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A B S T R A C T   

Freshwater resources provide ecosystem services that support human prosperity and development. Future 
changes in climate, land-use, and population could lead to detrimental impacts on freshwater quality and 
quantity, threatening drinking water, irrigation and energy production. To increase resilience there is the need to 
better understand the possible impacts of future changes on freshwaters. We use Scotland – and its legislative 
agenda ‘Scotland: The Hydro Nation’ – to understand the knowledge needs of water stakeholders as a first step in 
building freshwater resilience. By interviewing water stakeholders across Scotland, we found an overarching 
‘knowledge need’ for a greater understanding of the cumulative impacts on freshwaters associated with the 
interactions between multiple climatic and socio-economic drivers and their associated pressures. Stakeholders 
also identified five specific ‘knowledge need’ themes; large-scale land-use change, future water demands, water 
value, integrated development planning and water asset conditions. We identify a willingness of stakeholders to 
participate in systems-thinking approaches to address these ‘knowledge need’ themes. The ‘knowledge needs’ 
can be used to inform research priorities to support water-related policy in Scotland. We propose that partici-
patory methods should be applied following the Driver Pressure State Impact Response (DPSIR) framework to 
address ‘knowledge need themes’ to identify and appraise adaptive management and policy options. Our 
methods used to identify stakeholder knowledge needs are a time, cost and environmentally effective way for 
collecting rich data. Methods can be replicated in other regions and water policy contexts to understand where 
increased knowledge is required to help build future resilience.   

1. Introduction 

Freshwater resources provide vital ecosystem services that support 
human health and wellbeing, socio-economic growth and the natural 
environment (Rockström et al., 2014). The international importance of 
freshwater is highlighted by its direct relationship to two of the United 
Nations (UN) Sustainable Development Goals (SDGs): Clean Water and 
Sanitation (SDG6) and Life on Land (SDG15) (Schönhart et al., 2018). 
Freshwaters are also of indirect importance to other goals: No Poverty 
(SDG1), Zero Hunger (SDG2), Health and Wellbeing (SDG3) and Climate 
Action (SDG13) (Sprague, 2019; Bhaduri et al., 2016). The rooted sig-
nificance of freshwaters within these goals emphasise their importance 
to human development from social, economic and environmental per-
spectives. Yet, growing demand for freshwater to enable prosperity and 

development has often resulted in the physical alteration of water-
courses and the overconsumption of water resources (Cosgrove and 
Loucks, 2015). In the European Union (EU), around 60 % of surface 
water bodies fail to achieve good ecological status set by the EU Water 
Framework Directive (WFD) (Carvalho et al., 2019). 

Future changes in climate, land-use, and population are likely to 
increase pressures on freshwater ecosystems to deliver vital ecosystem 
services. The water-energy-food (WEF) nexus approach describes the 
interactions between climate and socio-economic drivers and how they 
can affect freshwater environments (Endo et al., 2017). Failure to 
consider the interactions between climatic and socio-economic drivers 
could lead to over or under-estimations of their impacts on the water 
environment (Holman et al., 2016). Efforts to understand climate 
change impacts on freshwater should therefore be considered within the 
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context of wider socio-economic and political changes. This requires a 
holistic evaluation of environmental impacts from multiple drivers, such 
as the Driver-Pressure-State-Impact-Response (DPSIR) Framework 
(EEA, 1999). DPSIR conceptualises the complexity of interactions be-
tween global change drivers and direct pressures on the environment – 
including freshwater – and has been used successfully to model global 
change impacts and adaptation options (Kagalou et al., 2012). 

To plan for – and cope with – the potential future impacts on 
freshwater resources, policy and management solutions will have to be 
resilient (Escribano Francés et al., 2017). Resilient water management 
allows freshwater systems to bounce back and adapt to variability, un-
certainty and transformation (Brown, 2015). As such, resilience refers to 
the capacity of a system to absorb disturbance and re-organise while 
undergoing change to retain the same function, structure, identity and 
feedbacks (Walker et al., 2004). For freshwater systems, this requires 
high levels of adaptability from stakeholders with a responsibility to 
manage the system. Stakeholder participation is therefore a funda-
mental requirement when considering how to increase the resilience of a 
system (Aldunce et al., 2016), and has the advantage of increasing the 
likelihood of adopting the policy options or management strategies 
(Conallin et al., 2017). There is a recognised need for better engagement 
practices to understand stakeholder needs when considering adaptive 
environmental management (Gramberger et al., 2015; Hewitt and 
Macleod, 2017). Despite the advantages of stakeholder participation 
their involvement in decision making is often limited to a consultative 
capacity during implementation stages (Reed, 2008), rather than taking 
into account their needs during problem framing or design stages. 

To address this limitation, we aim to understand the knowledge 
water stakeholders need to increase the resilience of freshwater re-
sources to the impacts of future change. We use the case study of Scot-
land to provide a national context of the importance of freshwater 
resilience in achieving relevant policy ambitions, with specific relevance 
to its legislative agenda, ‘Scotland: The Hydro Nation’.1 However, our 
methods and findings will be relevant for other regions wanting to in-
crease the resilience of their water management in the face of global 
change. 

2. Scotland the Hydro Nation 

In 2013 the Scottish Parliament introduced the legislative agenda 
‘Scotland: The Hydro Nation’ to support the Scottish Government’s 
vision of Scotland as a leader in sustainable water resource management 
(Greig and Rathjen, 2021). The agenda aims to maximise the value of 
freshwater resources for the benefit of both the Scottish economy and 
the natural environment. 

Scotland’s freshwaters provide drinking water, irrigation for food 
production, cooling for distilling Scotch Whisky, habitats for iconic 
wildlife and intrinsic scenic landscapes which all contribute to the 
economic development, health and well-being, natural environment and 
cultural identity of the nation. The Hydro Nation agenda recognises the 
existing challenges for Scotland’s 3,169 water bodies to achieve Good 
Ecological Status (GES) status under the EU WFD – for now still a 
requirement despite the UK’s exit from the EU – and the increased 
emerging global change pressures impacting freshwater resources. 

One of the key pressures is the increased frequency of flood events 
which have been attributed to increasing numbers of intense rainfall 
events due to climate change (Werritty et al., 2006). Annual rainfall 
increased by 27 % between 1961 and 2011, with average winter rainfall 
in the north of Scotland increasing by 51 % during the same period 
(ClimateXChange, 2017). Changes in land management, including 
agricultural intensification, have also contributed to increased flood 

events in the UK, e.g. by increasing soil compaction, and removing 
hedgerows and vegetation in upland regions, resulting in faster surface 
drainage of water run-off into river systems (O’Connell et al., 2007; 
Alaoui et al., 2018). 

The frequency of droughts are expected to increase in certain regions 
of Scotland, particularly centrally and in the east, due to a combination 
of decreasing precipitation and increasing temperatures (Gosling, 
2014). Increased air temperatures result in less snow accumulation, 
which also contributes to increasing water temperatures due to 
declining cooling properties of snowmelt (Pohle et al., 2019). The 
combination of higher water temperature and lower water flow results 
in a lack of dilution of elements and chemicals entering freshwater 
sources, resulting in lower concentrations of dissolved oxygen which 
negatively impacts freshwater ecology (Mosley, 2015; Nilsson and 
Malm-Renöfält, 2008). Furthermore, reduced water availability during 
periods of low flows and increased river temperatures can impact in-
dustrial, domestic and agricultural sectors (Middelkoop et al., 2001). 

Point source and diffuse pollution are pressures on Scotland’s 
freshwater environment. Point sources of pollution to water environ-
ments in Scotland come from wastewater, mining, industry, agricultural 
and fish farm discharges (Marsden and Mackay, 2001). Diffuse pollution 
sources mainly stem from agricultural land in the form of fertiliser and 
pesticide run-off and agricultural animal waste. Future changes in 
land-use could have an important influence on changes in diffuse 
pollution (Dunn et al., 2012). Both point and diffuse pollution can have 
detrimental impacts on water quality through the addition of heavy 
metals, pathogens, pharmaceuticals and macronutrients such as nitro-
gen and phosphorus. The introduction of these elements can be toxic to 
aquatic species (Luo et al., 2015) and result in the decrease of dissolved 
oxygen due to higher biological oxygen demands (BOD) (Ansari et al., 
2010). 

The intensity and severity of environmental changes are projected to 
increase in the future (Brown et al., 2011b; Dunn et al., 2012; Werritty 
and Sugden, 2012). If the Hydro Nation agenda is to achieve its aim of 
maximising the value of Scotland’s freshwaters, it must recognise that 
freshwaters will need to be resilient to the impacts of future change to 
continue providing their valuable ecosystem functions. 

Applying a proactive approach in understanding and resolving 
emerging issues, the Hydro Nation agenda aims to work collaboratively 
with water sector stakeholders and academia to co-construct and iden-
tify relevant research to develop water policy. To support the Hydro 
Nation agenda, our research aims to understand the knowledge needs of 
water sector and academia stakeholders. By understanding stakeholder 
knowledge needs our goal is to inform the identification of relevant 
research required to help achieve a resilient Hydro Nation. 

3. Methods 

3.1. Stakeholder interviews 

We conducted stakeholder interviews to understand the knowledge 
needs of individuals with a relevant interest in Scotland’s freshwater 
resources. We invited sixty-two stakeholders to participate in our 
interview process, of which twenty-seven (44 %) completed an inter-
view, twenty-four (39 %) did not respond, five (8 %) rejected the 
request, four (6 %) provided a response which could not be included in 
the data analysis – including written responses or technical faults during 
interview recording – and two (3 %) declined but suggested an alter-
native stakeholder contact. Of the twenty-seven completed interviews, 
twenty-four individual interviews were carried out, while two in-
terviews involved more than one participant from the same organisa-
tion. We conducted twenty-four (89 %) interviews via telephone 
interview and three (11 %) via face-to-face interview. The average 
recording time for the interviews was thirty-three minutes, the shortest 
interview lasted twenty minutes and the longest was eighty-three 
minutes. 

1 Further detail on the Scotland’s Hydro Nation strategy can be found on the 
Scottish Government website: https://www.gov.scot/policies/water/hydro-nat 
ion/ 
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A snowballing technique, where interview participants were asked to 
recommend stakeholders who may have been missed in the initial desk- 
based research, was used to identify and increase the number of relevant 
interview participants (Durham et al., 2014). The twenty-seven 
participating stakeholders represented a range of backgrounds associ-
ated with Scotland’s freshwater resources, (Table 1), which are divided 
into seven categories and assigned unique identification codes based 
upon their responses when asked about their association with Scotland’s 
freshwater landscape (Q2. Table 2). Please note that as Scottish Water, 
the main water utility in Scotland, is publicly owned and accountable to 
the Scottish Parliament, the knowledge needs of water utility stake-
holders are represented in the water policy stakeholder category. 

When possible, we conducted face-to-face interviews to build a 
rapport with the stakeholder, allowing for rich data to be collected 
(Irvine et al., 2013). But the majority of interviews were conducted by 
telephone as a time and cost-effective alternative (Novick, 2008), which 
we believed could increase the willingness of busy stakeholders to 
participate. Telephone and face-to-face interview methods followed the 
same questions and structure to achieve a consistent approach. In-
terviews followed a semi-structured process using a consistent set of 
interview questions (Table 2). A justification for selecting each question 
can be found in Supplementary Material (SMTable1). 

When asking stakeholders to highlight the future drivers and pres-
sures they believe will have the greatest impacts on Scotland’s fresh-
water resources in the future (Q5 and Q6), the DPSIR framework was 
described to stakeholders as a structured way of considering potential 
future impacts (Henriques et al., 2015). We derived drivers from a re-
view of peer-reviewed publications that detail the main drivers that lead 
to future uncertainties from environmental, ecological, governance and 
future business perspectives (Barthel et al., 2012; Alcamo et al., 2007; 
Lead et al., 2005; Wu et al., 2008; Dong et al., 2013; Haasnoot and 
Middelkoop, 2012; Henriques et al., 2015; Kebede et al., 2015; Zessner 
et al., 2017). From this literature review, we identified seven driver 
categories: economic, natural, social, governance & policy, technolog-
ical innovation, land-use & management and population. 

3.2. Data analysis 

We transcribed interview recordings, which were then analysed 
using the qualitative data software package NVIVO (Bazeley and Jack-
son, 2013). Content analysis was conducted to identify knowledge needs 
following a three-stage inductive coding process (Fig. 1): 

1. Understanding context - Initial coding of stakeholder roles (Q1), as-
sociations to Scotland’s freshwater resources (Q2) and previous 
related research (Q3) to provide context to the response provided in 
later questions.  

2. Identifying knowledge needs - Line-by-line coding of responses to the 
important research questions (Q4) and future scenario research (Q7). 
Coded responses were grouped to identify a set of knowledge need 
themes.  

3. Understanding knowledge needs - Each knowledge need theme was 
then populated with relevant coded responses to questions: key 
drivers and pressures (Q5 & Q6), specific study area(s) (Q8) and time 
horizons (Q9). Populating the knowledge need themes allowed for a 
detailed interpretation of the individual knowledge needs. 

Stages 2 and 3 passed through three iterations by the author team to 
increase validity of the content analysis process (Graneheim and Lund-
man, 2004). The first iteration was conducted on an individual basis 
then presented to the author team. Second, the author team provided 
feedback on the first iteration and contributed findings of their own 
analysis during a content analysis workshop. Feedback and new findings 
were combined to finalise the analysis. 

4. Results 

One overarching ‘knowledge need’ and five more specific ‘knowl-
edge needs’ were identified, as described in the sections below and 
illustrated with relevant coded quotes from the interviews. A full list of 
coded responses for all stakeholder ‘knowledge need’ themes can be 
found in Supplementary Material (SMTable 2). A network diagram 
illustrating the link between the overarching ‘knowledge’ need theme, 

Table 1 
Categories and unique identifiers for participating stakeholders.  

Stakeholder Category Category Definition # Abbreviated Category 
ID 

Unique Stakeholder ID 

Flood Risk Planning Involvement in the development and implementation of flood plans to 
minimise risk. 

2 FRP FRP1, FRP2 

Freshwater 
Management 

Direct management of freshwaters, e.g. infrastructure and restoration. 3 FWM FWM3, FWM4, FWM5 

Freshwater Protection Protecting and conserving freshwaters, e.g. monitoring and compliance. 7 FWP FWP6, FWP7, FWP8, FWP9, FWP10, FWP11, 
FWP12 

Land-Use 
Management 

Active involvement in land-use activities that influence freshwaters. 3 LUM LUM13, LUM14, LUM15 

Water Industry Reliance on freshwater to provide a good or service. 2 WI WI16, WI17 
Water Policy Involved in setting and engaging with relevant freshwater policy. 5 WP WP18, WP19, WP20, WP21, WP22 
Water Research Involvement in research projects related to freshwaters. 5 WR WR23, WR24, WR25, WR26, WR27  

Table 2 
Stakeholder interview questions and their justification.  

Question 
number 

Question 

Q1 Could you please detail your organisations association to 
Scotland’s water resources? 

Q2 Please describe the work you do that is relevant to Scotland’s water 
resources? 

Q3 Have you or your organisation worked, or are currently working, 
on scenario development? 
If so, please give details. 

Q4 What are the important questions you believe need to be addressed 
to help Scotland’s water resources become resilient to future 
change? 

Q5 From the drivers provided, please tell me which three drivers you 
believe will have the greatest impact on Scotland’s water resources 
in the future and why? 

Q6 What are the pressures on water that will occur due to the top 
drivers you selected in the previous question? 

Q7 What scenario research would you like to see conducted to better 
understand the future pressures on water you described 
previously? Please explain your response. 

Q8 Do you believe the scenario research you describe should be 
carried out at a national or catchment scale? 
If catchment scale, could you suggest any Scottish catchments that 
would be suited for the future scenario research? 

Q9 What time horizon do you believe to be most specific to scenario 
you describe? 

Q10 Do you plan to use the new climate projections -UKCP18? If so, 
please explain how you plan on using them? 
If not, how would you like to see them used?  
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the specific ‘knowledge need’ themes and the related drivers and pres-
sures are provided in Fig. 2. 

4.1. Influence of multiple drivers overarching ‘knowledge need’ 

The need to better understand how the cumulative impacts of in-
teractions between multiple future change drivers could influence 
freshwaters was identified as an overarching knowledge need, 

mentioned by 18 participating stakeholders in 37 coded responses. The 
impacts of individual drivers for change (e.g. the impacts of climate 
change on both future flood and drought events) are being addressed. 
But stakeholders highlighted the need to better understand the inter-
action between combinations of both climatic and socio-economic 
drivers and their cumulative impacts on Scotland’s freshwaters, as 
exemplified by the following coded response: 

“Of course, we have a load of systemic problems with climate change 
itself, we’ve done scenario testing on what we think catchments will do, 
what we think individual rivers will do, how surface water will change in 
terms of the intensity of storms into the future. What we’re trying to do is 
bring an understanding of all those things together, to think each of those 
things won’t be felt equally and getting you head around what all that 
means individually is quite difficult, but how those things interact with 
each other is more complicated.”. -FRP1. 

4.1.1. Large scale land-use change specific ‘knowledge need’ 
The need to better understand the impacts of large-scale land-use 

changes on flooding, water quality and water availability was 
mentioned by 15 stakeholders in 50 coded responses. Interactions be-
tween natural (climatic) and land-use change pressures including 
flooding, water pollution and water availability were identified. The 
investigation of land-use scenarios that encourage the re-introduction of 
more natural management options, such as the planting of riparian 
woodlands to attenuate flows and reduce water temperature, was 
highlighted as a knowledge need at a large catchment scale over long 
time-horizons of 50–80 years to reflect the time taken for natural pro-
cesses to occur, for example, tree growth. 

“It’s all too easy to make generalisations about different land-use, habi-
tats and land-cover and make general comments about what impact that 
might have on water quality, flow rates or water storage. We need more 
evidence to demonstrate on a big scale” -LUM15. 

4.1.2. Future water demands specific ‘knowledge need’. 
The need to better understand how future water demand might be 

Fig. 1. Data analysis process, consisting of three stages: (1) Understanding 
context, (2) Identifying knowledge needs, and (3) Understanding knowl-
edge needs. 

Fig. 2. Network diagram summarising the knowledge needs identified by stakeholders.  
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influenced by changes in multiple drivers was mentioned by 13 stake-
holders, in 40 coded responses. Stakeholders described water demands 
as being influenced by multiple future changes such as climate, popu-
lation and land-use, which could exacerbate the projected increased 
frequency of future drought events, particularly in summer months. 
Scenarios to understand how future water availability will change and 
how this will influence water allocations across competing industries are 
suggested. Understanding this need is required at the catchment scale in 
drought-prone areas of North East Scotland over a medium time-horizon 
of 30–50 years. 

“we don’t really have a picture of what future demands might look like 
and what new water use activities might be taking place here, that’s 
important because it’s telling you if there is going to be competition for 
something at the moment you think is quite plentiful.” -WI17. 

4.1.3. Water value specific ‘knowledge need’ 
The need to better understand how the people of Scotland value their 

water resources was mentioned by 14 stakeholders in 30 coded re-
sponses. Due to the nature of the Scottish public water supply – where 
water supply and wastewater services are priced at a fixed rate, rather 
than metered – it is suggested that the people of Scotland might not be 
fully aware of the impacts their behaviours have on the water envi-
ronment. The key driver for change was social interactions which lead to 
pressures on water quality and availability. The water value research 
should be carried out at a national scale and is not appropriate for a 
time-horizon as it should be carried out now the help guide future 
understanding. 

“In terms of the important questions we believe need to be addressed, they 
all relate to how we use our water environment, how we use that resource 
and how we value it” -FWP6. 

4.1.4. Integrated development planning specific ‘knowledge need’. 
The need to better understand how a more integrated approach in 

planning and design of urban areas can be achieved was mentioned by 
12 stakeholders in 29 coded responses. An integrated development 
planning approach would involve increased partnership working be-
tween organisations involved in water management, infrastructure 
planning and investment planning. The main concern for stakeholders is 
the threat of flooding due to developments in flood plains as a conse-
quence of future changes in land-use, population and climate. Scenarios 
of integrated development plans which consider flood risk and natural 
surface water run-off treatment options are suggested for urban catch-
ments over a medium to long-term time-horizon of 30–50 years to reflect 
population and climate projections. 

“coming together of different organisations and taking away our blinkers 
of our own infrastructure and thinking about how we work for Scotland 
plc and join that thinking together. Be creative and innovative, how can 
we actually create much better resilience within the Scottish infrastruc-
ture” -FWM5. 

4.1.5. Asset condition specific ‘knowledge need’ 
The need to better understand the resilience of the water industry 

and associated infrastructure assets to the impacts of multiple drivers 
was mentioned by 10 stakeholders in 23 coded responses. Changes in 
climate, population and land-use in urban areas could create stress on 
the water asset capacity, in both high-intensity rainfall and low-flow 
conditions, while the emergence of new water contaminants were 
identified as the key drivers and pressures. Scenarios to test how assets 
respond under intense changes to future conditions under differing in-
vestment options were described. The need to understand asset condi-
tions in densely populated urban catchments at incremental short-term 
to medium-term 5–25 year time horizons was identified. 

“The first thing is the actual supporting infrastructure, there are questions 
around how that needs to be re-designed in the future to build resilience” 
-WR26. 

4.2. Drivers and their associated pressures 

Stakeholders were asked about the pressures (Q6) and the associated 
drivers (Q5) they believe will have the greatest influence on Scotland’s 
water resources in the future (Fig. 3, Table 3). The majority of responses 
considered water availability as a key future pressure mentioned by 12 
stakeholders (17 coded responses) which is associated with natural (7), 
economic (4), population (2), land-use and management (1), social (2) 
and technological (1) drivers. Flood risk was mentioned by nine sta-
kheolders (15 coded responses), associated with natural (7), land-use 
(4), population (3) and social (1) drivers. Water pollution was 
metioned by 10 stakeholders (14 coded responses), which was associ-
ated with land-use (6), natural (4), population (1), and economic (1) 
drivers. Other pressures include public awareness mentioned by five 
stakeholders (6 coded responses)) and investment in assets and research 
mentione bv five stakeholders (5 coded responses). Five stakeholders 
also considered positive impacts of future changes, including working 
with nature (5 coded responses) which are considered a potential op-
portunity to improve both water quality and quantity. Each of the key 
pressures mentioned by stakeholders are considered to result from 
multiple associated drivers for future change, emphasising the need to 
better understand the influence of future changes in combination, rather 
than in isolation. Coded responses for each of the pressures are provided 
in Supplementary Material (SMTable 3). 

5. Discussion 

During content analysis, the overarching ‘knowledge need’ – the 
need to better understand the cumulative impacts of the interactions 
between multiple climatic and socio-economic drivers – was identified 
by stakeholders. The ‘knowledge need’ is described as an overarching 
‘knowledge need’ because the theme was discussed by stakeholders 
when describing the five specific ‘knowledge need’ themes. The 
consistent reference to the overarching knowledge need prompted the 
decision that inductive thematic saturation had been achieved and no 
new themes would be identified by conducting further interviews 
(Saunders et al., 2018). 

The overarching ‘knowledge need’ is also evident when asking 
stakeholders to describe the key future change drivers and their asso-
ciate pressures. For each of the three most frequently mentioned pres-
sures – water availability, flood risk, and water pollution - multiple 
future change drivers are identified as a cause of the pressure. The as-
sociation of multiple future change drivers emphasises the drivers 
interact to influence freshwater resources. It is the cumulative impacts of 
often complex interactions between future change drivers that stake-
holders seek to better understand. Increasing knowledge of the cumu-
lative impacts would assist stakeholders when identifying adaptive 
management and policy options to increase the resilience of freshwaters. 

In the specific ‘knowledge need’ to further investigate the role of 
large-scale land-use change and the potential benefits of working with 
nature on larger scales, interactions between water pressures are evident 
(see SMTable2, Section 2). Restoring natural processes, such as 
increased forest cover to attenuate flows to enhance resilience to 
drought and flooding, at a large catchment scale was identified as a 
potential resilient solution to water availability, water pollution and 
flood risk pressures. Burton et al. (2018) discuss the benefits of wood-
land expansion for flood control, while appropriate management of ri-
parian zones can improve stream water quality. 

Interview responses (see SMTable 2, Section 3) related to the future 
water demands ‘knowledge need’ demonstrated that the influence of 
multiple drivers and their influence on future water demands was a 
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concern for several stakeholders. The future water demands ‘knowledge 
need’ relates to the pressure on water availability, which is often 
attributed to low-flow or drought events. Drought is considered to be a 
result of an increased frequency of extreme dry - due to a deficit in 
precipitation (meteorological), inadequate soil moisture (agricultural), 
or low surface and groundwater flow (hydrological) - which are pro-
jected to increase in Scotland due to climate change (Gosling, 2014). In 
addition to the influence of climate change, stakeholders identified the 
need to better understand how water demand would change with 
increased competition between industries and sectors that rely on 
freshwater resources for economic growth. Changes in climate and 
land-use are projected to change the demand and supply of water re-
sources in Scotland (Allan et al., 2020; Brown et al., 2011a). Stakeholder 
responses also referenced changes in societal attitudes and population 
growth in terms of overconsumption of water could potentially exac-
erbate water availability issues (Dawadi and Ahmad, 2013; Dessai and 
Sims, 2010). 

Multiple drivers for future change are also considered within the 
‘knowledge need’ to achieve a more integrated development planning 
system. Pressures related to the current methods for development 
planning include the risk of increased flood events and poor water-use 
efficiency (see SMTable 2, Section 5). With the Scottish population ex-
pected to grow by 2.5 % by 2043 (NRS, 2019), the potential of 350 000 
new homes by 2037 and the increasing intensity and severity of storm 
events, the number of homes at risk of flooding is predicted to increase 
(Rowland et al., 2019). Urban development and planning were identi-
fied as influencing pressures on water resource availability and the de-
mand for water from both industrial and domestic sectors (Holman 
et al., 2016). 

Considering the ‘knowledge need’ to understand the resilience of 
water assets to the interactions between future drivers was identified by 
stakeholders (see SMTable 2, Section 6). Determining how assets and 
infrastructure respond during extreme events, such as high-intensity 
rainfall events, needs to be assessed and the re-design of more resilient 
infrastructures considered. Extreme hydrological events pose a signifi-
cant risk to critical infrastructure (McGrane et al., 2018) and investment 
is required to ensure their resilience to change. Stakeholder responses 
suggested levels of investment in water infrastructure may change in the 

future due to demands in different sectors, which could influence the 
resilience of assets. For emerging issues, such as new contaminants in 
water and wastewater, technological innovations were considered by 
stakeholders as potentially having a positive influence on alleviating 
pressures and are described in the literature as a key characteristic of 
adaptation (Heikkila et al., 2013). 

For all the previously discussed specific ‘knowledge needs’, a 
catchment scale systems-thinking approach is recommended by stake-
holders, which is evident in coded responses provided in results Section 
4.1 by stakeholder FRP1 and results in section 4.2.4 by stakeholder 
FWM5. The desire for a systems-thinking approach is also evident in the 
Supplementary Material (SMTable 2), for example, coded responses 
13.1-13.5 in Section 1 and coded response 4.1 in Section 5. Coded re-
sponses suggest the current management and planning carried out by 
stakeholders to address water issues are often done in isolation and more 
holistic systems thinking approaches are required to address catchment 
scale specific ‘knowledge needs’. At the catchment scale, water is shared 
between competing stakeholders often dependant on access to quality 
water for activities such as food production and drinking water supply. 
Aquatic ecosystems also rely on quality water to function (Falkenmark 
et al., 2003). The interrelationships between competing stakeholders 
and ecological processes create complex socio-ecological systems. 

Achieving a holistic systems-thinking approach involves engaging 
with and understanding the complexity of socio-ecological systems. 
Resilience has developed into a process for understanding socio- 
ecological system complexity, while measuring the capacity of the sys-
tem to adapt and transform in the face of diverse pathways (Folke, 
2016). Systems-thinking approaches are a method of engaging with 
complex interrelationships within socio-ecological systems, while also 
seen as critical in identifying resilient solutions that solve water resource 
problems (Aldunce et al., 2016; Falkenmark, 2017; Mirchi et al., 2012). 
We argue that research methods to address the stakeholder ‘knowledge 
needs’ should therefore adopt frameworks such as the WEF nexus and 
the DPSIR framework, which enable stakeholder participation in 
systems-thinking approaches and inform collaborative identification of 
adaptive management and policy options. 

We recognise that holistic participatory approaches are often chal-
lenging to implement, particularly when regarding the conflicting 

Fig. 3. Future water pressures and their associated drivers identified by stakeholders.  
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interests of stakeholders (Voinov and Bousquet, 2010). For successful 
implementation, participatory methods must demonstrate a change in 
stakeholder understanding and enable participating stakeholders to 
recognise their role and interactions with other stakeholders within the 
socio-ecological system (Reed et al., 2010). To overcome the challenges 
of implementation, we propose the application of combining participa-
tory scenario development and modelling processes to address the 
overarching ‘knowledge need’ of stakeholders. The participatory 
methods would provide a common flexible framework for stakeholders 
to share knowledge and education, which is key when assessing complex 
socio-ecological systems (Macleod and Haygarth, 2010) and overcoming 
conflicting interests. 

Our findings in Fig. 3. and Table 3 demonstrate that following the 
DPSIR framework helped stakeholders articulate and identify key pres-
sures on water and their associated drivers. To build on this, we propose 
participatory scenario development - used to support adaptive decision- 
making within complex systems (Kebede et al., 2018) – as a structured 
method for engaging with the complex interactions between future 
change Drivers and Pressures. Within scenarios, the importance of 
considering both socio-economic and climatic change factors can be 
achieved by coupling both Representative Concentration Pathways 
(RCPs) and Shared Socioeconomic Pathways (SSPs) (Holman et al., 
2016). RCPs consider possible climate futures (Van Vuuren et al., 2014), 
while SSPs describe plausible changes in society (O’Neill et al., 2017). 
Methods for combining RCPs and SSPs include the scenario framework 
matrix described by Van Vuuren et al. (2014) which can be followed 
with diverse groups of stakeholders and scaled to create plausible 
catchment-specific scenarios. Creating plausible scenarios would pro-
vide a structured way for considering uncertainty associated with future 
pathways and allow stakeholders to address the overarching ‘knowledge 
need’ to better understand the cumulative impacts of the interactions 
between multiple climatic and socio-economic drivers. The participa-
tory process would enable stakeholders to understand pressures on other 
stakeholders within the socio-ecological system, while also recognising 
shared pressures with others. 

Participatory modelling processes can consider the State and Impact 
aspects of the DPSIR framework. Analytical tools such as System Dy-
namics, Bayesian Networks, Fuzzy Cognitive Mapping and Agent-based 
modelling can each support stakeholders in mapping, knowledge 
sharing and understanding complex systems (Voinov and Bousquet, 
2010). Modelling the impacts of the multiple pathways on 
socio-ecological systems would lead to the identification of new 
knowledge regarding changing states and identified impacts. We pro-
pose participatory modelling as the identification of new knowledge 
could lead to attitude shifts and a more enriched understanding of 
shared future impacts with other stakeholders, providing stakeholders 
with their desired holistic systems-thinking approach. 

The generation of new knowledge, the increased awareness of the 
interactions with other stakeholders and an understanding of shared 
issues would inform the Response aspect of the DPSIR framework. 
Modelling outputs would allow stakeholders to appraise adaptive 
management and policy solutions required to address future impacts and 
build resilience. Informed by the DPSIR framework, the participatory 
methods can invoke a change in stakeholder attitudes and facilitate the 
identification of adaptive management and policy options, increasing 
the likelihood of their adoption as described by Conallin et al. (2017). 

Despite discussion of the overarching and previously identified 
specific ‘knowledge needs’ being in a Scottish context, the inherent need 
to better understand the cumulative impacts of multiple factors for 
global change can be applied internationally. Participatory scenario 
development and catchment modelling could also be applied interna-
tionally. Encouraging stakeholder participation and collaboration sup-
ports the findings of previous studies (Aldunce et al., 2016; Durham 
et al., 2014; Williams, 2011) who champion the importance of stake-
holder engagement when co-designing projects and building resilience. 

Water value was the only ‘knowledge need’ where a national scale 

Table 3 
Description of pressures and associated stakeholder responses.  

Pressure Description Illustrative quote Mentions 

Water 
Availability 

Future water scarcity 
from low-flow/drought 
events and the impacts 
this would have on 
competition between 
water-using sectors. 

“Increased demand on 
water resources during 
drier periods when 
you’ve got less supply 
anyway. There’s going 
to be increasing 
rationing of the 
resource between 
competing grants’’- 
FWP7. 

12 

Flood Risk Increasing flood risk is 
highlighted as a pressure 
due to concerns 
regarding the increasing 
frequency of extreme 
hydrological events, 
while the loss of natural 
land was also considered 
to have an impact on 
increasing flood risk. 

”In terms of the impacts 
of flooding, regardless 
of what else you do, 
those numbers are 
pretty full-on, pretty 
scary where they’re 
going. So that’s one.” 
-FRP1. 

9 

Water 
Pollution 

Diffuse pollution from 
intensive agricultural 
processes. New or 
increased contaminants 
and the treatment costs 
to address these 
pollutants. Increasing 
water temperature was 
also considered as a 
potential source of 
pollution, which is also 
linked to water 
availability. 

“….diffuse pollution 
next, in that we’ve 
obviously got clear 
targets at the moment 
for key delivery and in 
Scotland and elsewhere 
there are large parts of 
Scotland where there 
are adverse impacts 
from diffuse pollution.” 
-WR27. 

10 

Public 
Awareness 

The level of awareness 
and understanding the 
public of their impacts on 
freshwater resources and 
their awareness of future 
risks to freshwaters. 

“Then also social is 
probably the one we 
should put further up 
our agenda because to 
the extent people don’t 
perceive a problem they 
don’t do anything about 
it. I think there is much 
more to do in the social 
space and I know 
Scottish Water is doing 
quite a bit of research. 
Why people use the 
water they do and the 
trends and the fact they 
don’t know what the 
impacts are of their 
behaviour, there’s a lot 
more in there to do.”- 
WP22. 

5 

Investment in 
Assets & 
Research 

Levels of investment in 
water industry assets, 
infrastructure 
technologies and 
research to address 
future impacts are 
described as potential 
pressures. Lower levels 
of investment due to the 
resourcing of other 
competing issues were a 
cause for future concern. 

“Ensuring that there are 
funds available to 
address Scotland’s 
water resources in the 
future, that’s been a 
challenge anyway, so I 
think that’s only going 
to get more difficult as 
there is going to be 
more demands on what 
we actually need money 
for.”-FWP9. 

5 

Working with 
Nature 
(Positive) 

Restoring natural 
processes and increasing 
natural areas is described 
as an indirect pressure to 
address potential 
pressures such as water 
pollution and flooding. 

“we’re keen to help 
rivers adapt to climate 
change by encouraging 
establishing and 
extending riparian 
woodland to some of 
our vulnerable 
watercourses to reduce 
temperature peaks and 
restore natural 
processes”-FWP10. 

5  
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study was mainly encouraged by stakeholders. The methods used to 
address the water value ‘knowledge need’ would therefore require a 
Scotland-specific approach. Social drivers and the way people interact 
with freshwater resources were identified by stakeholders as influencing 
both water quality and quantity (see SMTable 2, Section 4). Examples 
include poor water-use efficiency in the household, or poor waste 
disposal leading to water pollution. Stakeholders highlighted a combi-
nation of future changes could increase these impacts; such as the 
interaction between population growth and climate change resulting in 
increasing volumes of domestic water usage for recreational purposes 
during warmer summers (Dessai and Sims, 2010). Understanding how 
people value Scotland’s freshwater resources was seen as a potential 
way of identifying policy and management initiatives that increase 
awareness and influence a change in behaviours in water use to improve 
both quality and quantity. Stakeholders suggested that due to the ma-
jority of the Scottish population being charged for their water services at 
a fixed rate, how people in Scotland value their water resources may be 
different to populations who are charged at a metered rate. Although the 
fixed pricing method is not unique to Scotland, methods to address the 
water value ‘knowledge need’ would be best applied to the Scottish 
context only. 

To address the water value ‘knowledge need’, we recommend a na-
tional scale mixed-method approach aimed at understanding household 
behaviour towards both domestic water resource consumption and 
wastewater services. Participants would be first asked to complete a 
questionnaire to gauge: (1) household understanding of tap water and 
wastewater life cycles, (2) estimates of their current water and waste-
water consumption, (3) understanding of the impacts of their con-
sumption and (4) how their demand for water services might change in 
the future. Following the questionnaire, participants would be asked to 
complete a water use calculator, following a similar process to the 
calculator used by Scottish Water.2 The questionnaire and water usage 
calculator approach could help identify the nature of management or 
policy action required to improve household water resource efficiency 
and wastewater disposal. Comparing responses from the questionnaire 
and calculator concerning consumption would allow for investigation 
into disparities between perceived and actual household usage. Any 
disparities between perceived and actual water consumption could 
provide insight into user value of the water resource consumed at home, 
while identifying where increased user knowledge is required. 

Our findings can be considered a first step in building resilience, as 
the ‘knowledge needs’ can be used to set research and funding themes in 
Scotland. Within the Scottish context, the Scottish Government use the 
Strategy for Environment, Natural Resources and Agriculture Research 
to fund a 5-year strategic research programme. Scotland’s Centre of 
Expertise for Waters (CREW) is an example of a research hub funded by 
the 5-year strategic research programme. CREW coordinates research 
activities across Scotland’s Higher Education Institutes, government and 
the water sector to support the development of water policy in Scotland 
(Greig and Rathjen, 2021). Our identified ‘knowledge needs’ can be used 
to inform research themes within research hubs such as CREW and 
funding bodies such as the Scottish Government. We therefore support 
the Hydro Nation agenda by co-constructing and identifying relevant 
research themes with water sector stakeholders, which can be used to 
inform water-related policy to help achieve a resilient Hydro Nation 
agenda. 

By identifying the willingness of stakeholders to participate in ho-
listic systems-thinking approaches we propose a process of participatory 
methods that should be inherent in addressing the ‘knowledge need’ 
themes identified. Responding to stakeholder ‘knowledge needs’ using 
our suggested participatory methods can support freshwater managers 

in bouncing back and adapting to variability, uncertainty and trans-
formation caused by the cumulative impacts of future change leading to 
resilient freshwater management as described by (Brown, 2015). 
Research findings can inform and shape water policy to ensure a resil-
ient Hydro Nation agenda that recognises the need for freshwaters to 
absorb the impacts of future change to continue providing their valuable 
functions. 

Aspects of the specific ‘knowledge needs’ are considered in other 
policy contexts. In the latest call for ideas to inform the Scottish National 
Planning Framework, responses include the role of maximising nature- 
based solutions and achieving a more collaborative approach 
regarding both infrastructure planning and understanding infrastructure 
capacity (Scottish Government, 2020). Scotland’s National Water Scar-
city Plan, which supports The Water Resources (Scotland) Act 2013, 
aims to strike the correct balance between competing resources, high-
lighting the importance of system resilience and the requirement of 
stakeholder collaboration in ensuring the availability of water resources 
(SEPA, 2020). The overarching ‘knowledge need’ can therefore be 
considered in future funding and research themes related to each of the 
mentioned policies. 

Our methods used to identify specific stakeholder ‘knowledge needs’ 
can be replicated in other regions. Combining desk-based research with 
a snowballing technique was effective in identifying interview partici-
pants from a range of water stakeholder categories, achieving a 44 % 
response rate to interview invites. With the desire of many stakeholders 
to reduce carbon footprints to address the global climate emergency and 
our findings demonstrate that the use of telephone interviews is a time, 
cost and environmentally effective method for collecting rich data. 
Content analysis increased the validity of the results by having multiple 
investigators conduct their own separate analyses (Bengtsson, 2016). A 
process of member checking to increase the trustworthiness of results 
could have also been added to the data analysis process, such as methods 
used by (Behmel et al., 2018) to elicit water quality monitoring needs 
from stakeholders. Using a combination of semi-structured interviews 
and content analysis formed a systematic approach for understanding 
the ‘knowledge needs’ of stakeholders. Semi-structured interviews were 
important when building rapport with stakeholders to understand 
stakeholder ‘knowledge needs’, making interviews a preferable method 
in comparison to methods such a stakeholder surveys and stakeholder 
document analysis. By identifying stakeholder ‘knowledge needs’, we 
address the requirement for stakeholder engagement that facilitates and 
promotes the knowledge needs of stakeholders described by Hewitt and 
Macleod (2017) and Gramberger et al. (2015). 

6. Conclusions 

Our study supports the Hydro Nation agenda by co-constructing and 
identifying relevant research themes with water sector stakeholders and 
academia. Through 27 stakeholder interviews, we identified the over-
arching ‘knowledge need’ for greater understanding the cumulative 
impacts on freshwaters due to the interactions between future drivers 
and pressures. Five further specific ‘knowledge need’ themes identified 
were: large-scale land-use change, future water demands, water value, 
integrated development planning and asset conditions. The ‘knowledge 
need’ themes identified can be used to inform future policy relevant 
research. Stakeholders demonstrated a desire for improved systems- 
thinking approaches to better understand complex socio-ecological 
systems and enable knowledge sharing with other stakeholders. Partic-
ipatory scenario and model development methods that follow the DPSIR 
framework and involve stakeholders at all stages of the decision-making 
process can play a significant role in responding to stakeholder calls for 
holistic systems-thinking approaches. Participatory approaches outlined 
can be applied to address stakeholder-identified research themes to 
inform the identification of adaptive water management and policy 
options to ensure a resilient Hydro Nation agenda. Our methods used to 
identify stakeholder ‘knowledge needs’ are time, cost and 

2 The Scottish Water, Water Usage Calculator can be found via the following 
link: https://www.scottishwater.co.uk/your-home/water-usage-calcul 
ator-page 
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environmentally effective and can be replicated in other regions as an 
initial step in identifying stakeholder knowledge needs to support the 
formulation of adaptive water-related management and policy options. 
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