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Introduction

With space in urban environments often at a spatial and economic
premium, increasing attention is given to the inclusion of infra-
structure, which offers multiple benefits to urban residents.
Kick-started by the United Nations (UN) Millennium Ecosystem
Assessment (UN MEA 2005), the use of an ecosystem service
(ES) approach has raised awareness of the multiple services and
benefits delivered by the environment and their role in sustaining
human health and well-being. Increasing numbers of studies have
focused on identifying, quantifying, and economically valuing
the delivery of a range of ESs (UK NEA 2011). Implementation of
the approach is also promoted as a way to contribute to achieving
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international (e.g., UN Sustainable Development Goals), European
(e.g., the European Green Deal’s zero pollution ambition), and
national (sustainable planning) requirements. Within urban areas,
several studies have evaluated the delivery of a range of ESs by urban
blue-green infrastructure (BGI) (also referred to as nature-based
solutions) whose primary function is the mitigation of surface runoff
quantity and quality (e.g., Ashley et al. 2018). As a concept, BGI
goes beyond stormwater (Fletcher et al. 2015), with authors such
as Wright (2011) highlighting that connectivity, natural elements,
and multifunctionality are core concepts of (blue-)green infrastruc-
ture. Consequently, BGI has been promoted as an opportunity to
contribute to healthier urban lifestyles, create economic value, in-
crease the resilience of urban spaces in the face of a rapidly changing
climate, and reduce the impacts of polluted stormwater on receiving
waters (Tzoulas et al. 2007; Fletcher et al. 2015; Ashley et al. 2018).

Though a range of types of BGI have been implemented within
a diversity of environments and climates, to date its conceptualiza-
tion has been a “one size fits all” in that ESs and benefits derived
from the blue and green components have been the focus of re-
search and practice. However, in many regions, blue-green spaces
are neither blue nor green for extended time periods but, e.g., white
(snow covered) or yellow/brown (dormant vegetation or drought).
The implications of this for BGI systems at locations outside the
temperate climate zones are yet to be robustly evaluated regarding
both their technical-environmental functioning and the delivery
of ESs.

Hence, in this paper we propose a novel theoretical framework
to expand the BGI concept for consideration of ESs from BGI
during nonblue or nongreen seasons. To illustrate this conceptuali-
zation, the focus of this paper is white spaces, with the aim of
supporting an evaluation of the year-round performance of blue-
green-white infrastructure (BGWI). The role of white space in the
performance of BGI has yet to be addressed in any context. As a
contribution to addressing this knowledge gap, this paper evaluates
the delivery of ESs by BGWI in general and identifies the chal-
lenges and opportunities provided by the extension of the BGI
concept to BGWI. The theoretical discussion is based on previous
literature regarding BGI in relation to snow and ES, and a ‘“real-
world” BGWI example is illustrated in a Swedish context through
reference to a Blue-Green-White Structural Plan (Gillivare
Municipality 2016) developed for Gillivare (northern Sweden).
However, the perspectives in this paper should not be limited to
Sweden but rather expanded to include all possible urban environ-
ments, particularly in locations with demanding climates.

Blue-Green-White Infrastructure and ESs

The term BGWTI is applicable to parts of North America, Scandi-
navia, Iceland, and Russia, as well as mountainous regions that
have reoccurring periods of snow cover. In such regions, the cold
climate with long, snow-rich winters sets different preconditions
and requirements for BGI. Consequently, one of the main chal-
lenges that cities in such regions need to manage is sustaining
the functionality of urban infrastructures and ES providers across
seasons due to dramatic changes in temperature and the quality of
precipitation from summer to winter.
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Fig. 1. “Multicolored” infrastructure and the structures’ relative importance over an annual time period under locations with (a) seasonal snow;
(b) dry season; and (c) temperate climate with vegetation dormant in winter (empty field: no importance; increasing importance + to +++).

Table 1. Ecosystem services potentially delivered by BGI in comparison to BGWI

ES categories Types of ESs BGI

BGWI

Supporting services Primary production

C locked up by vegetation (g Cm~2)

Snow algal communities importance as primary producers
(Davey et al. 2019)

Production of oxygen Oxygen produced by vegetation (O, m>) Snow algal communities importance as oxygen producers

Soil formation
Water cycling

Provisioning of habitat Habitat provided (ha)

Provisioning services Food

Renewable energy Hydropower

Genetic resources

Climate regulation
Water regulation
Erosion control

Water purification

Regulating services

Removal of pollutants

Cultural services Spiritual value
Educational value
Aesthetics

Recreation

Sense of tranquility
Physical well-being

Soil generated (cmyear™')
Contribution to water cycle functioning
(percentage permeability of area)

Fish, fruit, and vegetables
Water Potable and nonpotable water

Pollutant degrading microbial consortia

Reduced urban temperatures
Reduced runoff volume/velocity
Stabilization of sediments

Mental health well-being
Increased environmental awareness

Contribution to water cycle functioning (percentage
permeability of area)
Habitat provided for arctic and non-Arctic species (ha)

Potable and nonpotable water (Smith et al. 2017)
Indirectly via meltwaters; storing snow for summer cooling
(Nordell 2015)

Cyrospheric pollutant degrading microbial consortia
(Mortazavi et al. 2019)

Influences levels of albedo (Lutz and Howarth 2015)
Seasonal water storage

Traps pollutants; slow release of melt water at low flow
velocities traps coarser particles

Mental health well-being

Safe space to be outside

Sense of tranquility

Ski tracks, snowmobile tracks, sledging

The types and relative contributions of green, blue, and white
spaces over an annual time period are identified in Fig. 1(a) using
a Northern Scandinavian climate as an example. During winter,
stormwater BGI is snow covered and, hence, provides white—as
opposed to blue-green—space. As illustrated in Fig. 1(a), the
blue-green season comprises only a minor part of the year. Irrespec-
tive of this, the term BGI is commonly used in integrated storm-
water management in subarctic regions, effectively neglecting both
challenges and opportunities of the “white” season and space. For
example, the annual range in temperatures (by up to as much as
60°C) affects the need for and type of stormwater management
required whereby rainfall is replaced by snowfall and snow be-
comes stormwater during the melt season when large amounts
of water are released. Such snowmelt requires management in
April, just as the green structure has just started to recover after
winter dormancy.
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Identified as an abiotic component of ecosystem, only limited
information is available on the delivery of ESs by abiotic com-
ponents (van der Meulen et al. 2016), with even less consideration
of the ES delivered specifically by snow (Smith et al. 2017). In
Table 1, an overview of the role of potential ESs provided by BGWI
in comparison to those provided by BGI is presented.

The year-round ES delivery under dramatic changes of temper-
atures and the nature of precipitation events adds one more di-
mension (winter—summer component), or color, to the challenge
of integrated planning, i.e., stormwater and snow management.
However, the white dimension can also be considered an ES asset
[Fig. 1(a)]. Hence, the possibility of introducing the integrated
blue-green-white dimensions in subarctic urban areas is justified
as part of a holistic assessment of system functionality.

Though green structures are used for stormwater management
in summer, these areas are less relevant for water management in
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Function Stormwater management, Stormwater management,
in summer  Recreation Car park
System Swale, buffer strip Footpath Permeable pavement Street Footpath
Function Snow storage, Snow storage,
in winter Snow mobile track Skiing, sledging
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Fig. 2. Visualization of street section with integrated stormwater management systems and functions varying by season. (Adapted from Gillivare

Municipality 2016.)

(a)

Fig. 3. Example of simple utilization of snow to deliver recreational ESs: (a) swale used for snow storage only; and (b) swale used as ski track during
winter. Both pictures taken in April in Luled, northern Sweden. (Images by Godecke Blecken.)

winter since any precipitation falls as snow. During that season, the
structures provide local snow deposit areas. Green corridors serve
for bike and pedestrian transportation both during summer and
winter (Fig. 2). Fig. 2 shows a model street section with the inte-
gration of BGWI and possible functions and services in both winter
and summer. Though it is a common, partly multifunctional BGI
system in summer, when it comes to winter mobility, local snow
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storage can be combined with winter paths for, e.g., snowmobiles
and as meeting places such as playgrounds. For this, surfaces not
needed for water management in winter (as no water flows) can
be used. It is suggested that BGWI where snow is stored is seen
as an opportunity instead of solely targeting storage, as illustrated
in Fig. 3, where the snow stored on the swale is prepared as a
ski track.
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Technical Functionality of BGWI

Concerns over the technical functionality of BGI in cold climates
have been raised, and a range of impacts have been identified,
e.g., ice covers in ponds and wetlands leading to oxygen depletion
and changed flow patterns (German et al. 2003), less efficient (bio)
chemical processes in bioretention cells (Muthanna et al. 2007), the
limited number of adapted plant species (Lonnqvist et al. 2021),
road salt affecting BGI functionality (Sgberg et al. 2014), less
evapotranspiration during cold seasons (Johannessen et al. 2017),
and reduced infiltration due to clogging caused by abrasives used
for winter road maintenance or frozen facilities (Moghadas et al.
2016). However, studies have also shown that despite these im-
pacts, a range of BGI (e.g., ponds, bioretention cells, and green
roofs) continue to have a positive impact on stormwater quality and
quantity objectives (e.g., Marsalek et al. 2003; Muthanna et al.
2007; Johannessen et al. 2017; Kratky et al. 2017; Sgberg et al.
2014; Tahvonen 2018; Kuoppamiki 2021). As a contribution to
improved urban planning in subarctic regions, the BGWI concept
is an asset that has the potential to resolve technical issues related to
BGI in cold climates and at the same time present an opportunity to
derive ESs and benefits as a contribution to health and well-being
objectives (Table 1).

Challenges

The subarctic climate poses specific challenges for all urban infra-
structures, including (blue-green) stormwater infrastructure. For in-
stance, seasonal snow cover requires snow removal from parts of
public spaces, and the removed snow must be stored somewhere
until it melts. Snow management is thus also stormwater manage-
ment in subarctic regions (Vijayan et al. 2019). Furthermore, given
that urban snow accumulates pollutants (and is hence sometimes
black or gray rather than white), this issue must be regarded in such
a context. Over 15 years ago, Reinosdotter and Viklander (2006)
proposed snow separation strategies that distinguished between
heavily polluted and less polluted snow to reduce environmental
impacts associated with snowmelt. When using snow to deliver ES,
implementing such strategies is even more important.

Additionally, already when implementing multifunctional BGI,
regulations and unclear/competing responsibilities are challenging
(Ellis and Lundy 2016). Often, the roads department is responsible
for snow management, which is, thus, often disconnected from
water management, and this is challenging because of the high level
of codependence between white, blue, and green infrastructures,
underlining the need for institutional reform to facilitate the inte-
gration of different functions (Brown 2005).

Perspective for Other Demanding Climates

In this paper we have shown that there are both opportunities and
challenges to stormwater (including snow) management using
BGWTI in cold climates. However, the BGWI concept is only appli-
cable to regions where snow is a reoccurring weather condition
that enables so-called white spaces. Consequently, for regions in
warmer climates, the white dimension is not of interest. However,
also in these regions, non-blue-green seasons are common. Thus,
conditions that can be recognized by other dimensions of the BGI
concept should be considered, for instance, yellow-brown spaces in
regions with reoccurring dry seasons or drought [Fig. 1(b)] and
gray-brown during winter in temperate climates [Fig. 1(c)]. By an-
alyzing and identifying not only blue-green but all possible urban
spaces, the expansion and application of the BGI concept has the
potential to improve the delivery of year-round ESs and multiple
benefits in cities globally.
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Conclusions

At certain times of the year and in many regions BGI are neither
blue nor green but rather white, yellow, or brown. In this paper, the
potential for a range of ESs from white spaces is identified. Con-
sequently, the theoretical framework developed for expanding BGI
to BGWI is a promising concept. This approach allows for multiple
benefits to be delivered by all three components of BGWI as well as
establishing the interest of local stakeholders in adopting the ap-
proach within local urban planning. Though the technical function-
ality of BGI is well understood, its performance in cold climates (as
BGWI) poses additional challenges and issues, especially when in-
cluding multiple ESs. However, the expansion of the concept of
BGI to BGWI will facilitate making urban services and public
amenities functional across seasons and across a temperature range
of —30°C to +30°C. However, this expansion also implies chal-
lenges, often in connection with regulations and economic and ad-
ministrative responsibilities of snow- and stormwater management.
To move forward and conceptualize BGI to include white spaces
(as BGWI) specifically and other dimensions in demanding cli-
mates in general (e.g., blue-green-yellow/brown infrastructure), a
better understanding of these challenges needs to be developed.
We believe that if this is done, the possibility of contributing to
achieving Sustainable Development Goals and other national sus-
tainability requirements will be improved, not only in a Swedish
context but wherever this conceptualization is established.

Data Availability Statement

Data that support the findings of this study are available from the
corresponding author upon request.
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