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Ecological databases continue to grow in volume, breadth and complexity. Higher level
descriptions of data (i.e., metadata) and information derived from subsequent data
processing and analyses (i.e., “meta-information” in the broadest sense) are essential for
understanding and using the increasingly complex and voluminous data and information.
The concepts of meta-information, in general, and metadata, in particular, have evolved in
concert with the increasing needs for functionality by the community. From a scientific
perspective, metadata may be characterized as having developed from initially supporting
data discovery; to facilitating acquisition, comprehension and utilization of data by
humans; and, most recently, to beginning to enable automated data discovery, ingestion,
processing and analysis via metadata-enabled scientific workflow systems. The continued
conceptual and operational developments in metadata required to support comprehensive
automated scientific workflow systems portend many challenges and opportunities. For
example, there are significant opportunities for collaboration among ecologists and
computer scientists in developing domain-specific controlled vocabularies and ontologies
that provide the basis for semantic mediation—the “glue” technologies that enable
automated data discovery, ingestion, processing and analysis. Similarly, there are
opportunities for computer scientists and engineers to develop new mechanisms that
support automated metadata encoding—such as providing the information that would be
necessary to understand the end-to-end flow of sensor data from in situ data collection,
streaming through quality assurance filtering, aggregation, transformation and additional
processing, analysis, and publication of digital products. As the technologies mature, we
still have many sociological barriers to overcome including the needs for increased
attention to software usability testing and engineering to enhance user-friendliness of
metadata management software, new capital investments in ecological data archives,
and increasing the metadata management benefit–cost ratio for the average scientist via
incentives and enabling tools.

© 2005 Published by Elsevier B.V.
1. Introduction

Ecology is defined as the study of organisms in relation to
their environment, including the many possible interactions
among organisms (e.g., predation, parasitism, and predation).
Ecological data encompass the biological, chemical, physical
and social sciences and many of their sub-disciplines. Be-
cause of the complex interactions among organisms and be-
hed by Elsevier B.V.
tween organisms and their environment, ecology has evolved

as a science and increasingly addresses questions at broader
spatial and temporal scales, and at multiple scales of biolog-
ical organization—i.e., the full range of “biocomplexity” (Mich-
ener et al., 2001). Expansion of the depth, breadth and
complexity of ecology has been accompanied by significant
changes in the types, magnitude and complexity of data that
are acquired and analyzed by ecologists.
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The term “meta” is commonly used to denote a higher
level description. Thus, metadata refers to a higher level de-
scription of data and meta-analysis indicates a higher lever
description or synthetic analysis of multiple analyses. Over
the past two decades, there has been an increased awareness
of the importance of such meta-information about ecological
data, information and analyses. Much of the recent focus has
been on developing metadata standards and associated soft-
ware to facilitate management and understanding of the
large, diverse and complex data collected as part of the eco-
logical scientific enterprise. In this paper, I define metadata
and summarize how the meta-information concept has
evolved operationally over the past two decades. Finally, I
present some of the challenges and opportunities associated
with further enriching ecological meta-information and pro-
vide a vision for future meta-information.
2. Metadata—a definition

Metadata may be defined as “information about data”—i.e.,
the information required to understand data, including data
set contents, context, quality, structure, and accessibility
(Michener et al., 1997). In short, metadata describe the “who,
what, when, where, and how” about every aspect of the data.

Metadata benefit science in many ways (Michener, 2000;
Scurlock et al., 2002a). First, data longevity is increased. Com-
prehensive metadata counteract the natural tendency for
data to degrade in information content through time (i.e. in-
formation entropy sensu Michener et al., 1997; Fig. 1). This is
particularly important for long-term studies where the data-
base outlives the original investigator or where data are col-
lected by scientists from many disciplines over a broad area,
requiring considerable data integration and synthesis. Sec-
ond, data reuse by the originator and data sharing with others
are facilitated. Scientists often find that a data set they previ-
ously collected for a specific purpose can be reused to answer
new questions. Sufficient documentation of sampling and
analytical procedures, data quality, and data set structure
are necessary so that the data can be correctly interpreted or
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Fig. 1 – Illustration of the natural degradation in information
content associated with data andmetadata—information en-
tropy (from Michener et al., 1987, by permission of the Eco-
logical Society of America).
reinterpreted. Third, well-documented data may be used to
expand the scale of ecological inquiry. Examples include data
sets from short-term studies that evolve into long-term data
sets (Magnuson, 1990) and data sets that are used to address
unanticipated questions.
3. Evolution of the metadata concept

From an operational perspective, the concept of “metadata”
has evolved to include support for the increased functionality
needed by the scientific community. There are at least three
levels of increasing metadata functionality that may be easily
categorized from a scientific perspective:

(1) support data discovery;
(2) facilitate acquisition, comprehension and utilization of

data by humans; and
(3) enable automated data discovery, ingestion, processing

and analysis.

Data discovery is the most basic level of functionality that
metadata can support. For most studies, a scientist will first
be interested in ascertaining whether pertinent data already
exist. Prior to the 1990s, such data discovery was frequently
accomplished via word-of-mouth (e.g., presentations at meet-
ings, information exchange with professional colleagues) or
the “Methods and materials” section of publications. As re-
search organizations evolved and the ecological sciences
community expanded, it sometimes became necessary to
“catalog” the various databases that were being collected
and maintained within organizations and networks of orga-
nizations. For instance, a data set catalog was created and
published in 1990 for the United States Long-Term Ecological
Research (LTER) Program to provide basic metadata (e.g., title,
data originator, abstract, spatial and temporal context, key-
words, contact information and usage constraints) for the
bourgeoning number of LTER data sets (Michener et al.,
1990). This publication provided an initial mechanism for
supporting discovery of LTER data and served as the basis
for future automated approaches.

Advances in database andweb-based technologies enabled
traditional published data catalogs to be replaced by electron-
ic and searchable data catalogs and data directories (e.g.,
Kanciruk et al., 1999). Presently, many such databases that
support data discovery are available through the web and
provide numerous searching options (e.g., keyword, data,
and location). Examples from the United States include
NASA's Global Change Master Directory and the USGS Nation-
al Biological Information Infrastructure. These databases pro-
vide either a controlled vocabulary or a thesaurus that
facilitates the standardization of keywords and subsequent
data discovery. Many scientists now routinely use commercial
search engines for their searches, including discovery of eco-
logical data, although data directories and data catalogs pro-
vide important functionality and many offer value-added
options that are not available through commercial search
engines.

Manual data acquisition, comprehension and utilization require
much more metadata than is needed to support data
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discovery alone. In addition to basic data set descriptors that
may be required for a data directory or data catalog (e.g., data
set title, associated scientists, abstract, and keywords) a sci-
entist needs access to all relevant metadata that relate to:

(1) the research context (e.g., hypotheses, site characteristics,
experimental design, and research methods);

(2) the status of the data set and information related to data
accessibility;

(3) the physical structure of the data; and
(4) facilitating comprehension and utilization, including rele-

vant data citations (Michener et al., 1997).

Content standards for ecological metadata have been rela-
tively slow to emerge and be broadly adopted, although this
trend is changing with the increased recognition of their
value. Possibly the earliest listing of metadata descriptors for
ecological data was published in 1987 and included 30 unique
parameters that encompassed facets related to the research
context, accessibility, and physical structure of data (Mich-
ener et al., 1987). This was followed by two related activities
associated with scientists in the United States LTER Network:
(1) the aforementioned LTER core data set catalog (Michener et
al., 1990) and (2) an effort to establish LTER documentation
standards (Kirchner et al., 1995).

The next comprehensive set of metadata descriptors for
ecology was published a decade later and included 64 unique
metadata descriptors (Michener et al., 1997). These metadata
descriptors represented a revised listing that was derived
from a seminal research effort (Michener et al., 1995) sup-
ported by the Ecological Society of America's Committee on
the Future of Long-term Ecological Data (FLED, chaired by Dr.
Katherine Gross)—the goal of which was to better preserve
valuable ecological data well beyond the lifetime of the data
originator. The ecological metadata descriptors have served
as the standard for data papers submitted to Ecological Archives
(the Ecological Society of America's electronic journal that
publishes data and other materials that supplement the
print journals).

It is noteworthy that the activities of the FLED commit-
tee and associated publications coincided with similar
efforts by the United States Federal Geographic Data Com-
mittee to establish metadata standards for geospatial data
(Federal Geographic Data Committee, 1994, 1998)—efforts
that preceded the development of international metadata
standards for geospatial data (Technical Committee ISO/TC
211, 2003). In a related effort, the USGS NBII added numer-
ous metadata descriptors to enhance the value of the geos-
patial metadata content standards for the biological and
ecological sciences (FGDC Biological Data Working Group
and USGS Biological Resources Division, 1999; Frondorf et
al., 1999).

Automated data discovery, ingestion, processing and analysis
require comprehensive and structured metadata. Ecological
Metadata Language (EML) is a comprehensive metadata stan-
dard that is particularly applicable for a broad range of eco-
logical data and is sufficiently structured to support many of
the automated functions listed above (Jones et al., 2001,
Fegraus et al., 2005). EML is organized into a suite of modules
(e.g., “dataset”, “access”, “physical”, “party coverage”, “proj-
ect”, “methods”, “physical”, “attribute”, “datatable”). The
modules significantly enhanced the granularity and expand-
ed the number of ecological metadata descriptors previously
identified (Michener et al., 1997), as well as those descriptors
included in the USGS Biological Data Profile (FGDC Biological
Data Working Group and USGS Biological Resources Division,
1999) and other relevant standards. The modules include
descriptors that support:

(1) data discovery (e.g., theme and spatial, temporary and
taxonomic domains of the data set and its accessibility),

(2) interpretation and appropriate use (e.g., research objec-
tives, experimental design, sampling procedures, site se-
lection, parameter descriptions and units, and data
processing [semantics]), and

(3) automated use (e.g., structural attributes of the data [sche-
ma] and format of the data [syntax]).

EML is implemented in XML (eXtensible Markup Language),
which defines the structure of the text file that contains the
metadata and is machine-parsable. EML is, therefore, well
suited for research applications ranging from simple data
discovery to advanced data processing and can be modified
to meet domain-specific needs. A variety of software tools
have been developed to support EML-compliant metadata
entry andmanagement (i.e., Morpho andMetacat; see Fegraus
et al., 2005). More information on EML and associated meta-
data tools can be found at www.ecoinformatics.org, a com-
munity-based resource for ecoinformatics information and
software.

EML provides a framework for scientists to encapsulate
rich semantic descriptions of data in their metadata, includ-
ing, for example, units of measurement, sampling area, and
precision. Software can then be encoded to ingest semantical-
ly enriched data and to automatically perform various trans-
formational and analytical steps such as converting soil
temperatures in Fahrenheit to Celsius or calculating density
of organisms per square meter based on the number of organ-
isms in a sampling quadrat and the size of the quadrat. Such
capabilities represent a subset of the functionality offered by
comprehensive metadata-enabled scientific workflow sys-
tems. For example, the Kepler workflow system is being de-
veloped to support automated data ingestion, data
transformation, and analyses, as well as capture and retain
the details of the end-to-end procedure, thereby enabling re-
producibility and reusability (Michener et al., 2005; Penning-
ton and Michener, 2005). A principal objective of the Kepler
workflow system is to create a smart analytical environment
whereby most routine data processing steps including data
discovery and ingestion, data transformation steps, quality
assurance and quality control, as well as many analyses can
be largely automated, thereby freeing the scientist to perform
other activities.
4. Challenges and opportunities

The automation of data discovery, ingestion, processing and
analysis afforded by enriched and structured metadata, cou-
pled with scientific workflow systems will transform

www.ecoinformatics.org
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ecology. One can easily envision a future whereby data,
metadata and scientific workflows are integrated into infor-
mation products that are transferred in their entirety to
interested parties and, even, routinely associated with peer-
reviewed publications to facilitate verification, enable scien-
tific use by others, and serve education needs. Such a future
will afford many opportunities, but will also entail costs.

In the short-term, there is much enabling research that is
needed to support the continued development of comprehen-
sive workflow solutions. First, there are significant opportuni-
ties for ecologists to work collaboratively with computer
scientists in developing the controlled vocabularies and ontol-
ogies that provide the basis for semanticmediation—the tech-
nologies that underlie smart data processing and scientific
workflow systems. Second, there are many opportunities for
computer scientists and engineers to develop new concepts
and mechanisms that support automated metadata capture.
Fig. 2 illustrates an end-to-end multi-step scientific process
whereby sensor data are ingested, filtered, transformed, ana-
lyzed and converted into publishable information products,
each step of the process being accompanied by the automated
capture and encoding of relevant metadata. Many of the steps
are iterative and highlight the fact that metadata acquisition
can be a dynamic, long-term process, especially when the
data are required for long-term ecological hypothesis testing,
forecasting and prediction.

It has been previously argued that a useful goal for meta-
data is for it to enable comprehension and use of data by
those other than the data collector for a minimum of 20
years after the data were archived, based solely on the infor-
mation provided in themetadata (NRC, 1991). Such a goal may
now seem too conservative as long-term research programs
are unraveling multi-decadal phenomena (Magnuson, 1990).
Regardless, most scientists recognize that incomplete and
inadequate metadata are a significant technical barrier to
data integration and analysis efforts (Hale et al., 2003; for
best practices, see Michener, 2000 and Cook et al., 2000).
Such recognition is often taken to mean that “more metadata
is always better.” On one hand, it is true that functionality
improves with increasing quantity, quality and structure of
metadata. Conversely, though, more, higher quality and bet-
ter structured metadata are costly, especially in relation to
personnel time. For example, academia does not adequately
reward the time and energy required to comprehensively doc-
ument a database or information product, preferring instead
to assign a much higher value to funded grants and peer-
reviewed publications. In addition, there are very few public
archives where scientists can deposit data and metadata
(Olson and McCord, 2000; Scurlock et al., 2002b) and the soft-
ware tools that support metadata acquisition and manage-
ment have been developed by sophisticated computer
programmers for a technically adept user group and are, ar-
guably, not especially user-friendly. Clearly, every challenge
can also represent an opportunity and these last two chal-
lenges argue for more attention by funding agencies and the
scientific community to support ecological data archives and
to support the software usability engineering and testing that
are normally required for good commercial-off-the-shelf
software.

There are many scientific benefits to be gained from con-
tinued evolution and enrichment of metadata and the meta-
information concept. We must, however, work to provide
more compelling incentives like automated scientific work-
flow systems that benefit scientific productivity, instill a dee-
per appreciation for the value of meta-information via
education, and ease the burden associated with providing
data and metadata. In doing so, it may be useful to recognize
that frequently “more and better” can be the enemy of the
“good enough”—meaning that mandates for more compre-
hensive metadata may disenfranchise scientists unless such
mandates are accompanied by real and tangible benefits (Por-
ter and Callahan, 1994; Callahan et al., 1996) and unless sig-
nificant attention is given to easing the burden of providing
metadata (e.g., enhanced software usability, increased auto-
mation of metadata encoding).
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