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Coastal and reef policy decisions and management programs require research to address current and
emerging issues, to detect trends in key environmental variables and to help evaluate the effectiveness
of management strategies. The technology and infrastructure components are now well developed and
understood, but the useful application of sensor network data and efficient delivery of real-time informa-
tion still needs improvement to better incorporate management needs and priorities. This paper aims to
contribute to the current understanding of the adoption of wireless technology in research and practice,
by identifying the main drivers and barriers to the adaptive deployment of an environmental sensor net-
work along the Great Barrier Reef coast. Specifically, it addresses the extent to which the deployment of
sensor networks and the delivery of real-time data can best suit managers’ and decision makers’ needs by
providing timely and useful spatial data. Study findings indicate that, although researchers and managers
ask significantly different questions requiring real-time spatial data, there is great potential and interest
from both science and management for continuous automatic monitoring of environmental parameters.
Some of the key research and management needs that the sensor network technology should address
include measuring water (marine) quality at biological monitoring sites, water circulation patterns and
flood plume water quality, gathering long-term data on turbidity, photosynthetically active radiation
and chlorophyll a, and developing uniform standards for the provision of data to networks.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Problem framing – narrowing the science–management interface

The practice of coastal management is being transformed by
remarkable developments in advanced information and communi-
cation technologies (ICTs). The spatial and temporal scaling of real-
time data collection is an important factor in understanding dy-
namic marine and coastal processes (Collins et al., 2006; Kinin-
month et al., 2004). Advances in satellite technology, computer
interfacing and peripherals, wireless communication and sensor
networks will become more important for evaluating water qual-
ity, and will have progressively more influence on the direction
and extent of decision-making and management processes (Glas-
gow, Burkholder, Reed, Lewitus, & Kleinman, 2004).

Research priorities and water quality programs stress the need
for information and systematic monitoring methods to support
policy and management strategies in order to improve our ability
to detect coral bleaching conditions in the Great Barrier Reef
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(GBR) and to minimize the continuous decline in its water quality
(Kininmonth et al., 2005; Woodley, Williams, Harvey, & Jones,
2006). Recent technological developments, combined with the
growing need to monitor natural resources in real time at a variety
of scales, have led to the development of automated devices such
as environmental sensor networks (ESNs) (Krishnamachari, 2005).

In this paper, the words ‘scientists’ and ‘researchers’ will refer
interchangeably to people involved in research on the coastal envi-
ronment, water quality, or information technology, while ‘manag-
ers’ and ‘decision makers’ refer to people linked to government
authorities with an environmental focus. The term ‘stakeholders’
will refer to all those individuals or groups with specific interests
in the outcome of a decision-making process (e.g., independent
consultants, tourists, farmers, business people). Finally, ‘useful or
relevant information’ will refer to information that is context-
dependent, and responds to the specific management demands of
the managers and decision makers.

Data collected by environmental monitoring systems are not al-
ways used effectively in implementing public policy decisions
(Borowski & Hare, 2007; McNie, 2007; Szaro et al., 1998). Most data
are usually not publicly accessible and understood by all the differ-
ent stakeholders or are not presented in a way that is useful in a
ce and management in the adoption of sensor network technology
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management framework (Roux, Rogers, Biggs, Ashton, & Sergeant,
2006). In addition to the technical challenges, coastal managers
still face constraints to optimizing the development and diffusion
of innovations in coastal management practice and to overcoming
the lack of communication between technology developers (infor-
mation providers) and decision makers (information users).

Among the most difficult aspects of translating research results
to policy practice are the clash between the inherent uncertainty
and complexity of scientific findings and the policy–management
need for certainty and deterministic solutions, and the differences
in perspective between scientists and decision makers (Bradshaw
& Borchers, 2000; Jacobs, Garfin, & Lenart, 2005; van den Hove,
2007; Woodley, 2006). Therefore, there is a growing need to im-
prove the flow of communication in both directions between scien-
tists and decision makers (e.g., Jacobs, 2002; Slob, Rijnveld,
Chapman, & Strosser, 2007; Szaro et al., 1998). In the international
context, the UNESCO-SCOPE Policy Briefs (2006) also stress that di-
rect or indirect communication with users is a learning process,
seeking to identify, or possibly to create, the most appropriate for-
mats to communicate scientific findings.

A more detailed technology mapping is required for the intro-
duction of emergent technologies, such as sensor networks. This
approach needs to follow an adaptive and gradual (phased) work-
flow, considering the policy and management scale issues (e.g., is-
sues of complexity, timeline, and diversity of stakeholders)
throughout the different phases of data collection (i.e., the possible
need for different variables), data analysis and delivery (i.e., data
format, aggregation, visualization) (Fig. 1).

Nonetheless, it is necessary to acknowledge that there is no lin-
ear path from scientific knowledge into resulting policy (Amann et
al., 2005). The diagram presented in Fig. 1 represents a simplistic
depiction of the workflow from data collection to information pro-
vision. The reality of this connection between information gather-
ing and decision-making is not an ordered process; instead, it is
represented by interactions and feedback loops occurring in paral-
lel and influencing each other. Additionally, to be useful for plan-
ning and management purposes, information should not only be
collected, but must also be accessible and interpretable to different
users.

An adaptive deployment of emergent technologies, such as sen-
sor networks, is a promising approach to bridging the information
gap and to strengthening the link between research targets and
management priorities. Adaptive management is an iterative and
flexible process for continually improving management policies
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Fig. 1. Process of adaptive deployment of new
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and practices by learning from the outcomes of operational pro-
grams (Kay & Alder, 2005, Chapter 3). By perceiving management
interventions as tools for learning and by enabling dynamic feed-
back between the availability of scientific data and policy require-
ments, an adaptive approach provides a suitable platform for
addressing the gaps between science and management.

1.2. Participatory adoption of geospatial information

Participatory gathering and analysis of information about the
use and management of natural resources is essential to promote
understanding, consensus, and legitimate agreement between dif-
ferent stakeholders. Although the combination of participatory
methods and geospatial information (mainly geographic informa-
tion systems) is not new, the research into such integration is in
its early stages (Vajjhala, 2005). The improvement of the informa-
tion flow, both vertically (connecting different levels of govern-
ment) and horizontally (connecting different stakeholder
groups), and the effective communication of information to all
stakeholders involved in decision-making, is a vital process in
coastal management (Longhorn, 2006) and decision-making (Ja-
cobs et al., 2005).

Therefore, it is necessary to move public engagement ‘upstream’
to the earlier stages of the scientific and technological develop-
ment (Wynne, 2006). Participatory design and collaboration, from
data gathering to decision generation, is the core component of the
deployment and implementation of the ESNs in the Great Barrier
Reef. The success of the Coastal Environmental Sensor Network in
Northeast Queensland (CESNNQ) project will depend upon how well
this innovative technological approach (smart sensors, online
delivery and dissemination of real-time environmental data, and
visualization of different scenarios) responds to stakeholders’ de-
mands, and how well this technology can inform management
decisions.

Nonetheless, these ESNs are not a panacea for all environmental
monitoring needs. Many constraints on the sensor network archi-
tecture still limit the use of the technology from reaching its full
potential. Some central issues include power management (net-
work layer), maintenance and usability (application layer), stan-
dardization (network layer), data quality (application layer),
security (network layer), transmission (link layer), node failure
(network layer), data process and interpretation (application
layer), and information overload (application layer) (Akyildiz, San-
karasubramaniam, & Cayirci, 2002; Collins et al., 2006; Duckham,
Management needs & 
policy context/scale
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Croitoru, & Agouris, 2007; Hart & Martinez, 2006; Kininmonth
et al., 2004) (see Box 1).
Box 1. The sensor network system.

While the term ‘sensor network’ describes the installation
of small networked computers collecting environmental,
identification and location data, the perception by data con-
sumers is that a complete system (from sensor to internet
display) is being described by the term. The engineering
technicalities regarding how a system work can appear to
be highly complicated to the environmental manager how-
ever the system separation into defined software tasks can
be instructive. Following Akyildiz et al. (2002) and Krishn-
amachari (2005) the sensor network system can be seen as
being composed of application layer, transport layer, net-
work layer, data link layer and physical layer. The applica-
tion layer is tasked with running assigned software tasks
while the transport layer manages the flow of the data to
the application tasks. The network layer is responsible for
providing the means to move the data to the allocated final
destination while the data link layer maintains the node-to-
node linkage. The physical layer defines and controls the
attached devices. All of these layers are rapidly evolving
and software engineers tend to specialise in one layer only.
From this stack emerges data that can be fed into a series of
internet applications that will assist with visualisation and
data retrieval. Other data sources, such as weather station
readings, can be merged with the sensor data and this hap-
pens above the sensor network protocol stack.

The technical limitations to deploying sensor networks for the
long-term monitoring of the marine environment remain the focus
of major research (Kininmonth, 2007). In particular, two engineer-
ing limitations are evident in an environment that is dynamic and
hard to access: data management in a transient network and radio
communication over larger distances. The first issue, of data man-
agement, occurs due to the disruptive nature of the marine envi-
ronment. Wind and tides can quickly limit the network
connectivity, and the process of collecting and forwarding sensor
data becomes very complicated. Short-term storage and smart data
aggregation (Chatterjea, Kininmonth, & Havinga, 2006) are likely
solutions. The second issue relates in part to the first issue, and
is simply due to the difficulty of using radio waves to transmit data
across or through the marine environment. The saltwater dielectric
ensures that waves are reflected up rather than across the surface,
so antennas need to be raised to be effective. On a moving floating
buoy, such a system can be difficult to construct (Kininmonth,
2007). Acoustic and RF underwater modems are being developed,
but they still have very low bandwidth and are power hungry.
These technical obstructions make sensor network deployment
difficult in the marine environment, even though a similar deploy-
ment in the terrestrial environment is now routine.
2. The current role of science and technology in managing the
Great Barrier Reef coast

Since its establishment in the 1980s and early 1990s, the Great
Barrier Reef Marine Park Authority (GBRMPA) has relied on the
collection and monitoring of scientific data in the management of
the Marine Park (Lawrence, Kenchington, & Woodley, 2002). Their
Please cite this article in press as: de Freitas, D. M., et al. Linking scien
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research needs have been extensively described, and they include a
wide range of biological, ecological, physical, social and economic
research needs to support the Marine Park management and poli-
cymaking (Woodley et al., 2006).

Some of the challenges facing GBRMPA for the conservation of
biodiversity and the continuation of reasonable human activity in-
clude: ensuring the survival, maintenance and restoration of eco-
system function by managing fisheries and tourism at
sustainable levels; reducing the harmful effects of land based activ-
ities on inshore waters and habitats to acceptable levels; prevent-
ing harmful effects of shipping (groundings, pollution and
introduced marine pests); and providing for traditional hunting
and fishing while ensuring the conservation of endangered species
(Woodley et al., 2006). In addition to these existing challenges,
there is the rapidly increasing threat posed by global warming to
coral reef systems and the industries depending on them. Overall,
reef systems need to be as resilient as possible in the face of these
challenges. An adaptive management approach, based on good
information from monitoring and research, is needed to address
these challenges.

The need for autonomous sensors is one of the major problems
confronting coral reef researchers managing the GBR region (Rei-
chelt, 1997). The use of technology in the management of the
GBR coast has been important since the establishment of the Mar-
ine Park in 1975 (e.g., aerial photography for mapping, aerial sur-
veillance for monitoring and enforcement, remote sensing for
planning). For instance, the long-term sea temperature monitoring
program between the Australian Institute of Marine Science (AIMS)
and GBRMPA uses remote sensing tools, reef-based weather sta-
tions, and an array of temperature loggers to determine the effects
of global climate change in reefs and coastal systems (Johnson &
Marshall, 2007).
3. Methodological approach

3.1. Case study context

The Great Barrier Reef (GBR) is located at 14� of latitude,
extending along 2100 km of the coastline of Queensland in north-
east Australia (Johnson & Marshall, 2007) (Fig. 2). It is one of
world’s greatest marine environmental assets, consisting of a spa-
tially complex network of over 3000 individual reefs and islands
and extensive inter-reef and lagoon areas covering a total area of
over 350,000 km2 (Johnson & Marshall, 2007). Most of the GBR eco-
system is encompassed by the Great Barrier Reef Marine Park
(GBRMP), which provides the legal framework within which hu-
man activities are managed.

Because of its geographic diversity, encompassing a range of
physical conditions (e.g., diverse geomorphologic features such as
continental slopes and inter-reef areas, various regimes of temper-
ature, current influence, water quality and weather), the fluctua-
tions of the environmental parameters in the GBR region range
in scale from kilometer-wide oceanic mixing to millimeter-scale
inter-skeletal currents (Kininmonth et al., 2004). Within this con-
text, the Coastal Environmental Sensor Network in Northeast Queens-
land (CESNNQ) project, an international initiative led by the
Australian Institute of Marine Science (AIMS) and James Cook Uni-
versity (JCU), seeks to implement sensor network platforms to
monitor the GBR coastal environment, and to provide timely and
useful data for managers and decision makers. Currently, a pilot
network has been tested across an area of 400 km of the GBR in
the Townville coast region covering the Davies Reef, Magnetic Is-
land, Heron Island and Orpheus Island (Fig. 2). The high-resolution
data stream provided by the sensor network will include data on
multiple wider spatio-temporal scales, complementing the current
ce and management in the adoption of sensor network technology
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data logging technology, which only allows single point
measurements.

3.2. Data collection

3.2.1. Workshops
Workshops, one-on-one interviews, and short online surveys

were the main methods of data collection. Such approaches, partic-
ularly the workshops are used in studies investigating the linkages
between managers and researchers in order to reconcile the provi-
sion of scientific information with user demands (e.g., McNie,
2007; Totlandsdal, Fudge, Sanderson, van Bree, & Brunekreef,
2007).

The first workshop (The Adoption of Sensor Network by Coastal
Managers: A Marine Focus Approach) was held on the 5th of Decem-
ber, 2006 at the Australian Institute of Marine Sciences (AIMS), and
focused on the marine environment. The second workshop (The
Adoption of Sensor Network by Coastal Managers: An Inshore Water
Quality Approach) focused on the use of sensor networks for in-
shore water quality issues. Both workshops were held in Towns-
ville. Attendees were selected deliberately to represent a wide
range of expertise, including water and coastal decision makers,
spatial technology experts, and water quality researchers. The
workshop was structured as a combination of short research pre-
sentations, invited guest speakers and interactive breakout group
discussion sessions. The mix of short (15 min) keynote presenta-
tions covered various technological, scientific and management as-
pects of the adoption of sensor network technology.

The overall aim of the workshops was to provide a venue for sci-
entists and managers to interact, while introducing the adaptive
implementation sensor network project and addressing the dis-
semination of real-time spatial information. We initially estab-
lished the specific goals of the workshops to include: (1)
increased participant understanding of new technologies like the
sensor network, (2) participant comprehension of interactive tools
Please cite this article in press as: de Freitas, D. M., et al. Linking scien
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to manage new technologies, and (3) facilitated discussion on the
application of sensor network data to the work environment.

Some of the specific workshops sought to identify compelling
questions (spatio-temporal scales) that would require new types
of sensors or new strategies for the deployment of wireless tech-
nologies for inshore water quality, to specify the impediments
(constraints) to the application of the sensor network to manage-
ment and policy decision-making, and to delineate responsibilities
for the interpretation and dissemination of the real-time data pro-
vided by the sensor network to end-users.

An online survey circulated two weeks prior to the workshop al-
lowed participants to identify priority themes that would drive the
preparation of the workshops’ agendas and provide starting points
for the in-depth discussion sessions. A feedback cycle conducted at
the end of the workshops enabled participants to review drafts of
the proceedings of both workshops and to comment and make cor-
rections they thought were necessary. This phase aimed to reduce
misinterpretations and to improve the accuracy of the data col-
lected in the workshops.

The results of the workshops are recorded formally in two re-
ports (De Freitas, 2006, 2007). As in other works using similar
methodology, such as Borowski and Hare (2007), the material used
in this paper originates largely from those reports. Therefore, it is
important to state that the reports were carefully written so as
to reflect the participants’ opinions as accurately as possible.

3.2.2. Interviews
A total of 10 participants (five environmental/coastal managers,

three researchers, and two IT/GIS experts), out of the 32 invitees
who had participated in at least one workshop, were subsequently
interviewed. The interviews aimed to investigate in depth some
key issues addressed during the workshops. Time and work sched-
ules were the main difficulties cited by the participants who were
not available for the interview phase. The semi-structured inter-
views were conducted mainly face-to-face, but in two cases, be-
cause of distance constraints, participants were interviewed by
telephone.

The interviews, carried out from March to May 2007, were qual-
itatively analyzed by coding the protocol (Strauss & Corbin, 1998,
Chapter 8) according to a pre-coding list of issues (e.g., benefits
of and constraints on the adoption of the sensor network, the pub-
lic availability of data, the science–management-driven process,
data custodianship and management) that emerged from the
workshops.
4. Results

Research to support reef and coastal policy decisions and man-
agement programs needs to address current and emerging issues,
to detect trends in key aquatic system variables, and to help eval-
uate the effectiveness of management strategies. The deployment
of a wireless sensor network and the dissemination of real-time
data at the GBR are intended to be flexible and responsive to
new information, by targeting research to management needs, by
monitoring, evaluation and review, and by continually connecting
technological opportunities with current and future management
priorities (Kininmonth et al., 2005). A balance must be maintained
between the supply and demand for real-time data in managing
the GBR system. Therefore, it is essential to understand the needs
and expectations of the potential users of the information in order
to comprehend the context in which decisions are made (Slob
et al., 2007; Woodley, 2006).

The two workshops included 32 participants from the fields of
environmental-water quality management (15), research (8),
information technology (8), and non-profit organization (1). Local
ce and management in the adoption of sensor network technology
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Table 2
Clusters of compelling questions and issues that require wireless technologies for
inshore/nearshore water quality.

Group 1
� Is there a relationship between suspended sediments (rivers) and turbidity

(reef)?
� Is there any correlation between suspended sediments and Photosyntheti-

cally Active Radiation (PAR)?
� What is the relationship between water chemistry and water quality?
� What are the nutrient concentrations (real time) of the water body?
� Can production and turbidity be measured in a spatial-temporal scale?

Group 2
� Quality assurance/Quality control of sensor data, sensor network integrity.
� E.M.S. (satellite) data validation (particularly Chlorophylla and Turbidity).

Group 3
� Explore the covariance of variables that may affect water quality, e.g. wind vs.

turbidity, boat traffic vs. turbidity.
� Knowledge of system (finer-scale).
� Biofouling
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and regional non-government organizations were also invited, but
they were under-represented in both workshops. In total, the
workshop sessions and in-depth interviews yielded over 30 topics,
20 compelling research questions/issues, 21 requirements and 13
limitations on how, when, and why real-time data from the sensor
network may or may not support research and management prior-
ities. Nevertheless, it cannot be assumed that the set of the ques-
tions is exhaustive, or that all that research and management
issues for the deployment of sensor network were addressed.

4.1. Compelling research and management issues

A follow-up phase rated the priority levels of a set of manage-
ment issues previously identified by the first workshop. On a scale
of 1–3 (where 1 = not relevant; 2 = moderately relevant, and
3 = relevant), key informants identified the relevance of the pro-
vided topics to their research and management decision-making
contexts. Climate change was the most relevant topic for 90% of
the respondents, followed by coral bleaching (80%), sediment and
nutrient management (e.g., map flood plumes) with 80%, and risk
areas (e.g., oil/chemical spills around major ports) with 70% of
the responses. Long-term changes in ocean temperature, compli-
ance and enforcement (e.g., preservation zones) and wildlife stud-
ies (e.g., the influence of changes sea surface temperature on
seabird feeding, or of beach sand temperature on turtle nesting)
were categorized as relevant by 60% of the respondents. Other less
relevant issues included ground truth hydrodynamic models of
reef circulation (50%), biological census data (30%), and educational
resources, e.g. web links to live video cameras at reefs (30%).

The compelling questions that require new types of sensors or
new strategies for the deployment of wireless technologies for
marine water quality and coral reef monitoring can be summarized
in four main categories: water quality, climate change, connectiv-
ity and other issues (Table 1).

The general questions and core issues that should be addressed
by the sensor network technology in the coastal water quality con-
text were grouped into three main categories: relationships be-
tween environmental variables, quality and validation of sensor
data and technical limitations (Table 2).

4.2. Requirements and limitations of the adoption of sensor network in
the GBR

Data collected throughout the workshops led to the develop-
ment of a Spatio-Temporal Conceptual Typology, which identified
the spatial and temporal scales of the requirements and limitations
of the adoption of sensor network technology and real-time data
Table 1
Example of compelling research questions relevant to the GBR Ocean Observation System

Water quality C
� How can monitoring of water quality characteristics (including sediments and

nutrients) be automated (e.g. development of robust data loggers) for use in Reef
Water Quality Protection Plan (RWQPP)?

� What GBRMP areas have high environmental value and are subject to pollutant
inputs (e.g. hydrodynamic modeling, risk assessment/decision support systems?

� How can hydrodynamic models of GBR water circulation be used to ensure opti-
mal location of water sampling?

Connectivity O
� What are the effects of marine park zoning on dispersal and supply of larval fish

and benthic organisms (including corals)?
� What are the consequences of large-scale processes (e.g. hydrodynamics and reef

connectivity) for management strategies (e.g. application of patterns of reef con-
nectivity to the design of marine protected areas, and what are the key knowledge
gaps in large-scale processes?

� What factors can cause changes in local and regional connectivity and what are
the implications of these, both for biodiversity and GBR-dependent industries?

Please cite this article in press as: de Freitas, D. M., et al. Linking scien
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(Figs. 3a and 3b). The scheme presented in Figs. 3a and 3b is distin-
guished neither by management issues nor by the participants’
field (e.g., technology development, research, or environmental
management). Rather, it presents an integrated view of the joint
understanding of these three stakeholder groups. A detailed list
of the requirements and limitations for specific management is-
sues can be found in De Freitas (2007).

The schemes show that overall, both the requirements and the
limitations are concentrated at the local and regional spatial scales
and the current or immediate temporal scale. The participants de-
tailed the reasons behind their selection of the requirements and
limitations during the interview phase. The potential benefits of
the adoption of sensor technology and real-time spatial data in-
formed the selection of the requirements, while the limitations
were based on the current and potential barriers to and constraints
on its use and dissemination. Their selections were also based on
their vision of the sensor network project, as reported by one of
the interviewees: ‘‘the sensor’s project is composed [of] three main
components: one is sort of an infrastructural part; the other is a re-
search part, and the third part is the end-user products”.

Overall, the interviewees were highly supportive of the idea of
adaptive deployment of the sensor network, although some were
skeptical about the geographic extent of the sensors’ distribution
and the real specific need for this sort of technology. The applica-
bility of the collected data to the end-users was another criterion
considered to define the requirements for the adoption of sensor
network and its real-time data. The information collected needs
to be timely, relevant and provided in a useable form that manag-
ers, decision makers, and other end-users can understand properly.
(GBROOS).

limate change
� What long-term changes are likely to occur in coral reef systems as a result of cli-

mate change?

� What are the key factors that lead to bleaching and how can these be predicted?

� What are the likely impacts of climate change on local and regional
hydrodynamics?

ther (water quality, shipping – oil/chemical spills)
� What are the relationships between catchment processes, pollutant loads deliv-

ered to the marine park, and the impacts of the nearshore marine environment?
� What are pollutant tolerances for coral reef and seagrass ecosystems for temper-

ature, salinity, nutrients (NOx), suspended solids, antifoulants, dispersants and
pesticides/herbicides?

� Which sites are of particular natural and cultural value for protection during acute
incidents such as oil spills?

ce and management in the adoption of sensor network technology
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Costs, although they are important, were not considered a major
criterion, because the costs of deployment, collection and process-
ing of data are not expected to be higher than the usual costs,
including human time and boat trips, of physically collecting data
in remote areas of the reef systems.

Other important factors in the selection of the requirements
presented in the diagram (Fig. 3a) were the current needs and po-
tential benefits of the sensor network to support future decisions
(including decisions to be made now in the face of the current lim-
itations of the technology and data provided). Among the most
commonly reported needs and potential benefits are (i) measure-
ment of parameters linked to a management problem, (ii) calibra-
tion of remote sensing and data loggers, (iii) higher temporal and
spatial resolution, (iv) climate change temperature and bleaching
events – identification of reefs’ hotspots, (v) water circulation pat-
terns in coastal system, (vi) monitoring of specific events such as
sediment at rainfall periods. The sensor network technology is also
expected to be able to support research on and management of
underwater sounds, including marine mammals, ships and boats.

A list of criteria was provided to identify the limitations (Fig. 3b)
of the use of the sensor network technology. For example, data
standards, mainly relating to ownership, storage, and manage-
ment, were identified as a major challenge limiting the handling
and dissemination of data. Participants also reported the problem
that institutions tend to hold the information for long periods of
time while developing papers and reports.

Another potential impediment identified by some of the inter-
viewees was the capacity of the sensor network technology to pro-
vide practical ‘usable and purposeful data’. For instance, a
workshop participant stated that ‘‘one of the concerns I have about
this sort of technology is that you can collect data relatively easily,
so you collect data for no purpose. So much monitoring in the past
has just been done with no purpose, it was just collecting data.” The
two workshops provided a list of key compelling research and
management questions and topics (see Tables 1 and 2) that partic-
ipants believed it was essential for the sensor network technology
to support.

Another limitation is the fact that ‘key parameters do not have
sensors yet’. The interview and online survey respondents were
asked to rate their levels of priority for a list of current, planned
and potential variables to be measured by the sensor network.
By ‘current,’ we refer to variables that the sensors can measure
now, while ‘planned’ means that the technology has the capacity
to measure them but has not been tested at the present time;
and by ‘potential’ we refer to variables whose measurement would
require further technological and infrastructure improvements.
The highest ranked variable was nutrients (nitrogen, phosphorus)
with 88.9% of the responses, followed by turbidity (77.8%), light
at depth (77.8%), and temperature (75%). Out of these top four vari-
ables, only the temperature can be measured now. The other three
are either in the potential (nutrients and turbidity) or planned
(light at depth) design phases. However, such findings might be
biased because the participants (mainly from environmental man-
agement backgrounds) expressed a high degree of uncertainty
about what the variables are and what information their measure-
ments can provide. During the interviews, questions such as ‘‘What
is depth pressure? ... it would give you just depth profiles?”; ‘‘What’s
PAR again? Ah, it is photosynthetic active radiation, now I got a little
bit confused too because you have light there and turbidity.” were
common.

The potential constraints to using sensor networks go far dee-
per, and include (i) lack of long-term investments, (ii) reliability
– level of uncertainty in technology measurements; (iii) scalability
– it is difficult to scale the application over a large area, and to ori-
ent it physically towards what happens in the natural environ-
ment; (iv) misinterpretation of the data provided – the provision
Please cite this article in press as: de Freitas, D. M., et al. Linking scien
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of massive amounts of raw data could be interpreted erroneously
by different users; (v) information overload – data provided in an
unprocessed form could be useless and overwhelm end-users.

The collection and dissemination of real-time data needs to be
fitted to a well-established purpose and defined context, and the
technology has to be functional at the regional scale. Data provided
by geospatial technologies such as the sensor network should be
supported by adequate mechanisms for information delivery. The
workshop participants stated that such delivery mechanisms need
to:

� develop an information dissemination plan for the end-user,
� establish a system for the easy integration of data,
� address liability and data sharing issues (e.g., Who owns the

data and how to use it? How will the sensor data be processed
and aggregated?),

� incorporate scalability questions, and
� develop a collaborative user-friendly web platform for data

diffusion.

Overall, participants of the workshop expressed substantial
concerns, for instance, about the scientific and political risks of
providing raw datasets of real-time data freely on the web. Access
by different users might result in different interpretations of the
same data, which may cause political concern. How public is the
data, and how is the public able to access the data, which have
been collected using public money by research and government
institutions? This is a highly sensitive and important issue that will
be addressed in the next section.

4.3. Spatial distribution of the sensors

The selection of sites for the deployment of sensors faces the
following types of challenges: (1) physical (e.g., fouling, powering,
visual pollution), (2) infrastructural (e.g., radio transmission range,
management of large amounts of data) and (3) the challenge of
meeting both research and management priorities. Therefore, it
is necessary to identify, and if possible achieve a consensus be-
tween, where information suppliers are planning to deploy the
sensor devices and the spatial requirements of the end-users.

During the interviews, key informant participants were pro-
vided with a list of 37 sites (e.g., Nelly Bay, Davies Reef, Heron Is-
land) located in the GBR region provided by the GBRMPA. Out of
those 37, just six sites (Lizard Island, Heron Island, Orpheus Island,
Morton Bay, One Tree Island and Myrmidon Reef) were common to
both the sensor network initiative and the actual temperature log-
gers of the water quality program of the GBRMPA. Participants
were asked to give their opinion about the list of sites, and also
to report any other relevant places they would like to be included
in the sensor network initiative.

The need to increase the temporal and spatial resolution of the
sensor network was strongly supported by the environmental
management bodies, particularly to support water quality moni-
toring programs. Overall, all the sites in the list were considered
relevant by researchers and managers. Additional places would in-
clude mainly inshore and middle reefs, for instance: Florence Bay
(Magnetic Island), Dingo Beach fringing reef, Brook Inlands, Kelso
Reef, Middle Reef, river and catchment mouths (e.g., Burdekin, Tul-
ly, Herbert, and Fitzroy).

4.4. Public engagement in technology development

End-user participation and adoption of real-time data is the cor-
nerstone of the adaptive approach of the sensor network initiative.
The identification of the public for the sensor network initiative
was not a straightforward task. Most respondents, from both
ce and management in the adoption of sensor network technology
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science and management fields, reported that they had never
thought about it and that identifying the ‘public’ for their daily
activities is usually a complex process.

Overall, respondents from the environmental management field
tended to recognize that the public would include institutional
contacts, formal organizations, government, industry, science,
informal organizations, and interested individuals. For instance,
Natural Resource Management (NRM) bodies and Great Barrier
Reef Marine Park Authority would be the major clients for this sort
of technology. Secondary clients would include groups such as
cane growers, fisheries groups, marine and tourism oriented busi-
ness. Researchers and IT/GIS experts tended to be less specific, and
characterized as the public ‘‘all people, groups or institutions who
usually respond or are interested in it”, such as the Australian Cen-
tre for Tropical Freshwater Research (ACTFR).

Therefore, the following bodies represented at the workshops
are considered the current public for the sensor network initiative:

� Australian Institute of Marine Science (AIMS);
� Australian Centre for Tropical Freshwater Research (ACTFR);
� Australia’s Commonwealth Scientific and Industrial Research

Organisation (CSIRO);
� Burdekin Dry Tropics NRM (BDTNRM);
� Conservation Volunteers Australia (CVA);
� Department of Primary Industries and Fisheries (DPI&F);
� Environmental Protection Agency (EPA);
� Great Barrier Reef Marine Park Authority (GBRMPA);
� James Cook University (JCU);
� Marine and Tropical Science Research Facility (MTSRF);
� Queensland Government Natural Resources and Water (NRW);

and
� Townsville City Council (TCC).

The lack of public engagement and the absence of credibility in
research initiatives and management decisions can represent a ma-
jor obstacle to the adaptive implementation of innovative technol-
ogies. The next section will discuss some of the key points found in
this attempt to engage with stakeholders at the early stages of the
development of sensor network technology in the GBR region.
5. Discussion

We have seen that strategic data collection is a core issue in the
environmental monitoring process, and the sensor network initia-
tive represents a promising technology to capture data at the cor-
rect spatio-temporal scales (Kininmonth et al., 2004). Nevertheless,
there are considerable challenges to a better understanding of the
relationships between scientists and policy makers (Bradshaw &
Borchers, 2000). Relevance, data accessibility, acceptability and
context-dependence were reported as key factors in producing
and disseminating the real-time data and information from the
sensor network technology in the GBR region (see Figs. 3a and 3b).

The need to distinguish between data and information was a
core issue in the case of the sensor network. Data are usually de-
fined as ‘‘a body of facts or figures that have been gathered system-
atically and from which conclusions can be drawn” (e.g., survey
field notes), while information is characterized as ‘‘data that have
been processed into a form that is meaningful to the recipient”
(e.g., statistical data that has been shaped into a pie diagram)
(Ng’ang’a et al., 2005). While there is still a need for raw (unpro-
cessed) data, most coastal managers and practitioners demand ac-
cess to the information (processed data) (Szaro et al., 1998). The
sensor network’s stakeholders reported similar definitions of data
and information by stating, for instance, that ‘‘data [are] just lots
of numbers unless some analysis is done [to] transform it, so data goes
Please cite this article in press as: de Freitas, D. M., et al. Linking scien
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from being just data into information.” Understanding concepts such
as ‘data’ and ‘information’ within a specific context represents the
first step towards the adoption of more participatory initiatives
such as the sensor network.

The relationship between the different data management do-
mains, such as data availability (making data publicly available),
data interpretability, and data ownership, will foster public expec-
tations of management decisions. Both managers and researchers
established a direct relationship between the public availability
of data, rising public expectations and demands for more rapid
management responses to environmental problems. The potential
misinterpretation of the data provided raises complementary con-
cerns. These were the most important factors in asking the ques-
tions of whether, where and when to make raw data publicly
available. The data analysis also showed direct relationships
among data ownership, public availability of data and data inter-
pretation by different users. To better address those points from
a science–management perspective, it is useful to divide the dis-
cussion into three themes: the readiness of management to adopt
new technologies; the capacity of the technology to adapt to man-
agement needs, and the provision of information versus improve-
ment of management decisions.

5.1. Are managers ready to adopt emergent technologies like the
sensor network?

Environmental managers from the GBR region are eager for
information that can better support their management decisions.
The question is whether managers need new information or better
ways to integrate and communicate existing information. There is
still a lack of confidence in the provision of data that fits specific
management and research questions, such as the ‘relationship be-
tween delivery of dissolved inorganic nutrients from the catch-
ment and the concentration of dissolved organic nitrogen in the
long-term in the GBR lagoon.’ Additionally, the parameters to be
measured by the sensor network have to be better linked to spe-
cific management problems, so a more purposeful collection of
data can be designed.

Managers’ and policy makers’ lack of confidence in incorporat-
ing scientific data has also been recently reported by other studies
in the water management field (i.e., Brugnach, Tagg, Keil, & de
Lange, 2007; Slob et al., 2007). Hanson (2007) underlined the fact
that science is also about connecting people and acquiring trust
and collaboration, sharing data and expertise, and achieving com-
mon outcomes. The best solution to address this lack of confidence
has been the adoption of a more participatory approach in which
different stakeholders are engaged in the early stages of the design
and implementation processes (Hart & Martinez, 2006; Slob et al.,
2007). In Europe, for instance, Brugnach et al. (2007) attributed the
policy makers’ lack of confidence in incorporating water modeling
information into policy formulation to a poor communication pro-
cess, in which the policy makers did not understand the use of
models in the decision-making process. Through the participatory
process, policy makers started to accept the uncertainty embedded
in the prediction models, but they were still not satisfied with the
changes in the models over time, which could affect the outcomes
of decisions based on assumptions derived from previous models.

The main advantage of the adaptive management approach
over conventional methods (i.e., the decision approach, the best-
current-data approach, the monitor-and-modify approach), is its
iterative and flexible process in which decisions are made by learn-
ing from actions in the face of uncertainty and complex situations,
rather than deciding on actions upfront even when information
and understanding are limited (Johnson, 1999). For example, in
the US, the management of the Everglades wetland and the Colo-
rado River systems shifted from a traditional (equilibrium-based)
ce and management in the adoption of sensor network technology
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to an adaptive management approach (Johnson, 1999). In these
cases, the previous traditional decision-making approaches failed
because they attempted to maintain an optimal state of the re-
source under management rather than develop an optimal man-
agement capacity. The management of such systems with an
equilibrium-based approach reduced the ability of the system to
respond to stresses and reduced the flexibility of the management
agencies to respond to changes in the system, because they were
unsure of how to respond to unpredictable changes. The shift to-
wards to an adaptive approach to the management of the Ever-
glades and Colorado River systems has enhanced the
communication and cooperation among the interested parties to
discuss management problems, data availability and the assess-
ment of data gaps and uncertainties involved in complex manage-
ment decisions.

By adopting an adaptive and participatory approach in the GBR
region, the hope is that managers will be more prepared to use
real-time data to respond to complex and uncertain situations be-
cause they are learning and exchanging information from the ini-
tial stages of the development and implementation of the sensor
network technology. To achieve this, technology developers and
data users addressed current uncertainties about the benefits of
real-time information over the costs of data collection in large
and complex systems such as the Great Barrier Reef. In its first
phase, the adoption of an adaptive management approach involved
14 interested parties (see Section 4.4), identified tangible research
and management questions (see Tables 1 and 2), variables (see Sec-
tion 4.2), requirements and limitations (see Figs. 3a and 3b), for a
meaningful implementation of the sensor network technology. It
also addressed the most appropriate temporal and spatial scales
(see Figs. 3a and 3b), and a list of priority sites (from catchment
to reef, see Section 4.3) for the deployment of the sensor network.

The complexity of the policy management scales and the top–
down decision-making processes represent additional challenges
in linking science, policy and decision-making processes (Brugnach
et al., 2007; Jacobs et al., 2005). The establishment of monitoring
systems at the local and regional policy scales was reported as a ma-
jor problem by both researchers and managers in the case of sensor
network technology. For instance, the establishment of water qual-
ity monitoring requirements at the regional level required local
managers to monitor the water quality of rivers in the Burdekin
Catchment (Queensland, Australia) in the dry season when, because
of the low flow conditions, there is little or no water in the rivers.
The spatial and institutional differences between the national, re-
gional and local policy scales are therefore a significant challenge
to the implementation and use of the sensor network technology.

5.2. Can emergent technologies readily adapt to management needs?

Emergent sensor network technologies can be readily adapted
to management needs if some infrastructural and data manage-
ment issues are solved, such as data aggregation, workflows (auto-
matic processing), access and security, discoverability, standards
(sensorML, OML), and hardware and software interoperability
(see Table 2 and Fig. 3b). Some managers participating in the work-
shops believe that the technology might be well ahead of the man-
agement needs, and that the shortage of data is not as problematic
as the decision-making process.

The development of standards (accessibility and use of data) is
essential to maintaining consistency in the interfaces between
data, users and systems (Hart & Martinez, 2006). Standards facili-
tate data sharing and increase interoperability among information
systems by describing the rules, guidelines and definitions of data
collection and sharing (Ng’ang’a et al., 2005). Another important
aspect of technology readiness and data sharing is custodianship
(Diacono, 2007; Ng’ang’a et al., 2005). In the case of the sensor
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network initiative, workshop participants stated that the responsi-
bility for the data collected should belong to the ‘people who de-
signed the data collection processes,’ so in this case the
custodian of the sensors’ data would be the AIMS.

The custodian should be responsible for data acquisition, stor-
age, maintenance, quality assurance, security, access, documenta-
tion and distribution of the real-time data. However, this
responsibility for data interpretation and dissemination of the sen-
sor network data was not a consensus; rather such a role would re-
quire a ‘third party.’ Such a neutral body would be one of the
‘‘boundary organizations” defined by Guston (2001) as ‘‘organiza-
tions that have a foot in both science and policy worlds and can
credibly talk to both”. However, it would be a challenge to define
such data integrators, on the frontier between politics and science.

Emergent sensor network technology will be more prepared to
adapt to, and to be adopted by, management, if the data sharing
methods are well established. Researchers and managers are quite
reluctant to have different users making erroneous assumptions
about data quality, and in many cases managers and data collectors
are intimidated by the possibility of losing control and having extra
work to do (Diacono, 2007; Ng’ang’a et al., 2005). Both factors were
found in the case of the sensor network, and were mentioned ear-
lier in this section. Participants reported that ‘‘data suppliers and
designers don’t want to hand their data to anyone else before they
make some interpretation in the data because they [are] concern[ed]
that it might be misinterpreted and that erroneous assumptions about
data quality could emerge”. They also stated that because machines
occasionally fail or are not properly calibrated, the immediate
availability of real-time data to the general public could lead to
wrong interpretations. Another reason given for not providing
raw data is that researchers tend to be ‘‘very protective of their data
and they don’t like it to become immediately available before their
publications are released”.

Data sharing is a meaningful cornerstone in integrating science
into the policy making process (Jacobs et al., 2005). However, re-
cent studies revealed that there are some reasons for not sharing
datasets (i.e., Ng’ang’a et al., 2005), including the collection of data
with private funds or for a very specific project, privacy and secu-
rity issues associated with the data (e.g., location of military, nucle-
ar reactor facilities), and sensitive cultural information. Many of
these impediments can be overcome by the development of data
sharing agreements and collaborations (Diacono, 2007). It is, how-
ever, important to consider that, under the Freedom of Information
Act (1982), the public may request access to government docu-
ments and, unless the document is subject to a specific exemption
in the Act, the government agency must provide that access (Cul-
len, 1997).

Therefore, it is important to include the development of well-
defined data management principles and guidelines in the design
phase of data collection initiatives. For the provision of real-time
sensor network data, the stakeholders stated that it would be nec-
essary to:

� design specific standards and a quality assurance plan to
improve the accessibility and use of the data. These would
include issues of metadata accuracy and the interoperability
and harmonization of geospatial data through the development
of a set of principles and guidelines;

� the development of a data interpretation and dissemination plan
for the end-user, describing the data accuracy and credibility
issues, and

� the establishment of a science–management calendar contain-
ing key timelines of the decision-making (annual or seasonal)
processes in which real-time information is needed, so that
information is not lost and is available in a timely fashion for
decision-making.
ce and management in the adoption of sensor network technology
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5.3. Does the provision of information lead to better management
decisions?

Overall, researchers and managers have found it difficult to de-
velop the types of relationships and information flows necessary
for the full integration of scientific knowledge into the decision-
making process (Jacobs, 2002; McNie, 2007). The simple provision
of improved information does not directly imply better manage-
ment decisions, because managers and decision makers have usu-
ally found themselves constrained by institutional and
organizational impediments, and also different values and timing.
The uncertainty and lack of accuracy in datasets and modeling data
is still a critical limitation in most decision-making processes
(Brugnach et al., 2007).

The establishment of two-way communication processes and
the development of long-term relationships are considered key
factors in better management decisions (Borowski & Hare, 2007;
Roux et al., 2006). The provision of timely and useful information
certainly represents an important step in this direction, but only
if a participatory approach is adopted, with the engagement of
all interested stakeholders. For instance, the interaction between
multidisciplinary scientists and data users was fundamental to
the development of effective and widely supported science–policy
communication models for air pollution management in Europe.
However, the incorporation of various stakeholders, particularly
from government organizations, is usually threatened by the vari-
able positions of many policy makers who are often appointed for
short-time periods and may not have the opportunity to develop
long-term relationships (Jacobs et al., 2005).

Therefore, to support better use of real-time data provided by
sensor networks in management, it is important to promote ways
of improving and maintaining robust relationships and continuing
to hold the interest of all the relevant stakeholders. Such relation-
ships are highly dependent on continuous communication pro-
cesses in which researchers communicate effectively to
nonscientists, and managers express their needs for real-time data.
Most of the key informants interviewed (80%) for this study be-
lieved that managers do not articulate their needs effectively,
and 70% believed that researchers do not communicate scientific
results effectively to a nonscientific audience. Moreover, 90% of
the interviewees agreed with the statement that ‘policy’s main
challenge is the early engagement of scientists and policy makers
in the initial framing of management priorities’; and 90% also
agreed that ‘science’s core challenge is to share scientific data in
understandable terms and to respond to emergent policy needs’.

The dissemination of real-time data and information collected
by the sensor network is an important component of an adaptive
and participatory process. Stakeholders participating in the
workshops and interviews reported that a useful way to provide
of real-time information would be similar to the ReefTemp initia-
tive,1 and would need to:

� include visual maps and graphics with different colors repre-
senting the different variables measured (maps could have a
click move pointer tool similar to that of the Google Earth maps),

� design contour maps for selected reef hotspots, representing
high and low temperatures consistently in red and green,
respectively,

� send hazard warnings (i.e., high temperatures, oil spills) via, for
instance, an email alert system, and
1 ReefTemp is a collaborative initiative between CSIRO Marine and Atmospheric
Research (CMAR), the Great Barrier Reef Marine Park Authority and the Bureau of
Meteorology. (Further information can be found at: http://www.cmar.csiro.au/
remotesensing/gbrmpa/ReefTemp.htm.
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� accommodate archiving facilities within the network-based tool,
allowing access to past time data records and present trends.

They also thought that a useful dissemination tool for the pro-
vision of real-time data would be an integrated restricted online
interface with a limited public access portal. The restricted access
portal would have a login-password protected portal in which only
researchers and managers linked to the project and other permit-
ted users would have access to the raw streams of real-time data,
and a public access portal providing interpreted information as a
data summary of trends and indicators, preferably in the form of
visual maps, graphics and reports (restricted data requests would
be subject to authorization).

Although it is a challenge to collate and deliver the right data at
the appropriate spatial and temporal scales in a cost- and time-
effective manner, the use of real-time data from reef-based sensor
arrays has great potential in policy and management decision-
making. This paper has addressed some of the issues involved in
making this process an efficient and viable reality for the improved
management of marine and coastal systems at the GBR scale.
6. Conclusions and future directions

The deployment of a wireless sensor network and the availabil-
ity of real-time data in the GBR region represents a practical oppor-
tunity to better investigate the linkages between various spatio-
temporal and institutional scales, as well as the interactions be-
tween data providers (information suppliers) and data users (infor-
mation clients). The adoption of an adaptive and participatory
process, with the early engagement of both researchers and man-
agers in predicting stakeholders’ needs and providing timely and
relevant information, represents a promising way for managers
to benefit from the deployment of the sensor network technology.
By demonstrating a problem-oriented approach in the GBR region,
this paper contributes to filling the information gap between the
supply of scientific information and the end-user demands in a
participatory process for the adoption of emergent technologies
such as the sensor network.

Sensor network technology is a growing field that holds great
promise for the automated intelligent monitoring and adaptive
sampling of marine and coastal systems. Nevertheless, some areas
still require considerable effort (i.e., biological sensing, data provi-
sion and display) in order to ensure that the technology and its
resulting data are both acceptable and usable to the management
whose actions they are intended to support. The key findings and
recommendations are briefly described below.

A qualitative approach was very useful to elucidate the oppor-
tunities and pitfalls of ESNs, update information on new technolo-
gies, and strengthen the relationships between science and
management. The findings show that there is great potential and
interest from both science and management for continuous and
automated monitoring of water quality parameters. Researchers,
managers and decision makers possess significantly different re-
search questions, all of which may require real-time spatial data.

The development of new information technology, such as the
ESNs, needs to be mainly management-driven, but with both sci-
ence and management working in a collaborative way to define
the purpose and standards of data collection and analysis. Environ-
mental managers and decision makers would be responsible for
designating the policy/management problem and communicating
their information needs to scientists. Scientists would need to bet-
ter understand management priorities and fit them into their re-
search purposes. There are also many technological and
infrastructural challenges, such as destructive environments, lim-
ited radio transmission range, information security problems, and
visual pollution that still need to be overcome.
ce and management in the adoption of sensor network technology
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The collection and dissemination of real-time data needs to be
fitted into a well-established purpose and defined context, and
the technology has to be functional at the regional scale. Data pro-
vided by geospatial technologies, such as the sensor network, need
to be supported by adequate mechanisms for information delivery.

The intended public for the sensor network and real-time data
at the GBR scale is mainly composed of local and regional environ-
mental bodies and research organizations. Further efforts are still
required to enhance the communication flow between researchers,
managers and technology developers across the information pro-
cessing chain. In addition to communicating with stakeholders
during the initial stages of the project development, it is important
to continue to communicate throughout the entire process. There-
fore, the establishment of more structured partnerships, such as an
Informal Steering Committee Support Group, is a key recommen-
dation of this study.

Possible future work includes studying issues on spatial data
infrastructure (SDI) and collaborating on linkages with the scope
of national data management initiatives such as the Integrated
Marine Observing System (IMOS). Such studies would greatly re-
duce difficulties such as the duplication, fragmentation and diffu-
sion of collected data. It is also necessary to develop a robust set
of principles and guidelines for the interpretation and dissemina-
tion of real-time data.
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