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ABSTRACT

This research brief summarises the views of a group of early career freshwater researchers on 3
questions: What are the greatest threats to freshwater resources and how will they change over the
next century? Is freshwater science effectively utilised to help society adapt to these threats? How
will we ensure the benefits of freshwater science are reaped by society into the future? To address
these questions we reviewed the current literature and discussed our findings in a series of group
meetings. We concluded that freshwater resources will be most threatened by population growth,
climate change, and eutrophication in the future. We provide examples of how the utilisation of
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freshwater science by society is reliant on effective monitoring systems, data sharing, and effective
communication of topical scientific evidence to both the public and policy makers. Developments in
these fields increase the likelihood of society benefitting from past and future research in freshwater

science.

Introduction

Effective management of freshwater resources is a crit-
ical global challenge in the 21% century (Jury and Vaux
2005). Freshwater science is a vital tool that can produce
evidence to support the effective management of fresh-
water resources. As a consequence, the Editor in Chief of
Inland Waters (the journal of the International Society of
Limnology) invited this group of early career researchers
to consider their views in the context of the following 3
questions:

o What are the greatest threats to freshwater resources
and how will they change over the next century?

o Is freshwater science effectively utilised to help soci-
ety adapt to these threats?

» How will we ensure the benefits of freshwater sci-
ence are reaped by society into the future?

To address these questions we reviewed the current lit-
erature and discussed our findings in a series of group
meetings over the course of 1 year. This research brief
summarises these discussions and offers our perceptions
on the opportunities available to ensure more effective use
of freshwater research to benefit society.

What are the greatest threats to freshwater
resources and how will they change over the
next century?

Population growth and economic development are the
main drivers of deterioration in water quality. Together
they increase rates of industrialisation, urbanisation,
land use change, and food production, which intensi-
fies demand for clean water while decreasing availability
because of pollution (Jury and Vaux 2005). With the global
population estimated to reach 9.2 billion by 2050 and per
capita income expected to double between 2002 and 2030
(Selman and Greenhalgh 2009), the future will require
a greater reliance on freshwater services at a time when
the quality and security of freshwaters are decreasing
(Vorosmarty et al. 2010). While birth rates in most devel-
oping countries continue to soar, it is the growing middle
class in the developed world (with their resource inten-
sive lifestyles) that place the greatest pressure on water
resources globally (Bapna 2011). Meat consumption is a
major factor in this regard; agriculture accounts for 85%
of human water consumption (Selman and Greenhalgh
2009), with one-third of the global agricultural water
footprint associated with meat production (Mekonnen
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and Hoekstra 2012). Furthermore, meat consumption is
predicted to increase 54% between 2001 and 2030 (Selman
and Greenhalgh 2009). Although agricultural intensifica-
tion has improved economies and food security, it has also
led to the unsustainable abstraction of surface and ground
waters (Jury and Vaux 2005) and has caused widespread
eutrophication.

Eutrophication is the greatest cause of water quality
deterioration globally (Smith and Schindler 2009) and
may also promote climate change through elevated meth-
ane emissions (Bastviken et al. 2011). Globally, 30-40% of
lakes and reservoirs have been affected by eutrophication
(UNEP 2005). In the UK, an assessment of the ecolog-
ical status of lakes for the Water Framework Directive
(WEFD; European Commission 2000), found that, of the
lakes with available data up to 2014, 74% in England, 50%
in Wales, and 40% in Scotland failed to achieve a “good
status” based on total phosphorus (TP) concentration
(Jo-Anne Pitt, Project Manager, UK Environment Agency,
pers. comm.). In the US, eutrophication is the cause of
50% of degraded lake surface area and 60% of degraded
river stretches (USEPA 1996). The combined costs for the
treatment and restoration of waterbodies and the losses
to local economies due to eutrophication have been esti-
mated to be £75-114.3 million per year for England and
Wales (Pretty et al. 2003) and US$2.2 billion per year for
the US (Dodds et al. 2009). While improvements to the
quality of some freshwaters have been achieved through
reduction of agricultural, wastewater, and industrial nutri-
entloading (i.e., nitrogen [N] and phosphorus [P]), legacy
stores of P in lake sediments may continue to pose a threat
to water quality for future generations (Spears et al. 2011,
Sharpley et al. 2013).

Climate change is altering the spatial and seasonal dis-
tribution of fresh waters; generally, higher latitudes will
experience more precipitation and increasing flood risk
while lower latitudes will experience less precipitation and
increasing water scarcity (IPCC 2014). Rising tempera-
tures will increase snowmelt and change the timing of
meltwater release, posing serious implications for ecosys-
tems and freshwater provisioning and management (Jury
and Vaux 2005). Climate change is also altering the phe-
nology of biological events (e.g., reproduction; Thackeray
et al. 2016) and can potentially de-synchronize species
interactions (Ohlberger et al. 2014), which can signifi-
cantly influence predator-prey relationships, alter trophic
structure, and make freshwater ecosystems less resilient to
other stressors (Thackeray et al. 2010). Interactions also
exist between climate change and eutrophication (Moss
et al. 2011). For example, under higher temperatures, P
release from lake bed sediments may exacerbate algal
blooms (Jensen and Andersen 1992) and increase the
mineralization of catchment soils, leading to a heightened

risk of elevated nutrient loadings to fresh waters (Rustad
et al. 2001, Brookshire et al. 2011).

Invasive species further threaten ecosystem stability
(Mota et al. 2014), and growth of transport networks and
global trade increase the frequency of biological inva-
sions (Hulme 2009) and transport of foreign pathogens
(Havel et al. 2015). Improving biodiversity can enhance
ecosystem productivity and its resilience to disruptions
(Lapointe et al. 2014). Unfortunately, habitat loss, frag-
mentation, overexploitation, flow modification, and pol-
lution are significantly reducing freshwater biodiversity in
many regions, with extinction rates up to 5 times greater
than in terrestrial ecosystems (Dudgeon et al. 2006).

These threats and others may interact in additive and
synergistic ways to make management extremely difficult,
particularly when tackling pressures in isolation (Piggott
et al. 2015).

Is freshwater science effectively utilised to help
society adapt to these threats?

The following actions may be surmised from observations
where freshwater science is effectively utilised by society:

o use of “sensitive” monitoring systems, with detecta-
ble responses to pressures,

o data shared and/or freely accessible, and

o scientific evidence effectively communicated to
stakeholders at the appropriate time.

Here we provide examples of successes and failures in the
management of freshwaters.

Ineffective monitoring may restrict process-based
understanding

Freshwater monitoring programmes are critical for under-
pinning effective management (Lovett et al. 2007); how-
ever, the success of these programmes has been mixed
(Lindenmayer and Likens 2010). Key factors that under-
mine the reliability of monitoring programmes stem from
design flaws, including a lack of clear central questions,
failure to apply a rigorous statistical approach, insuffi-
cient frequency of sampling, and inappropriate selection
of indicators (Lindenmayer and Likens 2009).

For example, analysis of the frequency of nutrient mon-
itoring on the River Frome in southern England indicated
that monthly water sampling could accurately support
estimates of the annual loads for reactive silicon and total
organic N, but weekly sampling was needed for P (Bowes
etal. 2009). Furthermore, where sampling frequency was
not adequate, significant nutrient loading from storm
events could go undetected (Johnes 2007, Defew et al.
2013); this information becomes more important with
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the expected increase in occurrence of extreme weather
events (IPCC 2014). Question-driven monitoring with
clear aims designed around appropriate sampling scales
is essential to detect changes and help us understand
their effects on different aspects of the system (Dodds et
al. 2012). A sampling regime appropriate to understand
microbial dynamics within a season will be different than
one needed to understand fluctuations in fish populations
over decades. Designing monitoring programmes with
clearly defined aims is critical to provide useful scientific
information usable for research, management, and policy
development.

In another example, nutrient loading to surface and
groundwater from poorly managed septic tanks may be
significantly underestimated throughout the UK and
Ireland due to poor monitoring programmes (Withers et
al. 2013). In response to this concern, a rural development
policy was implemented in the Loch Leven catchment in
Scotland, designed to ensure that septic tanks serving new
developments do not increase net P loading within the
lake catchment. This goal is achieved by calculating the P
output of the proposed septic tank and mitigating 125% of
its estimated P output through modification to an existing
third party septic tank within the catchment (Loch Leven
Special Protection Area and Ramsar Site 2011). Because
available monitoring data are lacking, the policy was built
on the precautionary principle but was later shown to be
inaccurate, demonstrating the need for evidence-led pol-
icy development (Brownlie et al. 2014)

Where monitoring programmes are badly designed,
resources can be wasted collecting data that do not pro-
duce useful information (Timmerman et al. 2010). This
“data rich but information poor” syndrome is a well-doc-
umented problem in water quality monitoring pro-
grammes (Ward et al. 1986), and these datasets will have
low statistical power and a reduced capacity to identify
causal mechanisms. One additional significant risk to the
implementation of effective monitoring programmes is
the wide-reaching funding cuts that many freshwater sci-
entists and environmental agencies are currently facing. In
this respect, securing long-term funding from both private
and public bodies to support monitoring of sentinel sites
is a significant challenge that may be overcome by clearly
presenting the benefits to society.

Ineffective sharing of data may slow development of
new approaches

Freshwater systems are interconnected (e.g., by water
continuum, landscape, and atmosphere) and impacted
by multiple anthropogenic drivers (e.g., population
growth, water demand, agriculture, and land use change).
There is an increasing awareness that a cross-disciplinary
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approach, such as the integration of social sciences with
natural sciences, is required to find solutions that tackle
complex global threats (Holm et al. 2013). The under-
standing needed to develop effective solutions to these
threats therefore relies on integrating multiple datasets
(Pahl-Wostl et al. 2013). Many individuals within the
environmental science community are shifting toward the
opinion that sharing data is not only good, but an ethi-
cal obligation (Soranno et al. 2015). But while there may
not be a reluctance to share data, low visibility of exist-
ing datasets, issues with differing/multiple terminology
across disciplines (e.g., ecology, hydrology, and social sci-
ence), and data consistency and comparability can make
integrating datasets challenging, even within the field of
freshwater science (Tress et al. 2007, Uiterkamp and Velk
2007). The recent use of “controlled vocabulary,” where
acronyms and jargon are defined in a table or appendix,
could be useful to bridge language gaps among disciplines.
Although progress has been made, methods and routes
to allow effective collaboration among disciplines (e.g.,
social science, geosciences, and computer science) are still
developing (Goring et al. 2014).

The accessibility of data was acknowledged in both
the European Union (EU) Habitats Directive (European
Commission 1992) and the WED, with calls to improve
the availability and suitability of data to assess diffuse pol-
lution and the health of freshwater ecosystems. In the US,
efforts to develop indicators to assess freshwater condition,
in line with achieving the Millennium Development Goals,
found that only 3 of 15 indicators could be fully assessed
because access to suitable data is lacking (Revenga et al.
2005). A recent study on P flows within the EU found the
lack of availability and accessibility of good quality data
constrained the findings when quantifying societal P flows
to waters (van Dijk et al. 2016). In some cases, data may
exist but are not easily accessible, and/or data are privately
held by the institute running the programme and available
only at cost (Beniston et al. 2012), limiting the use of the
data and the wider value gained from their collection.
Data sensitivity may also be an issue; for example, com-
mercially sensitive data collected by the water industry
with a high research value may be protected (Swyngedouw
2005). Encouragingly, government environment agen-
cies and institutions are increasingly sharing their data
via online data portals, such as the US Environmental
Protection Agency (USEPA) “data catalog” (http://catalog.
data.gov/dataset) and the UK Environment Agency “geo-
store” (http://www.geostore.com/environment-agency/).
Other global-scale data sharing initiatives such as the
Global Lake Ecological Observatory Network (GLEON;
www.gleon.org) are being developed to provide access to
high spatial frequency monitoring data (i.e., Globolakes;
www.globolakes.ac.uk), which will transform our ability
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to understand coherent and wide-scale changes in fresh-
water ecosystems.

Ineffective communication of scientific evidence
may trigger ineffective policy responses

Effective communication of scientific evidence is largely
reliant on the ability of freshwater scientists to commu-
nicate their findings clearly and succinctly. Failure in this
regard may lead to a world challenged with the prob-
lems outlined earlier, even though the science needed to
develop effective management strategies may already exist
(Jury and Vaux 2005). We illustrate this point by contrast-
ing the role of science communication in the management
of flood events in the UK and the Netherlands.

Flood events are predicted to increase as a result of cli-
mate change (IPCC 2014). These events are the most com-
mon natural disaster in Europe (EEA 2004) and a major
societal concern (Bradford et al. 2012). The hydrological
mechanisms of flooding are well understood from the large
and established knowledge base, but this knowledge is not
always used effectively. Following the 2013-2014 winter
floods in England, conflict between public opinion, sci-
entific evidence, and political direction (Wintour 2014)
resulted in public money being spent on dredging meas-
ures, the usefulness of which was contested by part of the
scientific community (Emery and Hannah 2014). Arguably,
if the accumulated scientific evidence base had been better
communicated prior to these events, a better informed pub-
lic could have helped drive a more effective and considered
response from politicians (Thorne 2014). Instead, the pol-
icy response (i.e., increased funding for dredging and flood
barriers) was contentious. In 2015, similar flooding events
occurred again across the UK and caused major damage and
several deaths (Gross 2016). By contrast, in the Netherlands
the response from the government and the Ministry of
Infrastructure and the Environment to the floods in 1993,
1995, and 1998 was generally well aligned, leading to
effective management and acceptance by the public (Van
Stokkom et al. 2005, Slomp 2012). Knowledge transfer to the
public was instrumental in the success of these schemes. The
Dutch government has undertaken responsibility to ensure
flood education is taught in schools and universities, as well
as to continually update education programmes to reflect
the most current understanding of water management and
ensure that this knowledge is communicated effectively to
the public (Van Stokkom et al. 2005).

How can we ensure the benefits of freshwater
science are reaped by society into the future?

From the previous section it is clear that, despite a number
of successes, the potential benefits of freshwater science

have yet to be fully realised. In this final section, we pro-
vide our opinions on how we, as early career scientists, can
improve the utilisation of freshwater science by society
into the future.

Improving monitoring

We believe one of the most critical aspects to improve
monitoring programmes is to design them in collabora-
tion with stakeholders. This measure would help balance
societal needs with sound scientific design to provide the
process understanding necessary for ecosystem manage-
ment. Built into the design of these programmes should
be an inherent ability to continually develop and improve
them to take advantage of novel understanding and
technologies.

Monitoring systems should be part of a greater system
of understanding, including established and emerging
predictive tools (e.g., process models and statistical early
warning indicators). Many of these systems are complex
and require specialist training to use and interpret the
results, which can make delivery of recommendations to
stakeholders slow and often ineffective. Artificial intel-
ligence (AI) techniques such as neural networks, fuzzy
inference systems, and genetic algorithms are being
developed to make water quality models easier to use by
non-specialists (e.g., user friendly interfaces and auto-
mated parameter selection (Chau 2006). The use of Al to
simulate human expertise within problem solving soft-
ware can simplify model usage and may be an effective
way to apply freshwater science into user friendly appli-
cations for non-specialists (Chau, 2006, Vigerstol and
Aukema 2011).

Technological advances in data collection should also be
embraced, such as high frequency, low resource monitor-
ing of phytoplankton by flow cytometry (Read et al. 2014),
especially where logistical and economic barriers can limit
data collection via conventional methods. Furthermore,
advances in satellite imagery, remote sensing, and com-
puting hard/software have the potential to transform
global water management, allowing large-scale monitor-
ing and spatial characterisation of landscapes previously
not possible (Andrew et al. 2014). The development and
refinement of automated data analysis systems will allow
faster responses to potential threats (e.g., flood risk). To
support all of this work, data analysis and interpretation
of monitoring systems may need to be categorised under
“research” and “operation,” with the research led by the
scientific process. The operation of monitoring systems
could be led by environmental agencies specialised in pro-
viding the high degree of confidence and accountability
necessary to provide early warning of service provision
losses and to trigger management interventions.
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Improving data management

Technological advances in data acquisition enable the
collection of much larger volumes of data, and increas-
ing computing power is allowing us to process, analyse,
and visualise increasingly large datasets. This technology
provides significant opportunities to advance freshwater
science (Szalay and Gray 2006). Training in “data mining”
and “data screening” techniques may become increasingly
important for freshwater scientists (Muggleton 2006) as
manual exploration of “big-data” by individual researchers
becomes more impractical, if not impossible.

Currently, a growing community of scientists use R
(a programming language and software environment) to
manage, statistically analyse, and visualise data. While the
growing popularity of R may be in part because it is free,
it is a powerful and flexible tool, well supported by an
active online community. Freshwater scientists investing
in R training are gaining access to an extensive array of
novel statistical approaches, data visualisation tools, and
data management techniques not available with simpler
statistical programs, such as a range of generalized linear
mixed models to analyse non-normal data (Bolker et al.
2009) and methods to visualise multi-way contingency
tables (Friendly and Meyer 2016). This access may be
particularly important when integrating multiple data-
sets and dealing with increasing volumes of data within
the freshwater community.

Although data collection and analysis technology has
advanced, the understanding of freshwater systems is still
reliant on collaboration and data sharing between scien-
tists and organisations (Hampton et al. 2013). A number
of successful collaborations in large-scale multinational
projects (e.g., GLEON) exist; however barriers such as
terminology, non-comparable data formats, and difficulty
publishing cross-disciplinary research may still hinder
collaborations (Uiterkamp and Velk 2007). In light of
these barriers, we recognise the need to publish not only
scientific papers but also raw scientific data for others to
use. Processes to “clean” big data are increasingly impor-
tant, especially where data are collected using automated
methods (Boyd and Crawford 2012); however, efforts
required to clean raw data into formats easily used by
others, with appropriate metadata, should not be under-
estimated. As individual datasets are published there will
be a growing need to rationalise them, perhaps using data
search engines not specific to a publisher but searchable
on categories. An example is the mobile app Spatial Agent,
released by the World Bank (http://apps.worldbank.org/),
which allows the user to visualize multi-sectoral spatial
and temporal data from a range of institutions (i.e., United
Nations, NASA, and World Bank) by drawing upon their
map and data services.
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The use of citizen science to collect data and/or ana-
lyse large datasets using online tools and smart phone
mobile apps (Kanhere 2011) has already been used suc-
cessfully within numerous scientific disciplines (Heipke
2010, Muller et al. 2015). We felt that public participation
in freshwater science may become an increasingly use-
ful tool, one that carries co-benefits of communicating
(freshwater) science to the public. Encouraging public
involvement (Gao et al. 2015) and designing methods
to harness the power of their participation (e.g., the use
of apps) provides a new challenge that may require spe-
cialised training. Furthermore, quality control measures
at all stages in the data collection process (from initial
experimental design through to collection, reporting, and
collation) must be implemented and monitored to ensure
such methods provide reliable data (Pocock et al. 2014).

Improving science communication

Peer reviewed journal publications remain the primary
communication pathway among academics, and in some
instances “the work dies with the paper;” potentially
because scientific text is not always easily accessible to
non-specialists (physically or intellectually). Individual
researchers communicating their science to the public
often have little knowledge or support on how to best
engage with their audience (Fischhoff 2013). Furthermore,
concerns that science outreach activities may result in
research being misconstrued was reported in a recent
survey of 3748 scientists (Pew Research Centre 2015).
The survey found that while 87% of scientists believe
they should take an active role in public policy debate,
79% were concerned by the lack of differentiation between
well-founded and not well-founded scientific findings by
the media, and 52% thought that simplification of scien-
tific findings is a major problem for science in general. A
possible solution would be to provide lay summaries to
accompany scientific journal articles publicised through
various forms of media (e.g., social media) and distilled
to suit the interests of different audiences (Kuehne and
Olden 2015). Twitter is increasingly being used by sci-
entists to connect to a wider audience and to amplify the
scientific and social impact of their publications (Darling
et al. 2013, McHeyzer-Williams and McHeyzer-Williams
2016). While methods such as these can be used to distil
scientific information into a story the media can “sell”
(Sutton et al. 2013), we felt it was important to find a bal-
ance between simplifying the message to capture atten-
tion and ensuring sufficient depth of scientific detail to
underpin, but not influence, public perception. We also
felt it was important that the scientific message remains
impartial in this respect.
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The internet, mobile technology, and social media are
significantly changing how we communicate science, with
the public shifting toward “online only” media as their
primary source of information (Brossard and Scheufele
2013). This shift is a challenge, not only because online
communication is continually and rapidly updated, but
because the search engines and the presentation (or the
reporters’ “spin”) of the key scientific results (e.g., using
Twitter, Facebook, blogs, vlogs, and online articles) are
often not controlled by the scientist. This omission can
result in bias and/or misinformation, which when injected
into open public discussions can shape public opinion as
much as the evidence base itself (Brossard and Scheufele
2013). To resolve this challenge, the freshwater science
community needs to engage with online communication,
which may be best managed through journal offices and
communications teams, as well as by research scientists.
We consider that extra training should be provided to sup-
port better communication with the public through use
of social media, data portals, and websites. Furthermore,
scientists may find it increasingly useful to use visual and
multi-media communication (i.e., video and infographics)
to capture attention to their science (Rodriguez Estrada
and Davis 2015). We can learn from past successes where
media attention has been captured by translating com-
plex scientific issues into media-friendly stories that
can increase public awareness of the scientific evidence
(Sutton et al. 2013).

Following the 2009 earthquake in the LAquila region
in central Italy, 7 scientists and public officials, previously
tasked with assessing the risk of earthquakes, were found
guilty of manslaughter. In light of this, we feel that while
the responsibility to communicate scientific findings
should not be replaced by culpability, steps must be taken
to demonstrate and communicate confidence and uncer-
tainty in our predictions (Chong 2013). Stronger relation-
ships between legal officers, communications experts, and
scientists are needed to support this effort (Cash et al.
2003), especially for freshwater scientists responsible for
generating the evidence for predicting major environmen-
tal events, such as floods. We also consider that stronger
and direct linkages with scientists and policy makers will
be needed if the best available science is to be incorpo-
rated into future management policies, especially if the
Sustainable Development Goals are to be achieved (UNEP
2015).

Although online communication is creating a global
community of freshwater scientists prepared to better
manage our global resources, we believe that face-to-face
networking is equally important, especially with stake-
holders. For example, the seventh World Water Forum
brought thousands of researchers, policy makers, and
stakeholders together to address global water challenges

(UNESCO 2015). A main conclusion from this event
was, “..to ensure a water secure future for all into the
next decade ‘water’ must be a top political priority” As
freshwater scientists, it is important that we are aware of
the global implications of our work and its role in policy
development. We felt that while communication of evi-
dence must be timely, to be truly effective it must not only
increase knowledge but also trigger positive action. Using
our scientific knowledge to generate action that can effect
change will be a key challenge for current and future early
career researchers in this century.
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