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Responsible care and management of Earth’s resources requires scientific support, but the pool of under-
used research is growing rapidly. Environmental science research studies describe associations between
variables (e.g. statistical relationships between stressors and responses). We propose open-access and
online sharing of such associations. This concept differs from various efforts around the world to promote
sharing of primary research data, but holds similar goals of improved use of existing knowledge. The ini-
tiative is made possible by recent developments in information technology and evolving online culture
(e.g. crowdsourcing and citizen science). We have begun to connect existing projects that catalog and
nvironmental assessment
ystematic review
eta-analysis

ibliometrics
nformatics
rowdsourcing

store associations, thereby moving toward a single virtual repository. Researchers and decision makers
may share and re-use associations for myriad purposes, including: increasing efficiency and timeliness
of systematic reviews, environmental assessments and meta-analyses, identifying knowledge gaps and
research opportunities, providing evolved metrics of research impact, and demonstrating connections
between research and environmental improvement.

Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
. Introduction

Environmental managers and policy makers require timely and
uality scientific support for effective assessments, decision mak-

ng and actions (e.g. Abbot, 2009; Cane, 2010). There is a critical
eed for mechanisms to help organize and distil the vast scientific

iterature to support these activities (e.g. Parr et al., 2012). However,
hile the published paper has long been the accepted means of
isseminating research findings, “It isn’t the documents which are
ctually interesting, it is the things they are about!” (Berners-Lee,

007).

Imagine therefore being able to efficiently access summarized
ndings of all research studies on a chosen environmental topic.
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Findings from studies can be extracted, atomized, and stored,
thereby facilitating retrieval, synthesis and sharing with wide
audiences beyond what is easily achievable with a collection of
written manuscripts. The challenge is to manage and/or summa-
rize research findings so that they can be discovered and re-used
by investigators asking new or different questions. Multiple types
of information from the fields of ecology and environmental science
have been, or could be, cataloged and shared (Table 1). Our focus
is on a specific sub-set of research findings – associations between
two variables.

Associations are of particular interest because they often
provide evidence of underlying causal processes that produced
them. For example, one variable may directly cause another, or
the exact causal web may be complex (Pearl, 2009). Importantly,
associations are raw findings from research studies rather than

the study author’s interpretation of those findings. In environmen-
tal studies, an association typically has three parts: the statistical
dependence (1) between a stressor, driver or condition (2) and
an observed response (3). For example, Mims and Olden (2012),

D license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1
Examples of environmental science contributions, which can be cataloged and shared.

Contribution Example components Challengesa Example existing mechanisms for
sharing and re-use [outside of
publications]

Example benefits of
contributions being shared
openly through online systemsInstitutional

(e.g. ownership
issues)

Technical (complexity
and heterogeneity of
information)

Underlying
data

Data itself (e.g.
geospatial species
distributions, water
quality time series)

.eps .eps Collectors/owners upload data to
repositories (e.g. Dryad), and/or
describe data in registries (e.g.
Ecological Society of America Data
Registry)

Conduct different analyses
than originally intended;
combine multiple datasets to
conduct meta-analyses

Quantitative
descriptions

Models; equations .eps .eps Modelers develop code (or extract
from literature) and share using
source code repositories (e.g.
Github; iemhub.org)

Re-use and/or edit models for
purposes not originally
intended; combine multiple
models into larger simulations
[e.g. integrated assessment
models, virtual or
augmented-reality games
(Costanza et al., 2014)]

Ideas for future
research

“Next steps” section
from manuscripts

.eps .eps No known dedicated mechanisms Organize “next steps” from
multiple studies to identify
knowledge gaps, and guide
future research directions and
funding

Associations
(focus of this
manuscript)

Stressors, responses,
dependence
characteristics,
supplemental
information (e.g. effect
size, level of
replication)

.eps .eps Scientists manually extract
associations from literature and
populate the proposed database
herein and/or the semantic web

Facilitate information
syntheses (e.g. systematic
reviews, meta-analyses,
assessments) identify
knowledge gaps; identify
direct connections between
research[ers] and
environmental improvements

Qualitative
descriptions

Definitions;
explanations of
meaning

.eps .eps Descriptions are chosen,
sometimes from what might be
considered seminal, authoritative
or original sources of information

Reconcile otherwise
controversial meanings (e.g.,
“biodiversity”, “sustainability”)

Species specific
information

Traits; taxonomic
treatments (species,
genus, etc.)

.eps .eps Information is extracted from
literature and/or literature is
semantically enhanced to populate
curated databases and/or
repositories (e.g. AnAge Database
of Animal Aging and Longevity;
Plazi taxonomic treatments)

Feed bio-encyclopedias (e.g.
Encyclopedia of Life) with
contributions; facilitate
meta-analyses; increase re-use
of published information

Basic metadata,
study
attributes

Authors; dates;
keywords; locations;
supporting citations

.eps .eps Citation indexing services develop
and manage bibliographic
databases (e.g. Elsevier’s SciVerse
Scopus; Thomson Reuters’ Web of
Science; Google Scholar)

Search for manuscripts using
authors, keywords, dates, etc.;
calculate impact factor and
h-index
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a = high, = medium, = low (qualitative judgment of authors).

xamining responses of fish assemblages to hydrologic alteration,
ound a statistically significant positive association (dependence)
etween the seasonality of flow regimes (stressor) and the preva-

ence of ‘periodic’ life-history strategists (response) using data from
cross the continental US. A single research study may report mul-
iple associations, with several potential causal agents associated
ith the response, potentially indicative of additive or interac-

ive causation. Supplemental information and study attributes (e.g.
ocation, study design, level of replication, effect size, quality and
trength of the dependence) further aid in interpreting and weight-
ng individual associations in the context of new hypotheses and
nalyses. The extraction of such information from Mims and Olden
2012) is detailed in Webb et al. (2015).

We are developing an open-access, online and machine-

eadable repository of associations, external, but complementary,
o the traditional written manuscript and scientific publication
aradigm. The underlying framework of this exchange (includ-

ng for example, databases and database fields) aims to facilitate
syntheses of multiple studies, allowing derivation of general
and specific ecological responses to a multitude of stressors.
Database fields for an association include two variables (e.g.
stressor, driver, or condition, and the response), their statistical
dependence and supplemental information described above. Exist-
ing databases of associations provide a tangible starting point
for determining how to share this type of information and for
demonstrating the usefulness of sharing associations (see fur-
ther below). However, we conceive of an online repository of
associations as part of the semantic web (Berners-Lee et al.,
2001; Nešić et al., 2011), either with or without centralized
databases. Any individual association (and its sub-component
parts) may ultimately be uniquely identified at its source and made
machine-readable, to be used and re-used for various knowledge

synthesis purposes. Thus, semantically-enabled research findings
can be used across the web (e.g. in environmental encyclope-
dias, models and decision support tools) without necessarily using
databases.
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Fig. 1. Triples. The Resource Description Framework provides a three-part knowl-
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dge management model for storing web information; this is analogous to an
ecological triple” – for example, stressor–response relationships, often found in
nvironmental science literature.

. Analogs

The Plazi repository of taxonomic treatments (plazi.org; Agosti
nd Egloff, 2009) provides an analog to the concept of shar-
ng associations. Plazi works to extract taxonomic information
‘treatments’, including species name, genus, descriptions, mate-
ials examined, distribution, etc.) from literature to populate a
epository. This is implemented by ‘marking up’ or ‘semantically
nhancing’ taxonomic manuscripts – that is, labeling pieces of text
or identification and re-use by machines (Penev et al., 2010). The
omponents of associations are generally more variable or het-
rogeneous than taxonomic treatment information, and therefore
ay be more technically challenging to catalog (see also Table 1).

lazi and related efforts are addressing copyright issues involved
n sharing information extracted from publications (e.g. Agosti and
gloff, 2009; Patterson et al., 2014), and an open exchange of pre-
iously published associations will also require careful attention
o copyright law. However, we question whether this will always
e the case. The proliferation of open access publishing, including
raditionally subscriber-only journals, is making more and more
esearch freely available on the web. Similarly, many national fund-
ng bodies now require all research publications to be open access.
ltimately, the ‘open sourcing’ of ecological data (Parr, 2007), and
ollective buy-in of the greater scientific community – including
ublishers and researchers alike – will drive the sharing of associ-
tions.

The Resource Description Framework (RDF) provides a more
bstract analog, namely, a data model for web-based information
Berners-Lee et al., 2001). An RDF expression has three parts –
ubject, verb and object – comprising a ‘triple’ (Fig. 1). Web infor-
ation can be expressed as collections of triples. An association

etween environmental variables is very similar to an RDF triple.
urthermore, in environmental science, causal webs are sometimes
isually represented as collections of associations (e.g. Fig. 2).

Ideally, efforts to share and use associations or ‘ecological triples’
ill gain some benefit from information science disciplines, which
ave been exploring the concept of triples since the 1990s. At a
inimum, RDF digital storage and visual display mechanisms may

e transferable to ecological triples. Moreover, the RDF knowledge
anagement analog demonstrates the power of depicting com-

lex information about our world by breaking that information into
maller pieces. Consider, for example, the spectrum of potential

nteractions among causes of ecological responses, including addi-
ive and synergistic relationships, and myriad ways of describing
hose relationships. Our above example on responses of fish assem-
lages to hydrologic alteration was simple to catalog. In extracting
icators 53 (2015) 61–69 63

ecological triples from diverse studies, it becomes increasingly
important to dissect information to its simplest components. This
does not limit the usefulness of cataloging associations; rather,
complexity is achieved by connecting multiple triples (e.g., Fig. 2).

3. The rationale

There is a growing pool of under-used science (e.g. Bell et al.,
2009; Howe et al., 2008) that could better contribute to environ-
mental decision-making and research. For example, information
syntheses – as part of systematic reviews (Khan et al., 2003; Pullin
and Knight, 2001), their underlying meta-analyses (Osenberg et al.,
1999; Vetter et al., 2013) and environmental assessment pro-
cesses (Norris et al., 2012; Suter et al., 2010) – are often mired
by two frustratingly inefficient steps: the search for relevant stud-
ies and extraction of findings from each study. The problem partly
lies with the current process of scientific publication; that is,
potentially relevant results are scattered widely across a prolific
literature of variable media, language and quality, making discov-
ery and screening for relevance time consuming and imprecise.
Additionally, the heterogeneous characteristics of ecological data
(Reichman et al., 2011), and associated conclusions that might
underpin decision making, complicate attempts to organize and
synthesize environmental evidence. A comprehensive repository of
associations would help alleviate these problems, by largely elimi-
nating search and extraction steps. Such a change in practice could
cut costs and speed up synthesis, meta-analysis and assessment,
ultimately enabling science to respond on timescales commonly
associated with policy windows and environmental management
(weeks rather than years).

Recent developments in online literature resources demon-
strate how information technology can support and complement
the traditional scientific publication paradigm, and thus highlight
the timeliness of a repository of associations. Thompson Reuters
recently posted a challenge, asking for new ideas for online inter-
action with scholarly content (2013). Similarly, an Elsevier contest,
“Knowledge Enhancement in the Life Sciences” (http://www.
elseviergrandchallenge.com/description.html, accessed 06.01.14)
yielded entries such as Roderic Page’s “Visualizing a scientific
article” concept, which was aimed at technologically unlocking
information from written manuscripts (Page, 2008).

Environmental assessment methods, in particular causal assess-
ment, rely on associations from the literature to develop strength of
evidence analyses to inform research and management (Greet et al.,
2011; Hill, 1965; Norris et al., 2012; Suter et al., 2010). Syntheses
of associations can help support or reject causal hypotheses (diag-
nostic or retrospective assessment). The hydrologic alteration and
fish assemblages example mentioned above – combined with other
environmental associations – might be used to determine poten-
tial candidate causes of river impairment (Ziegler, 2007). Moreover,
in response to calls for ecology to become a more predictive sci-
ence (Peters, 1991), such syntheses hold tremendous promise for
supporting prospective assessment (e.g. risk analysis and scenario
planning).

4. Existing methods and mechanisms for synthesizing
environmental evidence

A global, concerted effort to share associations would build upon
existing technological work in the publication arena and existing
databases that have been developed to support causal assessment.

At least three organizations from different parts of the globe have
simultaneously and largely independently developed methods and
tools for evaluating associations, along with databases that include
atomized findings from environmental studies. The organizations

http://www.elseviergrandchallenge.com/description.html
http://www.elseviergrandchallenge.com/description.html
http://www.elseviergrandchallenge.com/description.html
http://www.elseviergrandchallenge.com/description.html
http://www.elseviergrandchallenge.com/description.html
http://www.elseviergrandchallenge.com/description.html
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Fig. 2. Example conceptual diagram. Illustrates interconnected associations used to visualize the impacts of flow alteration on the biological condition of streams and rivers.
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dapted from Schofield and Ziegler (2007).

re the United States Environmental Protection Agency’s (US EPA)
ADDIS project (Causal Analysis/Decision Diagnosis Information
ystem), the European Union’s (EU) WISER project (Water bodies
n Europe: Integrative Systems to assess Ecological status and
ecovery) and the eWater Cooperative Research Centre’s Eco
vidence project in Australia (Table 2). Once the three projects
ecame known to one another, the US EPA hosted an international
orkshop in October 2009, which brought together researchers,

echnology experts and peer-production/crowdsourcing special-
sts. The workshop resulted in a partnership of scientists and

anagers (of which we are members) committed to linking the
xisting databases, thereby creating a virtual exchange or digital
epository. The partnership provides a foundation for continued
ool development that leverages the association repository, as pro-
osed, for example, under the EU-funded MARS project (Managing
quatic ecosystems and water Resources under multiple Stress;

ee also http://www.mars-project.eu and Hering et al., 2014). The
ollaboration for Environmental Evidence (CEE; also see Table 2)
ecently joined the partnership; we envision the repository sup-
orting CEE systematic reviews. A core group of researchers (from
three continents) continues to meet periodically to move the effort
forward.

The causal assessment methods mentioned above employ sys-
tematic review of literature (Khan et al., 2003) to address questions
of causes and effects in environmental systems. Systematic review
combines results of multiple studies on the same question to
provide an objective and transparent assessment of available evi-
dence. Although most prevalent in the health sector, systematic
review has now spread to other disciplines where research is con-
ducted to inform decision making in policy or practice (e.g. social
sciences and environmental management).

The CEE has developed guidelines for systematic review in
environmental science (Collaboration for Environmental Evidence,
2013), hosts an online library of completed systematic reviews,
and has established an open-access journal Environmental Evidence.
Separately and independently of CEE, the three other organizations

from around the globe established methods and tools for evaluating
evidence of causes and effects in aquatic ecosystems. These range
from questions about specific causation (CADDIS) to general causa-
tion (WISER and Eco Evidence) (Table 2). All four applications use

http://www.mars-project.eu/
http://www.mars-project.eu/
http://www.mars-project.eu/
http://www.mars-project.eu/
http://www.mars-project.eu/
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Table 2
Existing applications and their purpose.

Application Purpose

CEE (see: http://
environmentalevidence.org)
(Pullin and Knight, 2009)

Open collaboration that promotes
and facilitates the conduct and
dissemination of systematic
reviews in environmental
management

US: CADDIS – Causal
Analysis/Decision Diagnosis
Information System (see:
http://epa.gov/caddis) (Norton
et al., 2009)

Method and tools that help
investigators systematically
identify probable causes of specific
undesirable biological effects in
aquatic systems (e.g. a fish kill on a
particular river)

EU: WISER (see: http://wiser.
eu/download/D5.1-2.pdf and
http://wiser.eu/results/
conceptual-models/) (Feld
et al., 2011)

Specific systematic review of
evidence linking common
restoration efforts and their
environmental implications to four
biological quality elements (fish,
benthic invertebrates,
macrophytes and phytobenthos)

Australia: Eco Evidence (see:
http://toolkit.net.au/tools/eco-
evidence) (Norris et al., 2012)

Method and software that help
investigators systematically
synthesize evidence for more
general cause-effect hypotheses

l
t
f
c
(
s

i
c
E
r
e
i
m
r

5

a
m
m
c
T
e
f
i
r
p
t
b
a

(e.g. whether habitat enhancement
can increase fish abundance)

iterature searches to identify relevant research. Associations are
hen manually extracted and synthesized using various approaches
rom simple tallying of papers to quantitative meta-analysis. Con-
eptual diagrams (e.g. Fig. 2) are used to guide literature extractions
Eco Evidence), display results online (CADDIS and WISER), and
ynthesize evidence of causes and effects (WISER).

The CADDIS website provides a general idea about the type of
nformation included in its database of associations (http://epa.gov/
addis, and specifically navigate to the “ICD Application”). The Eco
vidence software (Webb et al., 2011) uses web services to directly
etrieve information from the online Eco Evidence database (Webb
t al., 2012a). The Eco Evidence database catalogs more specific
nformation than CADDIS. Both databases store and utilize online,

achine-readable environmental associations, similar to the “flow
egulation” association example described above.

. Benefits of a digital repository of associations

“. . .[A] traditional biological journal will become just one part
of various biological data resources as the scientific knowledge
in published papers is stored and used more like a database.”
(Bourne, 2005)

“The once-sharp distinction between journals and databases is
beginning to blur.” (Seringhaus and Gerstein, 2007)

The exchange of research findings that we envision will provide
more comprehensive foundation for environmental resources
anagement, help inform development of ecological theory, illu-
inate knowledge gaps to help guide research planning and help

ombat the scientific information landslide (Attwood et al., 2009).
able 3 illustrates some of the potential uses of the repository. Gen-
rally speaking, the academic community benefits from tools that
acilitate rapid summarization of high volumes of relevant find-
ngs. Researchers are typically not looking for papers to read, “but
ather to find, assess, and exploit a range of information by scanning

ortions of many articles” (Renear and Palmer, 2009). In addi-
ion to assisting the academic community, online interfaces have
een developed to retrieve machine-readable associations (see
bove), and subsequently provide summarized research findings
icators 53 (2015) 61–69 65

in a format more readily understood by managers and deci-
sion makers (Webb et al., 2011). This facilitates the ongoing
move toward evidence-based environmental management. It also
improves transparency, as decisions can be traced back to scientific
evidence – in this case, open-access associations.

Looking beyond applications that are already possible, there
are many potential future benefits of an association repository.
Web-based decision support tools, scenario planning tools and sim-
ulation games might one day be connected to machine-readable
associations to improve their scientific underpinning. Users and
contributors of the proposed repository will be able to see who is
entering and using associations, allowing for example, researchers
to more readily find others working in specific areas, with greater
resolution than by using bibliographic information alone. To facil-
itate this, the proposed digital repository of associations could
be connected to researchers’ online profiles (e.g. http://www.
researchgate.net/). Notably, a repository of associations would
likely mirror the existing direction of research, including potential
publication biases. Reuse or analysis of the repository’s information
would need to account for possible biases in a similar way that any
other literature synthesis must. Ideally, however, a repository of
associations might help illuminate where such biases exist, along
with research gaps and understudied – but important – associa-
tions.

At another level, we believe the repository provides a build-
ing block toward more evolved metrics of research impact beyond
currently dominant bibliometric indicators and more recent ‘alt-
metrics’ (Piwowar, 2013; Priem et al., 2010). Unlike other emerging
forms of information sharing in environmental sciences (Table 1),
associations often provide a more direct link to natural resources
management and decision-making. Consider, for example, how
systematic reviews and assessment studies rely on associations
and then provide decision makers with evidence-based guidance
(see above). Such information flows can be tracked in our Web
era (Priem, 2013), potentially with support from existing online
mechanisms being advanced by the altmetrics development com-
munity (e.g. http://impactstory.org/). It is conceivable that explicit
connections will one day trace the path of how a researcher’s work
informed a decision, and subsequently to what extent that research
and decision led to actual outcomes or improvements in envi-
ronmental quality (Fig. 3, Egghe, 2006; Hirsch, 2005). This may
ultimately assist in the struggle to better assess the impact of spe-
cific environmental studies and – on the other hand – to attribute
societal benefits to specific research (Sutherland et al., 2011).

6. Sharing associations faces different challenges than
sharing data

The past decade has seen increasing calls for on-line publish-
ing and sharing of scientific data (Arzberger et al., 2004; Costello,
2009; De Mesquita et al., 2003; Piwowar et al., 2008), including eco-
logical data (Chavan and Ingwersen, 2009; Parr, 2007; Reichman
et al., 2011). However, ecologists have been slow to adopt a more
open attitude to data sharing (Costello, 2009). Challenges include
lack of well-accepted incentive systems for researchers, equiva-
lent to literature citations (Thorisson, 2009), political interference
(Goldston, 2008), difficulty of providing easy access to data (De
Mesquita et al., 2003), confidentiality (Piwowar et al., 2008), exist-
ing research culture (Costello, 2009) and the fear of having novel
conclusions “scooped” by others (Parr, 2007).

Institutionally, researchers may be more willing to share their

findings rather than primary data. Because associations are atom-
ized information from previously published sources, citation of the
original publication is necessary when that information is used.
Sharing of primary data is associated with increased citation rates

http://environmentalevidence.org/
http://environmentalevidence.org/
http://environmentalevidence.org/
http://epa.gov/caddis
http://epa.gov/caddis
http://epa.gov/caddis
http://epa.gov/caddis
http://wiser.eu/download/D5.1-2.pdf
http://wiser.eu/download/D5.1-2.pdf
http://wiser.eu/download/D5.1-2.pdf
http://wiser.eu/download/D5.1-2.pdf
http://wiser.eu/download/D5.1-2.pdf
http://wiser.eu/download/D5.1-2.pdf
http://wiser.eu/download/D5.1-2.pdf
http://wiser.eu/download/D5.1-2.pdf
http://wiser.eu/results/conceptual-models/
http://wiser.eu/results/conceptual-models/
http://wiser.eu/results/conceptual-models/
http://wiser.eu/results/conceptual-models/
http://wiser.eu/results/conceptual-models/
http://wiser.eu/results/conceptual-models/
http://wiser.eu/results/conceptual-models/
http://toolkit.net.au/tools/eco-evidence
http://toolkit.net.au/tools/eco-evidence
http://toolkit.net.au/tools/eco-evidence
http://toolkit.net.au/tools/eco-evidence
http://toolkit.net.au/tools/eco-evidence
http://toolkit.net.au/tools/eco-evidence
http://toolkit.net.au/tools/eco-evidence
http://epa.gov/caddis
http://epa.gov/caddis
http://epa.gov/caddis
http://epa.gov/caddis
http://www.researchgate.net/
http://www.researchgate.net/
http://www.researchgate.net/
http://www.researchgate.net/
http://www.researchgate.net/
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Table 3
Example use cases of digital repository of associations.

Use case description Challenge or question
addressed

Client or beneficiary Output Outcome

EU assessment to guide river
rehabilitation (also see Panel 2)

What are the efficacy and
ecological consequences of
existing restoration projects?

EU member countries
attempting to improve
riparian conditions

Meta-analysis/review of
100 peer reviewed
international articles, 60%
of which were US flow
studies

Better knowledge among
decision makers when
attempting to rehabilitate
rivers in EU; better
understanding of
geographic-based knowledge
gaps in the literature

Site specific causal
assessments of degraded fish
or macroinvertebrate
assemblages in streams

What are candidate causes of
biological impairments? What
stressor levels have been
associated with similar effects
in other studies?

Public or private sector
scientists investigating
causes of undesirable
effects

Summary of relevant
findings from other
locations

More confident attribution of
cause; management actions
more likely to be directed at
true cause(s), and result in
improved biological condition

Systematic review What is the impact of wooded
riparian buffer strips on stream
temperature?

Government policy and
private sector fishing
interest groups

Meta-analysis of effects
and identification of
knowledge gaps

Informed policy development
on climate mitigation
measures for rivers and
streams

Systematic review What is the impact of wind
farm installation on bird
populations?

Government policy and
local planning authorities;
public stakeholder groups

Meta-analysis of effects
and identification of
knowledge gaps

Informed decisions on location
of wind farm installations

Facilitate ‘horizon scanning’ or
trend analysis for emerging
environmental issues
(Sutherland and Woodroof,
2009)

What are emerging stressors
and threats to the
environment, and how should
they be prioritized for research
and policy action?

Governments and
environmental
organizations such as US
EPA (National Advisory
Council for Environmental
Policy and Technology,
2002)

Emerging environmental
threats are preemptively
discussed and incorporated
into governmental
strategies and research
plans

Threats to the environment
and degradation are
proactively avoided

PhD thesis aid, to foster
efficient and targeted research

Why is pollinator insect
abundance dropping?

Primarily academic initially More targeted literature
review in the thesis,
publishable as a
peer-reviewed paper

Improved research planning
for the PhD project. The review
identifies critical research gaps
that can be filled by targeted
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Piwowar et al., 2007), and sharing of environmental associations
lso provides a more direct pathway to increased citation rate
e.g. via their use, and consequent citation, in synthesis studies).
pportunities for increased citation that result from shared asso-
iations may prove a powerful incentive for authors to make such
ndings available. Also, because associations are drawn from previ-
usly published sources already deemed appropriate for the public
omain, concerns over confidentiality or political interference are
educed. Moreover, other researchers cannot scoop conclusions
rom previously published research. Instead, new syntheses of asso-
iations drawn from multiple studies will yield novel conclusions.

Sharing associations may even provide a stepping-stone toward
reater acceptance and practice of data sharing. As explained
bove, we believe that researchers will be willing to share pub-
ished associations. This could combat cultural and institutional
esistance toward scholarly sharing in general. Sharing causal
ssociations also requires technical and logistical innovation (e.g.
ew and improved ontologies) that may be transferable to data
haring and probably other forms of information exchange as
ell.

. Next steps

.1. Mechanisms for sharing associations

To date, associations have been extracted from scientific arti-
les by research and contractor staff, who read chosen studies and

anually enter information into existing association databases (see

bove). This is a labor-intensive process (Webb et al., 2012b), and
ifferent methods are required to achieve the goal of a large-scale,
ustainable exchange. Concurrently, populating databases via any
research in the project

mechanism raises issues of credibility, reliability and bias, particu-
larly if contributed information leads to an environmental decision
involving risk, liability or attribution of blame.

Online crowdsourcing may offer an efficient model for accu-
rately populating and moderating the repository (Fraternali et al.,
2012). In this case, the crowd might be limited to a combina-
tion of study authors, colleagues and students, or enthusiasts
among the general public interested in specific research top-
ics. Contributor authentication and quality control mechanisms
employed by existing online citizen science and crowdsourcing
tools (e.g. Wikipedia and Old Weather quality control: http://
en.wikipedia.org/wiki/Wikipedia:Quality control and http://www.
oldweather.org/faq, respectively) are transferable to crowdsourc-
ing of associations. Moreover, crowdsourcing mechanisms have
produced comparable resources of sometimes better quality and
more up-to-date than those produced by more traditional publica-
tion mechanisms (e.g. Giles, 2005; Reavley et al., 2012).

Manuscript mark-up and text-mining may be used to assist
in extracting associations from legacy research and new studies
(Attwood et al., 2009). Semantic or descriptive mark-up, whereby
terms, phrases, interconnections and other pieces of documents
are annotated and made machine-readable, can be facilitated by
tools such as the Utopia Documents PDF reader (getutopia.com;
Attwood et al., 2010). However, mark-up processes are often dif-
ficult and labor-intensive (Attwood et al., 2009). Natural language
processing (NLP) computer software (Joshi, 1991) has been used
for text-mining medical research (Demner-Fushman et al., 2009),

and may facilitate semi-automatic extraction of associations. We
have had some success using NLP to extract study-level metadata
(Willett et al., 2012), though associations are notably more het-
erogeneous, and therefore more technically challenging to extract.

http://en.wikipedia.org/wiki/Wikipedia:Quality_control
http://en.wikipedia.org/wiki/Wikipedia:Quality_control
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http://en.wikipedia.org/wiki/Wikipedia:Quality_control
http://en.wikipedia.org/wiki/Wikipedia:Quality_control
http://en.wikipedia.org/wiki/Wikipedia:Quality_control
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Fig. 3. From measuring outputs to actual out

ome combination of mark-up, text-mining and crowdsourcing
ay offer the best hope for widespread cataloging of associations.

.2. Interoperability

Standard data structures and web services allow for sharing of
achine-readable associations among different sources (e.g. the

hree existing databases described above) and facilitate the devel-
pment of different tools that search for, download and synthesize
esearch findings. US EPA and eWater Cooperative Research Cen-
er (CRC) representatives met in March 2011, to begin developing a
tandard ‘Ecological Exchange Language’ (EEL) for the repository of
ssociations. Database fields that comprise an association are some-
imes qualitative (e.g. classification of cause and effect), requiring
standardized and controlled vocabulary for options in such fields

e.g. a list of recognized causes with definitions of each). Terms and
efinitions have been largely drawn from an existing environmen-
al ontology, EnvO (http://environmentontology.org). Using terms
rom EnvO avoids duplication of effort and aligns the vocabulary in
he repository with a more widely used ontology.

.3. Sustainable and interdisciplinary business model
The project partners would like to develop this concept to
he point where it can be transferred to an existing or yet-to-
e founded international non-profit organization or consortium.
n international organization, such as CEE or the United Nations
or improvements in environmental quality.

Intergovernmental Platform on Biodiversity and Ecosystem Ser-
vices (IPBES; http://www.ipbes.net/), may provide a framework
and infrastructure that could support and nurture the concept. Non-
profit organizations with similar overall goals, such as medicine’s
Cochrane Collaboration (http://cochrane.org) may provide appro-
priate business model examples. Disciplinary individualism (Abbot,
2009) complicates matters. In addition to expertise in environ-
mental science, technical, managerial and executive understanding
of new and emerging technology will be required for the pro-
posed concept to succeed (Kietzmann et al., 2011). Genomics has
managed to take advantage of new information technology tools,
although this may partly be due to genomics’ more manageable
data (Parr et al., 2012) compared to challenges associated with
ecological information. In our opinion, concerted sharing of asso-
ciations will help ecology mature as a science, with help from the
information science community and more digitally advanced dis-
ciplines such as genomics.

8. Conclusion

We see tremendous potential for digitally sharing associations
– namely, to increase the value of published research, catalyze
synthesis studies, derive new knowledge from existing literature

and better connect science to decision making. We have described
existing and potential benefits of a repository of associations, and
we believe other benefits will emerge as the concept evolves.
Although we concentrate on ecology and environmental science,

http://environmentontology.org/
http://environmentontology.org/
http://environmentontology.org/
http://www.ipbes.net/
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haring associations would apply equally well to other disciplines.
n initiative such as we describe would not have been possible
0, or even 10 years ago, because today’s information technology
ools and online culture did not exist. We believe the community of
nvironmental scientists and managers would benefit by embrac-
ng these new counterparts to the traditional research paper. This

ould allow a repository of associations to reach the critical mass
ecessary to become self-sustaining, and ultimately provide the

oundation of a more evolved research process.
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