
to assess the level of support for and against the
individual cause–effect hypotheses identified at Step 4.
These results are then assessed collectively to inform an
overall finding in relation to the overall question
developed at Step 1 (Nichols et al. 2011). The 8 steps
are described in detail below and are illustrated through
a simplified case study that examines the effect of fine
sediment on stream invertebrates (Harrison 2010). For
case studies presented in full detail, readers are directed
to Harrison (2010) and Greet et al. (2011).
The Eco Evidence framework is supported by a
software package (eWater CRC 2010) that consists of
an online database for storing evidence extracted from
publications and a desktop analysis tool with a user
interface to guide the reviewer through the 8-step
causal inference process (Wealands et al. 2009, Webb
et al., in press b). The software also produces a full
report of the analysis, which details all inputs for the 8
steps, the evidence used in the assessment, and how
it was weighted and interpreted. This report provides full transparency and repeatability for any Eco
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Evidence analysis. Version 1.0 Eco Evidence was
released in September 2011 and is available free of
charge from www.toolkit.net.au/tools/eco-evidence.
Step 1: Document the nature of the problem and draft the
overall question (hypothesis) under investigation
The 1st step is to document the nature of the
problem under investigation and draft the overall
question (hypothesis), hereafter referred to as The
Question. This question may be specific to a particular
problem (e.g., Will a proposed new dam reduce
native fish abundance in one particular river?) or
more general (e.g., How are native fish affected by
river damming?). The reviewer records the hypothesized causal agent(s), the potential effect(s), and
considers their timing and magnitude. In the case
study (Harrison 2010), land-clearing practices induce
soil erosion and increase the delivery of fine sediment
to streams, which is considered a major detriment to
the ecological condition of rivers. The Question was:
How does sediment in streams affect macroinvertebrate assemblages? Harrison (2010) refined this
question into 3 subquestions that were each tested
using the Eco Evidence method:
1. Does macroinvertebrate community structure
change as a result of accumulation of fine
sediment within the stream bed?
2. Does a threshold level (i.e., % stream bed covered)
of accumulation of fine sediment exist above
which macroinvertebrate community structure
changes?
3. Does macroinvertebrate community structure
change in response to increased transport of fine
sediment through a river reach?
Step 2: Identify the context in which The Question will
be asked
At Step 2, the reviewer describes the context. Will
the review be limited to an environment of a
particular type or be more general? Is a geographic
restriction on studies appropriate? Is the review
concerned only with causal agents that originate
from one source, or are all sources of a causal agent
relevant? The context is used later to help identify
published studies relevant to the assessment. The
effects of human-induced increases in fine sediments
in streams were the primary interest for the Harrison
(2010) case study. Stream type was not restricted
based on geography or climate, but the review was
constrained to studies that considered effects on
macroinvertebrates of increased transport or accumulation of fine sediment in streams caused by
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human activities or experimental manipulations of
sediment.
Step 3: Develop a conceptual model and clarify
The Question
Step 3 is very important, because a well considered
conceptual model provides the basis for the remainder of the causal assessment (Nichols et al. 2011). It
provides transparency by clearly displaying the
hypothesized causal relationships in the context of
the problem under investigation. Where possible,
such linkages should be process-based rather than
simple empirical associations (Cormier et al. 2010).
The conceptual model should include potential
confounding variables, and other potential causal
agents. Ideally, all such variables should be assessed
within the analysis to reduce the likelihood of
reaching a spurious conclusion. However, logistic
constraints may mean that the reviewer has to
prioritize variables for assessment to those most likely
to affect the causal interpretation. Although not
compulsory, graphical conceptual models are useful
for illustrating the mechanisms that explain the
hypothesized causal relationships. The reviewer may
develop his or her own conceptual model, or use (or
modify) an existing model deemed suitable. The
library of conceptual models being developed
through the US Environmental Protection Agency’s
(EPA) Interactive Causal Diagram tool (www.epa.
gov/caddis/cd_icds_intro) would be an appropriate
source of existing models. By specifying the hypothesized cause–effect linkages, the conceptual model
will heavily guide the choice of relevant studies at
Step 5 (Greet et al. 2011). Harrison (2010) developed a
conceptual model of the effects of increased fine
sediment transport and accumulation on in-stream
habitat and macroinvertebrate community structure
(Fig. 2) and then used it to identify specific cause–
effect hypotheses for assessment.
Step 4: Decide on the relevant cause-effect hypotheses
At Step 4, based upon the conceptual model, the
reviewer refines the preliminary list of hypothesized
causal agents and effects. The conceptual model
identifies multiple hypothesized cause–effect links
within The Question that need to be prioritized for
assessment. Causal agents and potential effects must
be quantifiable (e.g., water temperature, population
abundance). In the case study (Harrison 2010), the 3
subquestions grouped the effects within 3 categories:
general indicators of community structure, number
and abundance of fine-sediment-sensitive taxa, and
number and abundance of fine-sediment-tolerant taxa

10
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FIG. 2. Conceptual model of the effects of increased fine-sediment transport and accumulation on in-stream habitat and
macroinvertebrate community structure. When fine sediment from gully and bank erosion enters a stream and accumulates within
the stream bed, especially in reaches with low gradients, it reduces interstitial spaces that macroinvertebrates use for refuge, reduces
periphyton growth, and increases deposition on macroinvertebrate respiration structures. These effects are expected to result in a
change in macroinvertebrate abundance and taxon richness (Table 2). Numbers on the figure indicate the relevance of particular
causal pathways to the 3 subquestions identified in the text. EPT = Ephemeroptera, Plecoptera, Trichoptera taxa.
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TABLE 2. Expected effects on macroinvertebrates of an increase in accumulation or transport of fine sediment within the stream
bed. EPT = Ephemeroptera, Plecoptera, Trichoptera taxa.
Quantifiable effects
General indicators of community structure
Changes in taxa sensitive to fine-sediment accumulation

Changes in taxa tolerant of fine sediment

(Table 2). Consistent with the original questions asked
(Step 1), the quantifiable causal agents were an
increase in fine-sediment accumulation and an increase in fine-sediment transport through reaches.
Step 5: Search and review literature, and extract evidence
Step 5 involves the literature review. For repeatability and transparency, the Eco Evidence framework
requires the reviewer to document the method used to
search the literature (e.g., databases searched, search
terms used), and then justify the inclusion (or
exclusion) of all the studies initially delivered from
the search. A study’s title and abstract generally
provide the information the reviewer requires to
establish if the study is relevant. Justification for
relevance could include, e.g., a combination of
geographical proximity, similar environmental characteristics, and similar causal agents. However,
relevant studies need not be drawn only from systems
completely similar to the focus of the assessment.
Moreover, laboratory and other small-scale manipulative studies can be particularly relevant because
they are less likely to suffer from confounding. When
selecting relevant studies, reviewers also may use
matching and restriction-type approaches (Rothman
et al. 2008) to reduce the likelihood of confounding.
Harrison (2010) used the Cambridge Scientific Abstracts and Thompson Institute of Scientific Investigation (ISI) Web of Knowledge, and he obtained
further studies cited in the papers found in the initial
searches. The search used the keyword phrase
(‘‘sediment’’ OR ‘‘sedimentation’’) AND ‘‘macroinvertebrates’’. As described in Step 2, field studies
were restricted to those that dealt with humaninduced sediment accumulation. The search yielded
48 studies that were considered relevant to question 1,
5 studies relevant to question 2, and 3 studies relevant
to question 3.
Once a study has been designated as relevant to the
analysis, evidence in the study must be extracted. The
evidence item extracted from the relevant study has 2
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Ways in which the effects are quantified
Change in macroinvertebrate taxon richness
Change in macroinvertebrate abundance
Decreased EPT richness
Decreased EPT abundance
Decreased Coleoptera richness
Decreased Coleoptera abundance
Increased Oligochaeta abundance
Increased Chironomidae abundance

parts. First, the reviewer must determine whether an
association exists that is consistent with the cause–
effect hypothesis being tested and the nature of that
association, including whether it presents as a dose–
response relationship. A reviewer often may use
statistical significance to assess whether an association exists. However, this rule is not general because
it: 1) precludes the possibility of using studies in
which statistical significance was not assessed, and 2)
may lead to an inappropriate assessment of an
ecologically irrelevant association in a study with
very high replication. Second, the reviewer must
record the type of study design used, choosing from
the list of broad design categories in Table 3, and the
number of independent sampling units. In a factorial
design, sampling units are designated as either
Control or Impact. For gradient-based design, total
replication is recorded. Detailed guidance on assigning the type of study and on counting of sampling
units was provided by Nichols et al. (2011). Regardless of the specific objectives of the study being
assessed, the power of the study design (i.e., type of
study and number of independent sampling units)
will be determined by the relationship of the study
design to the causal agent of concern to the reviewer.
These 2 objectives often will coincide, and it will be
appropriate to record the design and replication as
used by the study authors in statistical analyses, but
occasions will arise when the Eco Evidence analysis is
being conducted on a causal agent that was not the
focus of the original study, or which is being assessed
at a different scale. In such cases, the design or
replication recorded for the Eco Evidence analysis
may differ from that used by the study authors to
assess their specific objectives. We are not suggesting
that the reviewer should reanalyze the findings of
the study being assessed, nor are we passing any
judgment on the appropriateness of the analyses
undertaken for that study. The reviewer should
record the reasons for such choices of design or
replication as part of the justification for the relevance
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TABLE 3. Weights applied to study types and the number of
control/reference and impact/treatment sampling units
(Nichols et al. 2011). B = before, A = after, C = control, R =
reference, I = impact, M = multiple. See text for explanation of
‘‘Weight’’. Overall evidence weight is the sum of design weight
and replication weight (factorial design or gradient response).
Study design component

Weight

Study design type
After impact only
Reference/control vs impact with no before data
Before vs after with no reference/control location(s)
Gradient response model
BACI, BARI, MBACI, or beyond MBACI

1
2
2
3
4

Replication of factorial designs
Number of reference/control sampling units
0
1
.1
Number of impact/treatment sampling units
1
2
.2
Replication of gradient-response models
,4
4
5
.5

0
2
3
0
2
3
0
2
4
6

of the evidence item to their analysis. The information
on design and replication is used to weight the
evidence at Step 7.
Step 6: Revise conceptual model and previous steps
if necessary
At Step 6, the reviewer decides if the conceptual
model must be revised. During the literature review,
the reviewer may learn about new potential causes,
effects, or linkages relevant to the question being asked
or may decide that previously listed causes and effects
are irrelevant. Alternatively, the studies found may
mean that individual hypotheses must be approached
indirectly (i.e., to infer that A causes C, we must show
separately that A causes B and B causes C; e.g., Greet
et al. 2011). Harrison (2010) found no need to revise the
conceptual model in light of the literature review. For
an example of a conceptual model revised at Step 6, see
Greet et al. (2011). A revision at this step entails an
iterative return to previous steps (Fig. 1).
Step 7: Catalogue and weight the evidence
In Step 7, the reviewer records the amount and
strength of evidence for and against each cause–effect
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linkage under investigation. In the Eco Evidence
framework, the reviewer uses a rule-based approach
to weight individual studies. This approach to
weighting evidence markedly distinguishes Eco Evidence from other existing applications of causal
inference in either epidemiology or environmental
science. Information on study design and replication
of sampling units is weighted, and these 2 weights are
summed to provide an overall weight for each
individual study (Table 3).
The philosophy adopted in Eco Evidence is that
studies that better account for environmental variability or error (e.g., before–after control–impact
[BACI] designs; Green 1979, Underwood 1997) should
carry more weight in the overall analysis than those
with less robust designs (Norris et al. 2005, Nichols
et al. 2011). Inclusion of control or reference sampling
unit(s) improves a study’s inferential power, as do
provision of data from before the hypothesized
disturbance or use of gradient-response models
designed to quantify relationships between hypothesized cause and effect (see Downes et al. 2002).
Studies in which several replicates have been included can provide an estimate of variability around
normal conditions, a feature that adds weight to the
findings because any difference detected between
treatment and control was more likely to have been
caused by the treatment (Downes et al. 2002).
The reviewer sums the component weights derived
from study design type and replication for each study
to determine an overall study weight, which can
range between 1 and 10. These default weights
(Table 3) were derived from numerous trials and
extensive consultation with ecologists (discussed later
in our paper). The reviewer can modify the default
weights, but any such changes should be documented
and justified. For example, a study of floodplain
geomorphological processes (Grove et al., in press)
redefined study weights reasoning that studies with
‘before’ data are simply not possible with the
temporal scales of floodplain formation (i.e., 1000s
of years). In the case study, Harrison (2010) used
the default study weights (Table 3) to weight the
evidence.
Step 8: Assess the level of support for the overall question
(hypothesis) and make a judgment
In Step 8, the reviewer uses the summed study
weights when evaluating support for the cause–effect
hypotheses and collectively considers these results to
reach a conclusion concerning The Question. Eco
Evidence uses 6 causal criteria that we think most
practically apply to environmental questions, but not
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Causal criteria adopted in the 8-step Eco Evidence framework for application in environmental sciences.

Causal criterion
Plausibility

Evidence of response

Description

Basis for selection

A plausible mechanism (e.g., biochemical
reaction) that could explain the
relationship between the causal
agent and the potential effect
An association between the causal
agent and potential effect

This criterion is addressed by the conceptual model. A plausible
conceptual model is a necessary step for any further analysis
because it sets the bounds of the literature review, clearly
displaying the causal relationships considered.
This criterion is similar to the US Environmental Protection
Agency’s (EPA) criterion of co-occurrence, which assesses
whether the hypothesized cause and effect are found at the
same site (Suter et al. 2002). Studies are most easily classified
as contributing to this criterion when there is a statistically
significant difference among treatment levels.
This criterion is analogous to Hill’s (1965) biological gradient
criterion, but we have avoided use of the term gradient to
avoid confusion with gradient-based study designs, which is
where most evidence of this type would be observed. Weed
and Gorelic (1996) and Weed (1997) named this criterion
dose–response, and we have adopted this name. However,
we accept that for applications in Eco Evidence, true doses
(i.e., a stressor being taken up by the organism) would occur
only rarely.
Because of the frequent confounding and low statistical power
that besets environmental studies, the presence of small
numbers of nonsignificant or even contrary results does not
necessarily indicate a lack of consistency (which is why we
have incorporated criterion thresholds). In this respect, the
criterion is less stringent than specificity of association (Hill
1965), which requires the effect to be seen always in the
presence of the cause.
This criterion is similar to the US EPA’s complete exposure
pathway (Suter et al. 2002). However, we have generalized its
meaning to include nonecotoxicological studies. Within our
framework, this evidence should be reported but is not used
in the weighting process. If present, this evidence may
provide further support and strengthen confidence in the
conclusion.
The final conclusion is always a matter of judgment by the
reviewer. It requires collective consideration of the
conclusions for each hypothesized cause–effect relationship.
This metacriterion is applied at a different level in the analysis
compared to the other criteria (i.e., across all hypotheses) and
is most similar to the US EPA’s considerations based on
multiple lines of evidence (Suter et al. 2002).

Dose–responsea

The association between causal
agent and potential effect is in
the form of a dose–response curve;
the relationship normally would be
monotonic

Consistency of
association

The potential effect occurs in the
presence of the causal agent in
all or almost all of the studies

Evidence of stressor
in biota

Would include evidence of a
chemical residue within an
organism of interest

Agreement among
hypotheses

When the results for the individual
cause–effect hypotheses are
considered collectively, do they
support or refute the overall
question (hypothesis) developed
at Stage 1?

a

Dose–response is a subset of evidence of response. In summing study weights to assess support for a hypothesis, the studyweight for a dose–response evidence item also will contribute to the summed study weight for evidence of response.

all are used to assess the weighted evidence (Table 4).
The 1st criterion, plausibility, is addressed by the
conceptual model (Step 3), which requires the
reviewer to describe what he or she thinks are
plausible cause–effect linkages. The next 3 criteria
are assessed quantitatively using sums of the study
weights. For evidence of response, the reviewer sums
the study weights of all evidence items (i.e., from
multiple studies) in favor of the hypothesis. Similarly,
for dose–response, the reviewer sums the study weights
of all evidence items that show a dose–response
relationship in favor of the hypothesis. For consistency
of association, the reviewer sums the study weights of
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all evidence items that do not support the hypothesis
(i.e., no evidence of a response even though the
hypothesized cause was present, or an observed
response in the direction opposite that hypothesized).
The other 2 causal criteria, evidence of stressor in biota
and agreement among hypotheses (Table 4), are used in
the Eco Evidence method but not in the process of
weighting the evidence.
When assessing the evidence for or against a causal
relationship, Eco Evidence applies a threshold of 20
summed points for each of the weighted criteria
above. Again, the threshold was derived after
numerous trials and extensive consultation with
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TABLE 5. Possible outcomes of an Eco Evidence analysis, using the default 20-point threshold of summed evidence weights.
Note that the summed study-weight for dose–response does not affect the conclusion because it is, by definition, a subset of the
summed evidence weight for evidence of response.
Summed evidence weights
Evidence of response
§20
§20
,20
§20
§20
,20

Dose–response

Consistency of association

§20
,20
,20
§20
,20
,20

,20
,20
,20
§20
§20
§20

ecologists (discussed later in the paper). Like the
study weight values (Table 3), the threshold can be
altered as long as this alteration is documented and
justified. The default 20-point threshold means that
§3 independent, very-high-quality studies are sufficient to reach a conclusion concerning the presence
(or absence) of a causal relationship. Conversely, §7
low-quality studies might be needed to reach the
same conclusion. The threshold provides a convenient
division of a continuous score in a way analogous to
the almost-ubiquitous convention of 0.05 as a significant p-value, but, like significance levels, it should
not be applied unthinkingly.
A range of outcomes is possible from the analysis,
but a high level of support (i.e. §20 points for
evidence of a response) and high consistency (i.e.,
,20 points for consistency of association) are both
required to provide support for the cause–effect
hypothesis (Table 5). The conclusion of support for
hypothesis does not imply that the causal hypothesis
has been proved. However, it is retained as a working
hypothesis that may be falsified by future research
(sensu Popper 1980). Support for alternative hypothesis is
the falsification of the cause–effect hypothesis, and a
new hypothesis should be sought. Inconsistent evidence
is another form of falsification. In such a case, much
evidence has been found both for and against the
cause–effect hypothesis. In such circumstances, the
reviewer should examine the scope of the hypothesis
(Fig. 1). Investigation of the inconsistencies often
reveals the reasons for a mixed response and provides
the basis to refine the hypothesis (Steps 1–3). A
refined review may reveal, for instance, the particular
circumstances under which an environmental stressor
and ecological response will be associated. The
reviewer should document the findings from this reexamination and use them to restructure the literature
review (Step 5). Last, insufficient evidence implies a
knowledge gap in the literature and resulting opportunities for research.
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Conclusion
Support for hypothesis
Support for hypothesis
Insufficient evidence
Inconsistent evidence
Inconsistent evidence
Support for alternative hypothesis

Both the number of papers addressing the hypotheses and the consistency of their findings are
important in providing confidence in the conclusions
regarding causal relationships (Table 5). However,
when summed evidence weights are close to the 20point threshold, the reviewer must use care in
interpreting the conclusions in Table 5. At this point,
the reviewer also may draw support from the other
causal criteria not so far applied in the framework:
i.e., evidence of stressor in biota, and whether the
response manifested as a dose–response relationship
(Table 4).
Example conclusions: Harrison (2010) Question 1: Does
macroinvertebrate community structure change as a result
of accumulation of fine sediment within the stream bed?
Harrison (2010) found that published studies
supported the hypotheses for a causal link between
accumulation of fine sediment within the stream bed
and decreased Ephemeroptera, Plecoptera, and Trichoptera (EPT taxa) richness, decreased Coleoptera
abundance, and increased Oligochaeta abundance
(Table 6). Evidence was inconsistent for change in
total macroinvertebrate taxon richness, change in total
macroinvertebrate abundance, decreased EPT abundance, and increased Chironomidae abundance
(Table 6). Evidence was insufficient to assess whether
accumulation of fine sediment causes a decrease in
Coleoptera richness because no studies were found
that were related to this hypothesis (scores of 0 in
Table 6).
The final judgment
Last, the reviewer collectively considers the conclusions for the individual cause–effect hypotheses to
determine the answer to the overall question (hypothesis) posed at Step 1 (agreement among hypotheses
in Table 4). This stage is always a matter of
considered judgement that depends on the nature of

Inconsistent
Inconsistent
Support
Inconsistent
Insufficient
Support
Support
Inconsistent
53
57
6
30
0
7
13
59
115
116
51
104
0
21
42
28
7
7
0
4
0
1
2
13
27
28
13
29
0
4
13
21
Change in total macroinvertebrate taxon richness
Change in total macroinvertebrate abundance
Decreased EPT taxon richness
Decreased EPT abundance
Decreased Coleoptera richness
Decreased Coleoptera abundance
Increased Oligochaeta abundance
Increased Chironomidae abundance

23
25
14
29
0
3
11
9

151
172
82
182
0
25
86
65

Consistency of
association
Dose–
response
Evidence of
response
Not in favor of
hypothesis
In favor of
hypothesis
Number of
citations
Effect (defined in conceptual model)

Number of evidence items

Summed evidence weights

Conclusion

ANALYZING ECOLOGICAL CAUSE
TABLE 6. Numbers of citations and evidence items, and summed evidence weights and conclusions for the hypotheses within question 1: Does macroinvertebrate
community structure change as a result of fine-sediment accumulation within the streambed? Values for conclusion are based on the rules in Table 5.
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the original question. In the case study, conclusions of
detailed cause–effect hypotheses relating to question 1
varied among individual taxonomic groups (Table 6)
and also among the different quantifiable causal
agents (results for questions 2 and 3 reported in
Harrison 2010). However, overall sufficient evidence
existed in the published ecological literature to
conclude that addition of fine sediment to streams
causes changes in macroinvertebrate community
structure. Thus, the Eco Evidence process laid a
strong foundation for a research project designed to
address identified gaps in knowledge of the relationships between changes in macroinvertebrate community structure and fine sediments in rivers (Harrison
2010).
The Eco Evidence software provides a standard
report at the end of any assessment. This report
contains all the information used to undertake the
assessment. It also contains any important caveats on
the conclusions, including the particular conditions
under which a particular stressor is associated with an
environmental effect (refined hypothesis at Step 6),
and important covariates that also may have causal
relations with the response observed (multiple supported hypotheses at Step 7). The report clearly shows
how the information was used to reach the overall
conclusion, maximizing transparency and repeatability of the assessment and the conclusions drawn from
the evidence.
Discussion
When does the lore surrounding the ecological
effects of a given environmental stressor become law,
ecologically speaking? Traditional approaches for
inferring causality rely on rigorous experiments that
include controls, randomized treatments, and sufficient replicates to provide the experimental power to
draw clear conclusions (Downes et al. 2002, Johnson
2002). However, such experiments rarely can be
performed in environmental studies, and individual
investigations seldom achieve a severe test of the
hypothesis. Faced with similar difficulties, epidemiologists developed the criteria of causation, and the
causal inference approach has been adopted as a
standard epidemiological tool.
The Eco Evidence analysis method has been
designed for use in environmental sciences by
adapting and developing the epidemiological approach. It provides a pragmatic framework for
transparent and repeatable synthesis of evidence from
the literature to assess support for and against
questions of cause and effect, which may be sitespecific or general. However, like the Popperian
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paradigm of scientific progress, the method cannot
ever provide proof of causal relations. Potential uses
for Eco Evidence include: 1) to assess likely environmental impacts of a proposed development; 2) to
identify the most likely cause(s) of an observed
environmental impact; 3) to use the existing scientific
literature to assess the more general applicability, or
transferability, of results from local field studies; 4) to
support transparent and defensible decision-making
in environmental management and evidence-based
planning; 5) to complement environmental risk
assessments; 6) to present evidence in a transparent,
repeatable, and defensible format suitable for use in
legal cases or administrative action over environmental impacts; 7) to provide quality assurance for any
literature review undertaken by consultants to environmental management organizations; and 8) to focus
a literature review to the point where the output
can be published as a succinct review paper (e.g.,
Harrison 2010, Greet et al. 2011).
Causal criteria in relation to induction, deduction,
conjecture, and refutation
Much has been written concerning how the use of
causal criteria fits into the 2 major modes of scientific
logic—induction and deduction (Buck 1975, Susser
1986b, Morabia 1991, Beyers 1998, Ward 2009).
Largely through the work of Karl Popper (1980), most
scientific study conforms to the conjecture–refutation
model, whereby hypotheses are tested and can be
falsified (i.e., rejected) but never proved. The introduction of such concepts to the largely inductive field
of epidemiology (Buck 1975) caused considerable
controversy concerning those causal criteria deemed
to be inductively driven (Morabia 1991). However,
most scientists use a blend of inductive and deductive
thinking to make scientific progress (Susser 1986b),
and many hypotheses tested under the conjecture–
refutation model are derived inductively (Beyers
1998).
With the above in mind, we largely retained the
conjecture–refutation model familiar to most scientists
in developing the Eco Evidence framework but paid
little attention to whether individual aspects of the
process were purely inductive, deductive, or neither.
The reviewer uses evidence from the literature to test
one or more cause–effect hypotheses, which may be
developed either inductively or deductively. A clear
finding of support for alternate hypothesis or inconsistent evidence should be regarded as falsification of
the hypothesis, meaning that a new hypothesis should
be sought (Rothman 2002). Conversely, a finding of
support for hypothesis should be regarded as
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corroboration of the causal hypothesis (sensu Popper
1980), rather than confirmation or proof. The hypothesis survives the test but is still unproved and may be
falsified by future research. Indeed, in Eco Evidence,
use of the 20-point threshold of summed study
weights makes a falsification of nonrobust hypotheses
almost inevitable (Harrison 2010). As more and more
evidence is considered, very general cause–effect
hypotheses that were previously supported are likely
to be falsified by a finding of inconsistent evidence
because of varying responses in studies that considered different levels of the stressor, locations, environment types, species, etc. In such a case, a more
specific hypothesis is less likely to be falsified. Thus,
the 8-step framework presented here leads naturally
to generation of more detailed cause–effect hypotheses as more evidence becomes available—a process
similar to that by which science advances in general.
The limits of Eco Evidence and how it compares other
synthesis techniques
Causal inference techniques, such as Eco Evidence,
cannot prove causality (Fox 1991, Suter et al. 2010). In
that regard, Eco Evidence is no different from any
statistical analysis of observational data (Greenland
1998). What Eco Evidence does provide is a rigorous
assessment of the evidence for and against cause–
effect questions.
Eco Evidence may be used to assess questions of
either general or specific causation. Results may be
used to support a conclusion of causation relating to a
site-specific association of an environmental stressor
and observed impairment. Alternatively, they may be
used to reach generalized conclusions in a systematic
review. Such general conclusions are important for
assessing the state of knowledge in a research area
and can be used to test (and occasionally debunk)
commonly held assumptions in ecology (e.g., Stewart
et al. 2006) or to identify knowledge gaps requiring
further research (e.g., Greet et al. 2011). The US EPA’s
CADDIS method (Norton et al. 2008) is another causal
assessment framework for synthesizing evidence
from several sources. CADDIS concentrates mostly
on questions of specific causation because it was
developed for identifying site-specific causes of
environmental impairment. CADDIS also differs
specifically from Eco Evidence in that it does not
weight evidence according to strength of the study, is
more focused on inclusion of data sets rather than
published studies, and does not actually require use
of the literature in an assessment. CADDIS is not
supported by analysis software analogous to Eco
Evidence, but the EPA has created a number of
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downloadable aids to assist an assessment (available
from: www.epa.gov/caddis). Meta-analysis is another
cross-study synthesis technique that may be familiar
to most ecologists (Osenberg et al. 1999). Causal
criteria analysis is not meta-analysis, but it can
provide a complementary, rather than an alternative,
technique. Meta-analysis is concerned with estimating
an ensemble effect size across a number of studies
(Gurevitch and Hedges 2001, Sutton and Higgins
2008). No requirement exists in meta-analysis to
assess the causal plausibility of the association under
investigation, and Weed (2000) argues that metaanalysis should not be used to reach causal conclusions. However, the robust statistical approaches used
in meta-analysis potentially could be used to precisely
quantify strength of association and consistency of
association in a combined analysis (Weed 2000). Such
an approach may not be well suited to environmental
sciences, where a large proportion of studies fail to
report the summary statistics necessary for inclusion
in a meta-analysis (Greet et al. 2011). The Eco
Evidence approach, as presented here, allows the
reviewer to include a greater range of literature in
their analysis (Greet et al. 2011).
All review techniques are affected by publication
bias—the tendency to publish only significant results
(Koricheva 2003). Some analytic techniques to account
for publication bias exist for explicitly numerical
synthesis methods like meta-analysis (e.g., funnel
plots; Song et al. 2002), but such techniques cannot be
applied to Eco Evidence. However, we think that
publication bias may be less of an issue for Eco
Evidence than it is for techniques such as metaanalysis. Eco Evidence can include evidence even
when the summary statistics necessary for metaanalysis are not supplied. Authors often report
particular factors in analyses as being nonsignificant
without summary statistics, but then provide full
summary statistics for significant results. In an Eco
Evidence analysis, both results could be included,
whereas only the significant result could be included
in a meta-analysis.
Eco Evidence uses systematic review of the literature as a relatively underused resource for increasing
inferential power (Downes et al. 2002). Systematic
review techniques allow researchers to produce
succinct reviews that test clearly stated hypotheses.
This type of review is in contrast to the longer
narrative reviews more familiar to environmental
scientists. Narrative reviews tend to provide a
comprehensive coverage of the literature, but seldom
provide any assessment of the relative strength of
evidence for or against cause–effect hypotheses. In the
example herein, different conclusions were reached
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for different specific hypotheses because the relative
strength of evidence differed between them. We
cannot be confident that a narrative review would
reach the same conclusion because such reviews have
no rules for interpreting evidence. Systematic review
is a common tool used particularly in the health
sciences. Initiatives like the Cochrane Collaboration
(http://www.cochrane.org) have used systematic
reviews to drive an ‘effectiveness revolution’ via
incorporation of scientific evidence into clinical
practice (Stevens and Milne 1997). Systematic reviews
are underused in environmental sciences (Pullin and
Stewart 2006, Pullin et al. 2009). Interest in using
systematic review to guide environmental management decisions is increasing (Pullin and Knight 2001,
Sutherland et al. 2004), but little guidance exists on
appropriate methods to use or the tools to implement
them. The Eco Evidence analysis method and associated software helps fill this gap.
Strengths of the Eco Evidence method
Despite calls for use of causal criteria in environmental science (Fox 1991, Downes et al. 2002, Suter
et al. 2002, Adams 2005, Plowright et al. 2008), these
methods have not been widely adopted, and existing
case studies lack consistency and clarity in the criteria
used. Both of these observations could be explained
by the lack of well developed methods for applying
the criteria. The Eco Evidence method provides a
standardized framework within which environmental
scientists can conduct rigorous causal criteria analyses. Some authors have argued against standardizing
causal-inference methods (Downes et al. 2002), but
others have argued that greater standardization of
definitions and greater specification of methods for
synthesizing across criteria would be beneficial to
practitioners (Weed 1997, 2002). Advantages to using
a standardized approach include the transparency
and repeatability of analyses, both of which are
important for environmental management decisions
subject to legal challenge or exposed to political
scrutiny (Norris et al. 2005). Several closely related
attempts have been made to score the contribution of
individual criteria in arguing a case for causation
(Susser 1986a, Fox 1991, Suter et al. 2010). However, a
numeric method for combining these scores to aid an
overall judgment was not used in these attempts. Eco
Evidence does provide such a method and has the
added beneficial capability of being able to identify
knowledge gaps where insufficient evidence exists to
reach a conclusion concerning a cause–effect hypothesis.
This conclusion is more useful than a failure to reject
a null hypothesis and guards against type-II errors
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(i.e., false negatives) by specifying minimum evidence levels required to reach a conclusion. Such a
conclusion also illustrates where empirical research
may be needed, and thus, is useful for research
planning.
A major advance in Eco Evidence over other causalanalysis methods is the weighting of individual
studies in the overall assessment according to the
strength of the study design. In investigations of
existing literature, epidemiologists tend to disregard
all studies that do not conform to the gold standard of
a randomized-control trial and examine results from
the less-powerful cohort and case-control studies only
when randomized-control trial data are unavailable
(Tugwell and Haynes 2006). Similarly, Best Evidence
Synthesis (Slavin 1995) advocates systematic analysis
of only a subset of studies that have the single best
design. In environmental science, sufficient studies
on a particular question seldom will exist to allow a
reviewer to focus only on those of the highest quality.
Instead, we must make use of all the available
evidence. The weighting scheme in Eco Evidence
allows use of all published evidence that relates to a
particular question, including both observational and
experimental studies, but ensures that results of
stronger studies—those less likely to be affected by
confounding—play a relatively larger part in the
assessment of causality than results from weaker
studies. This feature is a major step forward and has
potential application for causal inference in other
discipline areas where empirical research may be
scant.
Collecting evidence from the literature is time
consuming. One estimate is that each relevant study
takes ,1 h to process (Webb et al., in press a).
However, in systematic literature reviews, studies
and the evidence they yield are data. The time taken
to extract evidence from a published paper compares
favorably to the time needed to collect data in the
laboratory or field. Moreover, the Eco Evidence
software includes an online database (Wealands et
al. 2009, Webb et al., in press b) developed specifically
so that evidence would be available for reuse in future
research, thereby reducing overall effort compared to
other systematic review techniques.
Other comments
In designing the Eco Evidence framework, we
considered whether the causal criteria commonly
used in epidemiology (Hill 1965, Weed and Gorelic
1996, Tugwell and Haynes 2006) could be practically
applied to environmental questions. The current
framework does not make use of the strength of
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association criterion, but this is one of the most
common criteria used in epidemiology (Weed and
Gorelic 1996, Tugwell and Haynes 2006). Strength of
association in epidemiology is usually expressed as
relative risk (Susser 1986a), but that measure does not
translate well to the continuous measures of effect
commonly encountered in ecology (but see Van Sickle
et al. 2006, Van Sickle and Paulsen 2008). Fox (1991)
and Fabricius and De’Ath (2004) have argued that, for
ecology, measured ecological effect size is equally
valid as a measure of strength of association. The
database in the Eco Evidence software (eWater CRC
2010) currently has fields for capturing information
on effect size. A future version of the Eco Evidence
algorithm may use this information as part of the
formal assessment of cause–effect hypotheses, but we
have to develop robust methods for combining such
evidence with evidence on consistency of association.
Such a development is not straightforward because
these different types of evidence do not exist on a
common scale (Suter and Cormier 2011).
Other potential revisions for future versions of the
algorithm include more detailed classifications of
study designs. The framework currently does not
distinguish between observational studies and true
experiments (i.e., studies in which treatments were
randomized). However, experiments provide more
powerful arguments for causality. Other revisions
could reduce the likelihood of confounding. For
instance, gradient designs might be assigned a lower
score unless study authors demonstrate they have
accounted for confounding influences. Similarly, in
assessing consistency of association, greater weight
could be placed on combinations of consistent studies
from different environments and that used different
techniques (Hill 1965). Such sets of studies are less
likely to suffer from unidentified confounding,
although the possibility can never be eliminated
entirely. Another possibility is to weight some
evidence as highly relevant because of its close
association with the type of system under study
(e.g., area, source of stress). For example, when
assessing causation at a specific location, a reviewer
could weight evidence from that site more highly than
evidence from other sites. Such an approach would
align Eco Evidence more closely with the CADDIS
framework (Norton et al. 2008). However, these
revisions would complicate what is currently an
appealingly simple scoring system. Such extra complication should be considered only if it were to
improve substantially our confidence in the resulting
conclusions.
The choice of values for study weights and the 20point threshold as defaults in Eco Evidence have been
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criticized for the seemingly arbitrariness of the values.
Nevertheless, we think they are useful values, particularly because they were developed through expert
consultation with ecologists and have produced
intuitively sensible results in case studies to date. The
expert-consultation process explored the relative ability of different study designs to identify causal
relationships by reducing the likelihood of confounding and how replication (as opposed to study design
per se) strengthened this ability. The number of study
design types and bands of replication were kept to a
workable minimum to maximize reproducibility of
results between different reviewers (Norris et al. 2005).
Reproducibility will be subject to formal assessment in
future, but some opportunistically gathered data from
2 case studies appears to indicate high reproducibility
(Webb et al., in press a). The threshold was developed
by exploring the number of consistent results from
high- or low-quality studies that experts needed to see
to have a high level of confidence in the existence (or
otherwise) of a causal relation. The reviewer can also
redefine both weights and thresholds as long as the
reason for such a change is documented to maintain
transparency. Moreover, the final judgment at the end
of Step 8 requires an intelligent synthesis of the results.
Judgment sits apart from the algorithmic component of
Eco Evidence.
Conclusion
Considerable impetus exists to move from experience-based to evidence-based methods in environmental sciences, particularly when answering those
questions relevant to management decisions (Pullin
and Knight 2001, Sutherland et al. 2004). The 8-step
Eco Evidence method, supported by the Eco Evidence
software and the evidence report it produces, provides a transparent and repeatable framework for
assessing the evidence for and against causal relationships in terrestrial and aquatic environments.
Assessments conducted using this method can inform
decision-making for environmental management,
potentially leading to improved outcomes for all
stakeholders. We do not consider the method presented here to be the last word on causal inference in
environmental sciences. Rather, we expect the method
to evolve and to improve with rigorous testing across
a range of different subject areas. Provision of a
framework for quantifying and combining the evidence, along with the major advance of a weighting
system for individual studies, is an important first
step in facilitating broader use by the research
community of systematic methods to assess cause–
effect relationships in environmental sciences.
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