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Abstract

The Global Lake Ecological Observatory Network (GLEON) is a grass-roots network of people, data, and observato-
ries. The network represents a unique effort to bring together a diverse community of scientists, engineers, information
technology experts, and engaged stakeholders to understand, conserve, and predict the state of lakes and reservoirs
globally. Individuals and teams in GLEON have generated a range of scientific, educational, and outreach products,
from software tools to scientific publications to education modules and programs. This special issue of Inland Waters
brings together a series of papers generated from the network. Here, we discuss the foundations of GLEON that have
facilitated these publications and others like them in terms of network structure, research areas, and the threads that tie
the network together. GLEON is underpinned by sophisticated analytical tools and a network of high-frequency in situ
observatories that exploit advanced sensors and associated technologies. This approach expands the space and time
domains available to inquiry and analysis of lake processes. Using team science, the network has also established a
culture of collaboration, sharing, and trust. This flexible framework allows GLEON members to advance research on a
range of topics and has led to an increasing number of collaborative cross-site products. Future success will depend on
the network’s ability to continue to facilitate the successes of its members while also being responsive to evolving
member needs, technologies, and societal priorities.

Key words: buoy, Global Lake Ecological Observatory Network (GLEON), high-frequency, lakes, network
science, sensors, team science

Introduction

Environmental research is  changing rapidly.
Empowered by technological advances in sensors and
information technology (Porter et al. 2009, 2012,
Benson et al. 2010, Michener and Jones 2012) as well
as cultural shifts in data sharing and stewardship
(Hampton et al. 2013, Soranno et al. 2015), environmental
research is now generating insights into processes
previously not measurable at radically expanded
temporal and spatial scales. To harness these advances,

funding agencies, ecologists, and other researchers are
organizing network-based approaches to collaborate
and conduct macrosystem-scale research (Hanson
2007, Cheruvelil et al. 2014, Heffernan et al. 2014,
Goodman et al. 2015, McDowell 2015). The Global
Lake Ecological Observatory Network (GLEON)
represents one effort to leverage these analytical tools
and build a productive, innovative, and collaborative
culture to better understand and manage our natural
resources and the ecosystem services they provide
(Weathers et al. 2013, Hanson et al. 2016).
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Following its inception in 2005, GLEON has
developed a productive, ever-evolving model of
networked science. GLEON can be viewed as 3
overlapping and mutually dependent networks—people,
data, and lake observatories (Weathers et al. 2013, Hanson
et al. 2016)—that provide the foundation for conducting
innovative research, education, and outreach. Individual
membership in GLEON has grown steadily over the last
few years, and at the time of publication of this special issue
of Inland Waters exceeds 500 individual members from
more than 50 countries. GLEON-affiliated observatories are
located on more than 60 lakes across 6 continents and 34
countries (www.gleon.org). GLEON also maintains a
repository of data from hundreds of lakes, as well as basic
information on millions of lakes around the world
(Hanson et al. 2016). Therein lies one of the challenges
for the organization: how to better coordinate, synthesize,
and enable sharing and dissemination of the data from this
diverse network of sites and data types.

The international, grass-roots model of GLEON offers
a unique model for conducting science across large spatial
extents using heterogeneous data (Hanson 2007). Because
GLEON is grass-roots, there is little top-down coordina-
tion or standardization of sensors or protocols. This lack
of standardization introduces some degree of heterogeneity
in data quality and availability, which can complicate data
synthesize across systems (Hampton 2013). At the same
time, this grassroots approach facilitates member
participate and contribution, thereby encompassing a large
number of participating sites and researchers from diverse
backgrounds.
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GLEON research is underpinned by a network of high-
frequency in situ observatories containing a number of
different kinds of sensors (McBride and Rose 2016).
Sensors are used to measure in sifu aquatic characteristics
but are also commonly deployed to measure terrestrial and
atmospheric  processes and  characteristics  (e.g.,
meteorology). Sensors to measure abiotic characteristics,
such as temperature and light, are common. Many sensors
also measure chemical characteristics, such as dissolved
oxygen and pH. Sensors to measure biological characteristics
are less common, in part because of a lag in their
development. Although sensors exist for chlorophyll fluo-
rescence and phycocyanin, the sensing of organisms, par-
ticularly at taxon or species level, is still in its infancy
(Hussey et al. 2015).

More important than the data within the network,
however, is the successful framework for doing
collaborative science that GLEON provides. It is
grass-roots and people-focused, which enables innovation
by all participants. It embraces the diversity of sites,
sensors, and the people inherent in the global community
(Weathers et al. 2013). It harnesses local infrastructure,
funding, and a global outlook with diverse perspectives.
Cumulatively, this approach has fostered a healthy,
collaborative, and innovative atmosphere among
members, which has in turn supported high productivity.
In addition to the publications contained within this
special issue, at current count, GLEON has more than 100
other attributed peer-reviewed publications.

The nature of GLEON products has evolved over time.
Early peer-reviewed outputs of the network included
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Fig. 1. GLEON-attributed peer-reviewed publications through time. Early network peer-reviewed outputs included many perspective papers,
reviews, and research studies based at a single site or region. More recently, publications have increasingly taken advantage of sensor data from
(a) many different sites and regions and (b) involved author contributions from many different, often internationally distributed, researchers.
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many perspective papers, reviews, and research studies
based at a single site or region. These products set the
stage for GLEON, articulating the need for network-based
environmental research, and providing “proof-of-concept”
examples of research that capitalized on observatories
outfitted with high-frequency sensors (e.g., Tilak et al.
2007, Benson et al. 2008, Tsai et al. 2008). More recently,
GLEON publications have increasingly taken advantage
of sensor data from many different sites and regions and
have involved author contributions from many different
career stages and often internationally distributed
researchers (Fig. 1; e.g., papers in this special issue). This
evolution is attributed to the maturation of the network. It
shows the growing interconnectedness of GLEON collab-
orations and how teams have been able to capitalize on the
strength and diversity of network data and multi-site
comparisons. These trends also highlight the importance
of the people component of the network (Weathers et al.
2013, Cheverulil et al. 2014, Hanson et al. 2016) and the
length of time it takes for highly collaborative, multi-site
products to emerge. Although the evolution of the network
has taken years, the outcome is an ability to effectively
use datasets from across the globe to achieve a diversity of
sites required to rigorously test key research themes
(Weathers et al. 2013).

Trust between and among individual members is key
to building a productive community because some of the
biggest challenges in coordinating network science lie in
the social dynamics (Hanson 2007, Weathers et al. 2013,
Cheverulil et al. 2014, Read et al. 2016). To that end,

GLEON has emphasized a team science approach to
maintaining and growing an active, vibrant, and diverse
community of scholars (Weathers et al. 2013, Read et al.
2016). Team science is a framework designed to
understand and enhance the outcomes of large-scale col-
laborative research and training programs (Stokols et al.
2008, Cheruvelil et al. 2014, Cooke and Hilton 2015).
Within GLEON, team science is exemplified by a number
of attributes, including the promotion of cross-disciplinary
collaborations, leadership and systems thinking, effective
project management, cultural sensitivity, emotional
engagement, and the assessment of successes, which are
applied to facilitate effective team collaborations (e.g.,
Read et al. 2016).

Networked research is expanding the temporal and
spatial domains of environmental research and the
products that stem from it (Fig. 2). Typically, traditional
environmental approaches have focused on understanding
processes that operate on a temporal and spatial scale
convenient for human observation and publication. This
spatial scale ranges from a single point in space to on the
order of about a kilometer or two; the temporal scale
typically ranges from about an hour to a year or two. High
frequency observatories are expanding the scope of
observation to increasingly shorter time steps: sample
frequencies on the order of about a minute are now
common. At the same time, long-term deployments of
these high-frequency observatories are expanding obser-
vations to decades or longer. For example, some of the
longest operating GLEON-affiliated buoys have now been
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Fig. 2. Environmental processes and interactions (in gray) operate across a series of time and space domains, with processes that operate at
broader spatial extents also typically operating at longer temporal frequencies (Stommel 1963, Delcourt and Delcourt 1988). Traditional
ecological research (solid box) has been constrained to a space—time domain convenient for human observation. Contemporary networked
research (dashed box), which depends in part on high-frequency observatories, expands this observation domain, enabling novel research and
insights into environmental processes and interactions at much-expanded spatial and temporal scales.
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deployed for more than 25 years, and the US-based
National Ecological Observatory Network (NEON) is
planning for measurements longer than 30 years. The
expanded spatial and temporal observation windows
expand the processes and characteristics that can be
studied because frequency and spatial extent often co-vary
(Stommel 1963, Haury et al. 1978).

Because it is a grassroots network, not every unique
combination of lake characteristics is represented in
GLEON; however, network research that occurs across
many sites is enabling insights into processes, relationships,
and trends at the macrosystem scale (Heffernan et al.
2014). Networked research based on high-frequency
observatories is only one piece of the technological
portfolio enabling this broader world view, however.
Other approaches, such as remote sensing, are providing
near-comprehensive global spatial coverage (Olmanson et
al. 2015). Application of satellite remote sensing to inland
waters has been relatively limited to date, but new
satellites are enabling shorter return times, broader
spectral coverage, and improved algorithms for retrieval
of water quality information (Olmanson et al. 2015).
Whereas remote sensing expands environmental science
research’s spatial capability through monitoring, paleo
records and process-based simulation models are
expanding interpretation of temporal scale far into the past
and future, respectively (Williamson et al. 2009, Hamilton
et al. 2015). In addition to these emerging technologies,
incorporating data available from citizen science groups is
also increasing the ability of scientists to ask and answer
questions at broad spatial and temporal scales (e.g.,
Hochachka et al. 2012). Coupling technologies such as high-
frequency autonomous in situ sensing with process-based
simulation models and remotely sensed imagery (e.g., from
satellites and/or aerial vehicles) may enable future research
to leverage the strengths of each of these methods and
override the limitations inherent to any single approach
(Hampton 2013, Weathers et al. 2013, Hamilton et al. 2015).

GLEON research is conducted on a number of topics
by diverse research teams. While GLEON has a mission
(Weathers et al. 2013), the network has no set research
agenda. Rather, the network provides the platform and
environment through which teams can ask and answer
research questions. This process leverages the intellectual
and data resources each member brings with them. This
special issue highlights just a small fraction of the
research, education, and outreach conducted by and with
GLEON members. Some GLEON research is still
conducted using single lakes but by using tools and
techniques that leverage the networks of individuals and
sensors, with an emphasis on high frequency sensor
measurements. For example, research exploring the relation-
ships between water column stability and phytoplankton

(Yang et al. 2016) and among water temperature,
chemistry, and a massive fish kill (Kangur et al. 2016)
uses high-frequency sensor measurements to yield new
insights applicable beyond the shores of these single lakes.
Similarly, research on how an Irish lake responded to an
extreme precipitation event (de Eyto et al. 2016)
leverages network capabilities and extends previous
GLEON member research on how extreme episodic
weather events such as hurricanes affect lakes (Jennings
et al. 2012, Klug et al. 2012).

Beyond research at single sites, GLEON members are
increasingly  producing  research  that  presents
comparative results gleaned from research across many
sites. Multi-site research enables a more contextual and
hierarchical understanding of ecosystem phenomena. For
example, Kuha et al. (2016) used high-frequency sensor
data to assess the impacts of weather-induced episodic
mixing events on 8 boreal lake ecosystems and found
that the effects of episodic events can depend on lake
trophic status. In a study using high-frequency data from
15 lakes spread across 3 continents, Stachr et al. (2016)
demonstrated that gross primary production is frequently
light limited, but similar to Kuha et al. (2016), trophic
status is a key predictor of how frequently light limitation
occurs. Finally, Brentrup et al. (2016) used data from
profiling buoys in 11 lakes to assess the complexity of
spatiotemporal patterns in chlorophyll fluorescence,
thereby extending the phytoplankton growth model
(Sommer et al. 1986) to explicitly include physical
controls that regulate the formation of subsurface
chlorophyll maxima. The work of Brentrup et al. (2016)
also highlights the growing application of profiling in-
strumentation, which enables researchers to actively
monitor dynamics occurring throughout the water
column rather than depending on instruments passively
collecting data at only a single depth. Sensors placed at a
single depth can often miss important phenomena
separated from the collecting sensor by spatially hetero-
geneous conditions, such as thermal (density) stratifica-
tion. By contrast, profiling systems can produce a much
better assessment of “whole lake” dynamics (McBride
and Rose 2016). Using a profiler to assess whole-lake
characteristics assumes horizontal variability across a
system is minimal, which may or not be true, depending
on the characteristics of the ecosystem and the parameter
being measured. For example, research conducted at
GLEON sites shows that ecosystem metabolism can be
highly heterogeneous both within the water column as
well as horizontally across lakes (Van de Bogert et al.
2012, Rose et al. 2014).

GLEON has frequently been used as a test-bed to
compare existing methods as well as develop and test new
methods to quantify difficult-to-measure characteristics.
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Methods frequently incorporate high-frequency sensor
observations, which provide the opportunity to explore
relationships across the time domain. For example, Knoll
et al. (2016) compared methods to characterize lake
phosphorus cycling across 3 GLEON sites using high-
frequency measurements of dissolved oxygen. Honti et al.
(2016) developed a novel approach to characterize lake
ecosystem metabolism by coupling high-frequency
dissolved oxygen and chlorophyll fluorescence sensors.
Finally, Dugan et al. (2016) used GLEON site data to
compare a series of gas flux models and demonstrate how
model choice affects estimates of CO, flux.

GLEON is also the source of a growing body of
software tools, packages, and programs that make large,
heterogeneous datasets more accessible and interpretable
to a broader array of scientists, educators, and the public.
For example, Winslow et al. (2016) present an open-source
R package that allows the user to implement multiple
models to quantify lake metabolism, which can be used to
understand the carbon budgets of lake ecosystems. This
new tool joins other successful GLEON software
products, including Lake Analyzer (Read et al. 2011) and
Lake Heat Flux Analyzer (Woolway et al. 2015). When
paired with open data, these software tools present the
opportunity to generate large, macrosystem-scale insights
into environmental processes and relationships (Read et
al. 2016). GLEON is committed to open-source
development and maintains a repository on Github. An
important software product developed by GLEON members
is the General Lake Model (GLM; Hipsey et al. 2013). This
process-based simulation model enables users to simulate
the hydrodynamics of inland and coastal waterbodies. True
to the ethos of GLEON, it is open source and freely available
(http://aed.see.uwa.edu.au/research/models/GLM/). GLM’s
rapid uptake by the modeling community is resulting in
new tools to project the possible physical, chemical, and
biological futures of our lakes.

Many GLEON members have a strong commitment to
outreach and involvement of communities directly with
the research or in its outcomes as well as publishing
domain science in peer-reviewed journals and creating
open-source programs and models. Since early in
GLEON’s existence, engagement with nongovernmental,
not-for-profit, management, and outreach and education
groups has been a priority for many individuals. This
engagement started with the Lake Sunapee Protective
Association (LSPA), an outreach and education organiza-
tion, and the Lakes Water Quality Society (Rotorua, New
Zealand). Both organizations have hosted events
associated with GLEON meetings and provided opportu-
nities for direct interactions of GLEON members with
their members. The LSPA and a partner researcher
realized that publicly available lake buoy data could

promote direct and informed dialog between LSPA
members and the research community. High-frequency
environmental sensor data are also used in various ways
by many other citizen and management groups (see Smyth
et al. 2016), ranging from monitoring water supplies for
major urban areas (Effler et al. 2014) to making
predictions about the timing and extent of cyanobacterial
blooms and assessing when recreational activities might
be best timed (e.g., sailing). Around the world,
self-organized citizens groups and management agencies
increasingly represent an important component of
GLEON’s outreach program.

Almost one-third of GLEON members are graduate
students. GLEON’s Student Association (GSA), which
evolved as a grassroots grouping in 2007, is a driving
force in GLEON products as well as activities (Weathers
et al. 2013). The GSA also leads early career training
sessions at every “all-hands’ meeting” on topics ranging
from leadership to modeling and novel analyses of high
frequency data to communication with the public. Further,
the GLEON Graduate Student Fellowship Program (Read
et al. 2016) is an innovative 1.5-year training program for
cohorts of ~12 graduate students, designed to transform
the ability of scientists-in-training to lead and operate
effectively as members of interdisciplinary teams to tackle
complex environmental problems. The goals include
hands-on training and development of new tools in
complex data analysis and synthesis, as well as modeling,
and increasing the skill of students and confidence in
international, interdisciplinary, and cross-lab teams
through the development of competence in communica-
tion and active participation in an existing network of
people, data, and technologies (Read et al. 2016). Publica-
tions from the first cohort of GLEON Fellows demonstrate
the range of topics broached and skills honed by these
students (e.g., Read et al. 2015, 2016, Dugan et al. 2016,
Winslow et al. 2016) as well as software products (e.g.,
Winslow et al. 2013). The Fellows program is flexible,
modular, and extensible.

The range of GLEON products is a testament to the
network’s diverse community and the excitement the
network has generated. But can this be sustained? Where
does the network go from here? Continued evolution is a
requirement, but not guarantee, of future relevance and
successes. Technologies can become obsolete; priority
research and management topics change. Culture, we
argue, is the most important feature of the network for
maintaining its role leading networked lake science. By
facilitating the successes of individual members, GLEON
is successful now. By also learning and embracing
changes as they emerge, the network is flexible and
adaptive, which will enable it to respond to new
challenges and opportunities in the years ahead.
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