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Abstract

Sharing data is a keystone of collaborative sci-
ence. A fundamental barrier, however, can be 
a lack of knowledge on what is being collected, 
where, and by whom. The aim of NETLAKE 
(COST Action ES1201) was to build a network 
of sites and individuals to support development 
and deployment of automatic sensor-based 
systems on lakes and reservoirs in Europe. To 
support this, NETLAKE developed a meta-
database which could provide answers to ques-
tions on where lakes were monitored, details on 
the frequency and duration of monitoring, con-
tact details, and which sensors were being used. 
Development included challenges related to 
time and resources, and indeed to communica-
tion between lake scientists and database experts. 

In total, metadata for 71 European lakes were 
captured. The resulting data revealed interest-
ing facts; for example, seven sites had archives 
that spanned over a decade, only seven of these 
lakes were used as drinking water sources, and 
one was a large fish pond. GLEON, the Global 
Lake Ecological Observatory Network, and two 
pan-American projects are now adding their 
metadata and the metadatabase is developing 
into a tool for the global community which can 
promote high frequency monitoring and facili-
tate network science.

Introduction

Sharing data is one of the cornerstones of col-
laborative science. Over the last few decades, 

the increased use of automated sensors for 
lake monitoring (for reviews see Marcé et al. 
2016; Meinson et al. 2015), and the availabil-
ity of more and more “Big Data” from these 
systems, has fuelled a parallel increase in col-
laborative network science amongst limnolo-
gists, for example, through the Global Lake 
Ecological Observatory Network, GLEON 
(www.gleon.org; Weathers et al. 2013). A 
fundamental barrier to collaborative science, 
however, can be answering fairly basic ques-
tions such as: “Is there anybody out there?” or 
“What data are being collected, where, and by 
whom?” Automatic systems have been used to 
monitor lakes since the 1970s, but the tech-
nology became more widely used once more 
sophisticated control and communication 
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systems had been developed in the 1990s. 
Some of the most sophisticated systems ever 
produced in Europe were those developed 
using European Union (EU) LIFE funding 
in the late 1990s (Rouen et al. 2000). These 
were later used to support two larger EU pro-
jects on the effects of climate change on lakes 
(George 2010) and were designed to record 
a full suite of meteorological variables as well 
as a number of water quality attributes. Most 
systems have been deployed in natural lakes, 
but they are also now being used in the man-
agement of water supply reservoirs (Marcé 
et al. 2016).

At the time of the inception of the NET-
LAKE COST Action (Networking Lake 
Observatories in Europe, ES1201), a number 
of these original European systems were still 
in use as part of national projects, and many 
of the scientists involved in their manage-
ment were members of GLEON, which was 
founded in 2005. However, it was recognised 

by the NETLAKE Action proponents that 
to undertake collaborative network science on 
lakes in Europe and beyond, there was a need 
to link both data recorded by these existing 
systems and their data providers to the meas-
urements acquired in other lakes where newer 
monitoring platforms were being deployed. A 
common database for lake monitoring sys-
tems had long been an aim of GLEON, but 
that network had also recognised the numer-
ous challenges that existed to making such a 
database a reality, not least being institutional 
and in some cases national restrictions on the 
sharing of data. Capturing information on 
the lake monitoring systems themselves in a 
metadatabase that could be used by the global 
lake community was seen by the NETLAKE 
participants as an equally important objec-
tive and was one of the key aims of NET-
LAKE, which ran from 2012–2016. Here, 
we describe how we developed this tool and 
the types of metadata that were captured in it, 

in particular that for European lakes (www.
dkit.ie/netlake/netlake-resources/netlake-
metadatabase).

Challenges identified and met

The NETLAKE Action had a four year 
timeframe within which to meet its objec-
tives. Mindful of this time limit, it identified 
a number of key challenges to development of 
the metadatabase in initial meetings and how 
these might be best addressed.

Restricted resources: Limitations on per-
sonnel time and budget can be key obsta-
cles in getting any project completed, and 
that included this metadatabase. EU COST 
Actions provide funding only for network-
ing activities between researchers (i.e., work-
shops, meetings, and inter-partner visits), 
but not budget, for example, for personnel or 
IT resources. With this in mind, the NET-
LAKE working group on Data Acquisition 
and Management prioritized the metadata-
base design as a task that needed to be tackled 
early in the four year Action in a structured 
manner, if it was to be brought to completion. 
The group also decided to use an open source 
database system and database administration 
software to ensure that the metadatabase was 
more sustainable after the Action lifetime.

Metadatabase design: The metadata-
base design was tackled in the first year of 
development, recognizing that having an 
appropriate physical design that worked for 
the researchers who would use it was essen-
tial for its effectiveness and efficiency. The 
design was formulated during three expert 
opinion workshops which included both 
lake scientists and participants with exper-
tise in metadatabase design. It is important 
to emphasize the degree of collaboration this 
required between the experts from the differ-
ent disciplines, especially at the early stages 
when differing groups each used their own 
language and buzzwords. As a first step in 
design, it was important to define the meta-
database entities (tables) as described in the 
final schema (Fig. 1). This was followed by 
a second step, where the expert panel had 
to discuss and define the primary and for-
eign key constraints for each table. A third 
and final step then required the lake experts 
to again work in tandem with the database 
experts to define the relationships between 
these tables. Resolving issues that arose here 
had important consequences for the final 

FIG. 1. Schema showing the metadatabase tables and relationships.



97november 2017

database design complexity and functional-
ity. Questions like: “How many parameters 
are measured for each station?” and “How 
many stations contain the same sensor?” 
needed discussion, understanding, consen-
sus, and agreement. In this way, the working 
group defined the relationships between the 
entities in the metadatabase (one:one (1:1), 
one:many (1:m) and many:many (m:m)), 
thus laying the groundwork for the data-
base programmer to finalize the design. The 
final schema was written in the open source 
database management system PostgreSQL 
(www.postgresql.org) before being again 
subject to scrutiny and testing by partici-
pants from both disciplines.

Metadata input: The next step, the data-
base population, was a shared task undertaken 
using the adminer open source software, 
which also provided an interface for database 
management and querying (www.adminer.
org). Data input was organized remotely 
using a moderator who issued passwords to 
designated data providers for each site. Using 
site-based personnel also ensured that the 
workload was shared and that the person 
who knew most about the system was enter-
ing the data, thereby reducing the chance for 
errors. An instruction manual with step-by-
step instructions for data input in adminer 
was distributed. A second manual for query-
ing the metadatabase both with adminer and 
also using Quantum GIS, the open source 
GIS platform (QGIS Development Team, 
2017), was also developed. The online access 
for querying was by a separate “read only” 
password, which allowed the user to query 
and output metadata from the database, but 
not to edit it.

Encouraging data providers: An advan-
tage of developing the metadatabase as part 
of an EU COST Action was that all partici-
pants had officially signed a Memorandum of 
Understanding, as national representatives, to 
support the Action objectives. This, together 
with a timetable that recognised the already 
heavy workloads of researchers, meant that 
metadata input for the European sites was 
largely complete by the end of the Action in 
October 2016. Data input at a global level has 
been slower, but is being integrated through 
GLEON. It was also recently boosted by 
participation of all sites included in the pan-
American SAFER (Sensing the Americas’ 
freshwater ecosystem risk from climate change 
(CRN 3038)) and Pampa 2 projects.

Data types

After the metadatabase was organised with 
the tables and relationships between them 
defined (Fig. 1), the ecological and database 
experts agreed on the type of different param-
eters (attributes) that were measured for 
each station. Moreover, the type (e.g., string, 
numeric, or text) and length were defined for 
each attribute in the tables. They included 
details on basic lake physical characteristics. 
Any lake (“site” in the metadatabase) could 
have more than one station, including open 
water and littoral stations, associated land-
based stations on the lakeshore (e.g. meteoro-

logical stations), and stations on the inflow 
and outflow. As well as general lake physical 
characteristics, the site metadata included 
lake trophic status, mixing regime, and pres-
ence of ice cover; whether it was classed as a 
coloured or clear lake; and whether it was used 
as a drinking water source. The metadata for 
individual stations were linked to the provid-
ers using a simple data access link. The main 
metadata for the actual high frequency moni-
toring data were contained in the “parame-
ters-for-stations” table. Importantly, polling 
of the high frequency monitoring community 
during the database design phase identified 
the need for a controlled vocabulary, as many 

A

B
FIG. 2. A) Map showing the global distribution of metadatabase lake sites; B) number of lake sites in each 
of 25 countries.
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different abbreviations were being used for 
the same parameter by different data provid-
ers. This was due to differences in local com-
mon usage, but also to differences in names 
used in proprietary software provided by 
various sensor and logger manufacturers. Of 
the stations at which water temperature was 
measured (defined as Water_Temperature 
in the controlled vocabulary), for example, 19 
different “user abbreviations” were recorded, 
including Water_temp, Sonde_Tempera-
ture, Temperature, wt, and Temp. For this 
reason, metadata were collected using both an 
agreed controlled vocabulary (based on one 
developed by GLEON; Winslow et al. 2008), 
and the user abbreviation. This table also col-
lated metadata on the time period for which 
data were available, the general data frequency 
(i.e., sub-daily, hourly, and sub-hourly), the 
user time and date format, and an indicator of 
data access status (open or restricted access). 
Another entry for that station was used to 
show where a new sensor had been deployed 
at any site for a given parameter.

Metadatabase content

The database contained metadata for 83 lakes 
and 104 stations as of June 2017, provided by 
46 different data providers. The data provid-
ers were all universities or research centres, 
and these metadata therefore captured the 
use of high frequency monitoring for research 
purposes rather than for management. The 
sites came from 25 countries (Fig. 2), mostly 
within Europe, reflecting participation in 
NETLAKE. Of the 83 lakes, 12 were outside 
of Europe and were part of the more recent 
and on-going expansion of the original meta-
database to include other GLEON sites and 
sites from the pan-American SAFER and 
Pampa 2 projects. Of the 104 stations, 56 
were classed as open water sites, 33 as littoral, 
nine as land based (these were mainly asso-
ciated meteorological stations), with three 
inflow sites and four outflow sites. Within 
Europe, 29 sites were part of a long-term pro-
ject assessing water temperature only in Swiss 
lakes, 28 of which were littoral, and many of 
which were at higher altitudes.

With the exception of the set of Swiss sites, 
metadata were available for 42 other Euro-
pean sites. These tended to be shallower lakes, 
have a smaller surface area, and be situated at 
lower altitudes (Fig. 3). More than half of these 
sites (26 lakes) had a mean depth <10 m. The 

deepest lakes were the two large Italian lakes: 
Orta (80 m mean depth) and Maggiore (177 m 
mean depth). Only seven of these 42 lakes were 
at altitudes greater than 500 m above sea level 
(masl) (Tovel, Orta, and Maggiore (Italy); 
Kinneret (Israel); Langjern (Norway); Eymir 
(Turkey); and Piburgersee (Austria)), and 
26 in total were at altitudes below 100 masl. 
Of the six lakes with the largest surface areas 
( > 100 km2), it was of note that three were 
also very shallow. These were Balaton (Hun-
gary), the lake with the largest surface area of 
592 km2 and a mean depth of 3.2 m; Võrtsjärv 
(Estonia; mean depth of 2.8 m and surface area 
of 270 km2); and Vanajanselka (Finland; mean 
depth of 7 m and surface area of 103 km2).  
Lakes with retention times of less than one yr 
dominated the European sites (30 lakes), and 
of these, 14 had retention times of less than 
six months, with eight of these in the wetter 
regions of western Europe in Norway, Ireland, 
and the United Kingdom. The 42 European 

sites included dimictic (19), monomictic (10), 
and polymictic (9) lakes, and one meromictic 
lake (Furnace, Ireland). They also included 
nine lakes classed as coloured (mean annual 
value > 30 mg PtCo L−1). Eutrophic (16), mes-
otrophic (11), and oligotrophic (14) sites were 
all equally represented.

Measured parameters

There were 140 different sensor types (manu-
facturer and model) captured in the metada-
tabase. These details, linked to the contact 
details of the data providers, have proved to 
be a particularly useful resource for the lake 
monitoring community. Most sensors were 
deployed at fixed depths, and generally in the 
surface waters. As of June 2017, there were 
only seven lakes in the total metadatabase with 
winch-operated, variable depth systems. These 
were Saadjärv (Estonia), Jyväsjärvi (Finland), 
Müeggelsee (Germany), Furnace (Ireland), 

FIG. 3. Lake characteristics for the 42 European lakes (excluding the 29 Swiss water temperature monitoring 
sites): A) mean depth; B) surface area; c) retention time; d) altitude.
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Kinneret (Israel), Erken (Sweden), and George 
(USA). All stations in the overall metadatabase 
had water temperature sensors, which included 
both lower cost, stand-alone temperature log-
gers and chains of platinum resistance ther-
mometers (PRTs). Other commonly measured 
parameters included dissolved oxygen concen-
tration (37 stations), conductivity (27), chlo-
rophyll fluorescence (25), and pH (20). Some 
variables were measured at fewer sites. Only 
nine lakes had sensors for the phytoplankton 
pigment phycocyanin (giving an estimate of 
phycocyanin-containing phytoplankton bio-
mass), while six lakes had data available for col-
oured dissolved organic matter. The latter lakes 
were mostly from regions with high organic 
matter soils, and hence highly coloured water.

Sensors were also commonly used to meas-
ure meteorological parameters, including a 
range of different light measurements. Six 
lake platforms had surface PAR (photosyn-
thetically active radiation) sensors. Surpris-
ingly, underwater PAR data, an important 
variable for assessing lake biota, were available 
from only eight sites. Balaton had a delayed 
fluorescence system, which also provided 
data on light photosynthesis curves. Only a 
small group of seven sites (Muggelsee (Ger-
many); Balaton (Hungary); Feeagh (Ireland); 
Windermere, Esthwaite Water, and Blelham 
(UK); and Erken (Sweden)) had data for mul-
tiple parameters for more than 10 yrs, being 
sites that had all participated in the original 
EU projects (George 2010). However, data 
for multiple parameters for at least 5 yrs were 
also available from Kinneret (Israel), Langjern 
(Norway), Furnace (Ireland), Bassenthwaite 
(UK), and Anterne (France), as well as Harp 
Lake (Canada). Monitoring frequency was 
generally recorded as “sub-hourly,” however 
typical time steps included measurements 
from 2 min to 5 min (Marcé et al. 2016). Inter-
estingly, of 430 separate parameter datasets in 
the full metadatabase, 246 were listed as hav-
ing “Restricted access,” 140 as “Open access,” 
while for 39 data streams this field was left 
blank. Restricted access meant that data pro-
viders or their institutes needed to give per-
mission before data use.

How can this metadatabase help the 
monitoring community?

The metadatabase is supporting network sci-
ence at three different levels. 1) At a regional 
and global level, it has captured, for the first 

time, metadata on lake monitoring for the 
European research community. Now, as the 
metadatabase expands, it has the potential to 
become a truly global resource. 2) At a pro-
ject level, it has allowed working group and 
project leaders to archive details for their 
project sites in one location (e.g., SAFER, 
and the Swiss long-term water temperature 
projects). Such metadata can be required 
throughout a project’s lifetime, for example 
for reports and for final publications. 3) At 
the level of the individual scientist or water 
manager, the metadatabase can be used to 
see what others are doing and potentially 
to identify collaborators for new projects 
or publications which need to include high 
frequency datasets from multiple lakes or 
for multiple parameters. It also provides 
a wealth of information for the new user, 
those literally dipping their toes into the 
world of high frequency lake monitoring, by 
allowing them access to the contact details of 
scientists who are already measuring param-
eters that they are interested in and are will-
ing to provide advice. Indeed this aspect, 
combined with excellent new guidance in 
the “NETLAKE Guidelines for Automatic 
Monitoring Station Development” (Laas et 
al. 2016) and “NETLAKE Toolbox for the 
Analysis of Data Analysis” (Obrador et al. 
2016), two other Action outputs, ensure 
that new users can more rapidly get up to 
speed with best practice for in-situ lake mon-
itoring technology.

Future development

The concept of the NETLAKE metadatabase 
grew from the need of the lake high frequency 
monitoring community in Europe to know 
who was measuring what, where, and when, 
in order to bring collaborative research efforts 
to fruition. Realization of this vision took 
dedicated time and effort from many peo-
ple, including the data providers, and while 
the metadatabase is now a reality, its devel-
opment is on-going. There are still require-
ments in terms of a more user friendly and 
intuitive front-end, especially for users not 
familiar with database querying. On-going 
metadata input will follow the process devel-
oped during the design, but updating of the 
content will likely require volunteer modera-
tors perhaps at a national level. As it currently 
stands, however, it is now a useful tool for the 
global community, acting as a one-stop-shop 

to answer the question of who is doing what, 
where, and when.
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