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Abstract
Increased urbanization leads to an increasing amount of impervious surfaces and a decrease of
the natural hydrological function. Urban stormwater does thus risk to create high surface flows
which could damage the receiving water bodies (e.g. erosion) or the urban area itself (flooding).
Integrating more nature-based systems into the urban area increases the natural hydrological
function and the risks for high surface flows are lowered. One way of implementing naturebased systems in the urban environment is to install green roofs. Most of the research and
development done on green roofs have been focusing on the conditions of central Europe.
Installing green roofs with the same vegetation in the subarctic climate of northern Sweden
would expose it to a climate it might not be suited for, and growth would be limited. The
vegetation helps increase the retaining and detaining capabilities of the green roofs and therefore
the purpose of this thesis was to examine if planting native vegetation would help increase the
green roofs performance in a subarctic climate.
Conventional green roofs vegetated with sedum was hypothesized to have lessened retaining and
detaining capabilities when placed in cold climates since the vegetation was exposed to a climate
it probably was not suited for. It was examined whether planting more native vegetation could
help increase green roofs performance.
The vegetation was chosen based on Grime´s “universal adaptive strategy theory”, which
describes competitors, stress tolerators and ruderals as three different vegetation groups with
different survival strategies. Different species from each strategy were selected and planted on the
roofs. There were five roofs per survival strategy and five roofs where all strategies were mixed.
Conventional sedum vegetation was planted on five roofs to be able to compare green roofs
performance. Five control roofs with substrate only and one reference roof made of steel were
installed as well.
In total, seven rainfall events were analyzed, and few significant differences could be found
between the competitors, stress tolerators, ruderals and the vegetation mix. A conclusion is that
stress tolerators may help to increase green roof performance the most, but due to the relatively
short study period, continued measurements are recommended to draw further conclusions. The
survival strategies did improve retention and detention relatively to using sedum vegetation and
substrate only. The extent of vegetation coverage does not affect the retention or detention from
the green roofs. The competitors, stress tolerators, ruderals and vegetation mix had larger plant
mass than the sedum and the increased plant mass is probably the reason for their improved
retention.
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Sammanfattning
Ökad urbanisering leder till en ökad mängd ogenomsläppliga ytor, vilket leder till en
försämring av den naturliga hydrologiska funktionen. Regnfall riskerar att generera höga
ytflöden vilket kan skada recipienten (t.ex. via erosion) eller det urbana området
(översvämning). Genom att integrera naturbaserade system in i det urbana området kan den
naturliga hydrologiska funktionen öka och risken för höga ytflöden minska. Ett sätt att
integrera naturbaserade system in i det urbana området är att installera gröna tak. Majoriteten
av forskningen och utvecklingen om gröna tak har fokuserat på förhållandena i Centraleuropa,
vilket har ett klimat som gynnar vissa typer av växter. Genom att installera ett grönt tak med
samma växter i det subarktiska klimat i norra Sverige skulle utsätta växterna för ett klimat de
kanske inte är anpassade för, och tillväxten skulle vara begränsad. Växterna hjälper öka det
gröna takets förmåga att behålla och uppehålla regnvatten och därför var syftet med denna
examensuppsats att undersöka om gröna taks funktionalitet kunde öka genom att plantera
lokala växter anpassade för det subarktiska klimatet på dem.
Konventionella gröna tak beväxt med sedumsväxter var hypotiserat att ha försämrad funktion att
behålla och uppehålla vatten i kalla klimat eftersom växterna var placerat i ett klimat de kanske
inte var anpassade för. Det undersöktes om funktionen kunde öka genom att plantera lokala
växter.
Växterna valdes baserat på Grimes teori om växters överlevnadsstrategier vilket beskriver
konkurrenter, stresstoleratorer och ruderater som tre olika växtgrupper med olika
överlevnadsstrategier. Olika växter från varje strategi valdes och planterades på de gröna taken.
Det var fem tak per överlevnadsstrategi och fem tak där alla strategier var blandade.
Konventionella sedumsväxter planterades också på fem tak för att kunna jämföra de gröna takens
prestation. Fem kontrolltak med enbart substrat och ett referenstak gjort av stål installerades
också.
Totalt sju regnfall analyserades och få signifikanta skillnader kunde hittas mellan konkurrenter,
stresstoleratorer, ruderater och mixen. En slutsats är att stresstoleratorerna ökar gröna taks
prestation mest, men på grund av den relativt korta studietiden så rekommenderas fortsatt
mätning för att dra ytterligare slutsatser.
Växterna baserade på överlevnadsstrategier förbättrade funktionen av de gröna taken relativt till
sedum eller enbart substrat. Täckningsgraden av växter på taken påverkade inte de gröna takens
prestation. Konkurrenter, stresstoleratorer, ruderater och växtblandningen hade alla större storlek
på växterna än sedum, vilket antagligen är anledningen till deras ökade förmåga att förbättra
gröna tak.
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1. Introduction
The percentage of people living in urbanized areas in the world are increasing and is predicted
to be at 68% by 2050 (United Nations, 2018). This increasing urbanization creates a growing
amount of areas with impervious surfaces, since urbanization leads to the construction of
buildings, roads, parking lots etc.
The reduced percentage of pervious surfaces creates hydrological problems both within and
outside the urban area. According to Mentens et al. (2006) one of the major environmental
problems with urbanization is that the urban hydrologic cycle must handle an extremely varying
amount of stormwater runoff. In comparison to natural systems the surface runoff in urban areas
will be very high during rainfalls and very low otherwise. In a natural system, such as in forests
and fields, large amounts of the rainwater will infiltrate into the ground, thus decreasing the
surface runoff. In the urban areas, the high amount of impervious surfaces will instead create a
lot of stormwater runoff since the infiltration will be lower than in natural systems (Mentens et
al., 2006). Also, natural catchments most often have a higher amount of vegetation compared to
urban areas. This causes the evapotranspiration to be higher which helps decrease the volume of
water, which in turn will decrease the flow of water even more in natural systems compared to
urban areas (Sims, 2015).
The conventional way of dealing with stormwater runoff in urban areas is to discharge it through
drainage systems to receiving water bodies (Berndtsson, 2009). With intense rains an urban area
often creates a lot of surface runoff and if lead through conventional drainage systems the
receiving water body risks flooding and/or erosion (Teemusk & Mander, 2007). Furthermore,
at high flows, there will also be a risk that flows exceed the drainage system capacity. This would
risk flooding occurring in the urban area itself or downstream which could cause a lot of damage
(Nagase & Dunnett, 2011). The ongoing climate change could increase the rain intensity in
many parts of the world, making many existing drainage systems under-dimensioned, further
increasing the risk of flooding in urban areas (Mentens et al., 2006).
To reduce the need of largely dimensioned drainage systems, and the impact from directing large
quantities of stormwater to receiving waters, mimicking the natural hydrological system in the
urban area is an aim of stormwater management. This is achieved by integrating nature-based
systems into the urban environment. By increasing the amount of pervious areas the infiltration
will increase, reducing the surface runoff. Other ways of reducing runoff are to install retention
basins or swales which help to decrease runoff volume and flow velocity and reduce peak flows
(Healthy waterways, 2006). However, many of these stormwater management systems require
large areas which are not always available in dense urban environments (Berndtsson, 2009).
One stormwater management system that does not require large areas are green roofs since
rooftops usually are vacant areas (Carter & Jackson, 2007). According to Mentens et al. (2006)
40-50% of the impervious surfaces in urban areas are generally made up by rooftops and by
implementing green roofs on them the amount of impervious surfaces could be decreased. Green
roofs are roofs with substrate in which it grows vegetation. It works as a stormwater
managements system as it stores water in the substrate and the vegetation helps increase retention,
decrease peak flows and, via transpiration, empties the pore volumes in the substrate of water
faster, thus creating more space for water in the subsequent rain (Nagase & Dunnet, 2011).
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Green roofs have the ability to reduce the amount of runoff significantly compared to an ordinary
black roof but, as yet, most of the research and development done on green roofs have been
focusing on the conditions in central Europe, where green roofs were originally developed. The
temperate climate there consists of mild winters and relatively long growing seasons, which favors
a certain type of vegetation, and most often sedum vegetation is used. Installing the same roofs,
with the same vegetation, in a colder climate exposes the vegetation to a climate it might not be
suited for. The vegetation will either grow poorly or die, leaving the roofs with a doubtful
hydrological function and a displeasing aesthetical value. Furthermore, the evapotranspiration is
low during a large part of the year in cold climates and the vegetation might not help increase
green roof performance at all during those times, perhaps pointing to green roofs not being a
suitable stormwater management system in cold climates.

1.1.

Thesis objective, questions and limitations

The low temperatures in cold climates results in reduced evapotranspiration and the
vegetations positive effect on green roof performance might be very small or non-existent.
Therefore the objective of the study presented in this thesis is to test if vegetation suited for
cold climates increases green roofs performance relatively to conventional sedum vegetation.
The local vegetation was chosen based on survival strategies to see which strategy minimizes
runoff volumes and flows the most. The study was limited to only looking at the volume of
water running of the roofs. The period of measurements was limited to early autumn.
The following questions were evaluated;
-

Is there a difference in runoff volumes and flows from green roofs vegetated with local
vegetation relatively to green roofs vegetated with sedum?

-

Is there a difference between the different strategies? If so, which one improves green roof
performance the most?

-

Does vegetation affect green roof performance at all in colder climates or is the improvement
solely caused by the substrate?

-

Since plant growth can be limited in colder climates, does the extent of vegetation coverage
on the green roof affect runoff volumes and flows?

-

Which of the tested vegetation generates highest extent of coverage?
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2. Background and concepts
This section will explain the theory behind green roofs, how they work and how they are
constructed. The theory behind the chosen vegetation will also be explained.

2.1.

Green roof design

There are different kinds of green roofs and their design varies depending on the roofs purpose
(Berndtsson, 2009). The general notations are extensive and intensive green roofs and they are
defined by the thickness of substrate. The thickness of the substrate affects which vegetation that
are suitable and what maintenance the green roof requires (Green roof technology, 2018).
Intensive green roofs have a substrate layer thicker than 150 mm. This thicker substrate gives a
wider option of usable vegetation but does in return give the roof an increased need of
maintenance, such as watering and fertilization. An intensive green roof can also retain more
water but does require a stronger construction since a thicker substrate weighs more. An
extensive green roof has a substrate layer thinner than 150 mm and is designed for low
maintenance. The thin substrate layer can only hold smaller plants such as mosses, sedums, herbs,
and a few species of grass. An extensive green roof cannot retain as much water as an intensive
but does in turn not require as strong of a construction (Green roof technology, 2018).
Green roofs are made of several different layers. These layers are most commonly vegetation
layer, substrate layer, filter layer, drainage layer and protective layer. The plants are sown in the
vegetation layer. The rooting of the plants as well as the retaining of water occurs in the substrate
layer. The filter layer makes sure that substrate particles does not get washed away through the
drainage layer. The drainage layer directs excess water from the vegetation and substrate layers
out of the green roof. The protective layer protects the underlying building from roots and water
(Sims, 2015).

Figure 1 - A sketch of a conventional green roof and its different layers. From top to bottom; vegetation layer,
substrate layer, filter layer, drainage layer, protective layer.

4

2.2.

Green roofs as a stormwater management system

Stormwater retention and peak flow reduction are two important concepts in explaining the
functionality of green roofs as stormwater management systems.

2.2.1. Stormwater retention
Rain falling on an impervious surface will generate stormwater runoff. By replacing the
impervious surface with the porous substrate of a green roof the amount of runoff will decrease,
since water will be temporarily stored in the substrate. This water will evaporate over time,
making room for more water to be retained (Sims, 2015).
Retention can be calculated as follows;
𝑅𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 (%) =

𝑅𝑎𝑖𝑛𝑓𝑎𝑙𝑙 (𝑚𝑚)−𝑅𝑢𝑛𝑜𝑓𝑓 (𝑚𝑚)
𝑅𝑎𝑖𝑛𝑓𝑎𝑙𝑙 (𝑚𝑚)

(1)

× 100

During higher rains the retention volume of the substrate will get filled and an outflow will
occur.
There have been several studies made about the capacity of green roofs and their ability to retain
water. Some recent studies are presented in Table (1).
Table 1 - A summary of studies on green roofs retention from different countries/regions.

Study
Bengtsson, Grahn, Olsson (2005)
Mentens, Raes, Hermy (2006)
Moran, Hunt, Smith (2005)
Stovin, Vesuviano, Kasmin (2012)
Voyde, Fassman, Simcock (2010)

Retention
(%)
46,3
27–81
63
50,2
66

Location
Sweden
Germany
North Carolina USA
UK
New Zealand

Substrate
depth (mm)
30
20-150
70
80
50-70

2.2.2. Peak flow reduction
Peak flow is a term explaining the highest amount of surface runoff flow during a rainfall. With
an impervious system with low roughness (common for conventional roofs) the peak flow is
comparably high and lag times are short. With a porous substrate the peak flow is delayed and
often lower. Peak flow attenuation is a concept that can be applied while looking at the capacity
of green roofs to reduce and delay peak flows. The term attenuation refers to the reduction of
flux intensity caused by transport through a medium. In a green roofs case the medium is the
substrate and vegetation layer (Sims, 2015).
Peak flow reduction is calculated as the percentage difference between the largest rainfall flow
peak and the largest drainage flow peak;
𝐷𝑟𝑎𝑖𝑛𝑎𝑔𝑒 𝑓𝑙𝑜𝑤 𝑝𝑒𝑎𝑘
𝑅𝑎𝑖𝑛𝑓𝑎𝑙𝑙 𝑓𝑙𝑜𝑤 𝑝𝑒𝑎𝑘

× 100 = 𝑃𝑒𝑎𝑘 𝑓𝑙𝑜𝑤 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (%)

(2)

There have been several studies handling the green roofs capacity to reduce peak flow intensities.
For example; Stovin et al. (2010) examined green roofs performance in the UK and found out
that for rainfalls deeper than 5 mm and with a return interval greater than 1 year, the green roof
reduced the peak flow intensities by 60%.
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Bengtson (2005) made a study where he examined green roofs capacity to reduce peak flows in
southern Sweden. The study had a 30 mm thick substrate layer with sedum as vegetation. The
conclusion of the study was that a 0,5-year rain resulted in a runoff event of a 0,1-year rain.
Fassman-Beck et al. (2013) reported a peak flow reduction of 93% from four green roofs located
in New Zealand.

2.3.

Factors affecting the retaining and detaining capacities of green roofs

The amount of water a green roof can retain and detain is affected by several factors. The
following segments will explain the different factors and cover relevant and related studies on
the performance of green roofs to get a better understanding on how to interpret the results from
this study, but also to motivate its objectives.
Rainfall depth and intensity
The substrate of a green roof has a finite pore volume and can only absorb water until it is fully
saturated. If the water volume exceeds the pore volume of the substrate an outflow will occur.
With increased intensity the outflow will occur earlier since the saturation of the substrate will
happen faster (Teemusk & Mander, 2007).
Time since last rainfall (ADD)
ADD (antecedent dry days) explains how many days ago since it last rained. It takes time for the
vegetation to empty the substrates pores of water via evapotranspiration. If the subsequent rain
comes to close the substrates capacity to retain water will be lower since a larger part of its pore
volume will still be saturated with water. If the subsequent rain comes long after the substrate
will dry out and there is a risk the vegetation dies of drought (Teemusk & Mander (2007).
Voyde et al. (2010) studied green roofs in Auckland, New Zealand. According to their results
the parameter affecting retention the most is antecedent dry days (ADD). Seasons which include
drought or frequent rainfalls will reduce the retaining capacity.
Depth of substrate
The depth of the substrate layer strongly determines runoff volumes, as shown by Mentens et al.
(2006) in a meta-study analyzing 18 different publications regarding rainwater runoff from green
roofs. From a green roof with a thickness of 150 mm a median retention of 75% can be achieved.
In contrast, when the substrate is thinner, about 100 mm, the median retention was found to be
45%. The difference is due to that a green roof with a thicker substrate layer have a larger pore
volume than a green roof with a thin substrate layer. A larger pore volume generates higher
retention since it can hold an increased volume of water.
Slope of green roof
A green roof with a high slope generates greater speed of rainwater flow which will result in
lowered time for absorption of water in the substrates pore space. By lowering the slope of the
green roof the retention will increase (Teemusk & Mander, 2007).
Vegetation
Vegetation will increase the transpiration of water from the substrate of the roof, creating more
space for the subsequent rain. Zhang et al. (2018) reported that both the strategy and structure
of the vegetation plays a crucial part in its ability to improve a green roofs retention capacity.
Peak flow reduction is partially achieved from vegetation by increasing the attenuation of the
water flow path (Sims, 2015).
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There are several factors that needs to be considered when choosing vegetation. Some of them
are;
-

Urban microclimate
Ratio of light and shade
Wind exposure
Pollutant exposure
Exposure to heat and cold
Roof orientation
Slope of roof
Substrate thickness

Different plant structures have different effect on runoff volumes. A tall plant with large diameter,
large shoots and large root biomass are more efficient at reducing runoff volumes than small
plants with small diameter, small shoots and small root biomass. Larger plants also have a wider
coverage of the green roof and therefore are more efficient at reducing runoff volumes (Nagase
& Dunnet, 2011).
Nagase & Dunnet (2011) studied whether vegetation planted in polyculture (planted in mixes
of different plant species) improved green roof performance relatively to vegetation planted in
monoculture (only one plant species). They did not find a connection and concluded that more
studies were needed in that area. Lundholm (2015) also compared polyculture and monoculture
and concluded that planting species in mixes did not only increase green roof performance but
also increased ecosystem services.
The root system of the vegetation also plays a significant role. Zhang et al. (2018) studied how
vegetation with different water strategies affected a green roofs retention capacity and discovered
that two species with similar water strategies affected retention in different ways, where one of
the species retained a lot more relative to the other. The species with less retention constructed
its root system in a tunnel-like way through the substrate (reducing the attenuation of the water
flow path through the substrate) which was the reason for the lowered retention.
Voyde et al. (2010) showed that both interception and evapotranspiration on a green roof are
affected by the extent of vegetation coverage. The more coverage the greater the interception
and evapotranspiration. It is therefore important to choose vegetation that is suited for the climate
and environment at the location of the green roof to increase growth.
Similarly, Nagase & Dunnet (2011) concluded that a plant´s capacity to transport water via
evapotranspiration is probably a plants most effective way to increase the retaining capacity of a
green roof. Plants that can evapotranspirate more water will create more space for water in the
substrate for the subsequent rain events. Nagase & Dunnet (2011) concluded that to optimize
the benefit from vegetation on green roofs one must understand the hydrological performance
of different vegetation to choose the most appropriate one.
Season
The season is an important factor as summer results in higher temperatures which in turn results
in higher evapotranspiration. Seasonal variations of rainfall characteristics affect the performance
as well (Sims et al., 2016). Johnston et al. (2004) reported that seasonal variances can have
substantial consequences on green roof performance and increase runoff up to 100% during
heavy rainfall periods.
7

Climate
Sims et al. (2016) conducted a study where the retaining capacity of green roofs in three different
climates; London Ontario (humid continental), Calgary Alberta (semi-arid, continental), and
Halifax Nova Scotia (humid, maritime) was examined. The results show that drier climates have
superior retention (67%) compared to humid continental climate (48%) and humid maritime
climate (34%). One important factor affecting the retention is how saturated the substrate is as
the start of a rainfall event. The less saturation the greater the retention, and therefore the authors
concluded that the reason why dryer climates were more efficient was that they have a more
effective way to reduce saturation in the substrate, e.g. by higher evapotranspiration.
Johannessen et al. (2017) examined through modeling how the performance of green roofs was
affected by cold and wet climate. The green roofs in their modeling were vegetated with crop
factors based on studies made with sedum. Based on modeling they concluded that
evapotranspiration was the limiting factor and that it needed to increase substantially to show an
effect. The sedum growing on the green roofs did not evapotranspirate as effectively as in warmer
climates and it was therefore concluded that sedum vegetation did not play a crucial role for the
functioning of the green roof in cold and wet climates.

2.4.

Other benefits from green roofs

Despite their beneficial effects on stormwater management green roofs can also provide various
other benefits. Green roofs can for example have an insulating effect and help buildings stay cool
in the summer or warm in the winter which would reduce the need of air conditioning/heating
and reduce energy consumption. Green roofs can also improve the urban air quality as the
vegetation on the roofs catch polluting air particles and gases. The vegetation can create a better
micro climate with its oxygen producing effects. The green roof can also provide food and
habitat for many types of animals and plants, which could increase the biodiversity in the urban
area. Green roofs are also more esthetically pleasing than ordinary roofs, which would give it
some recreational value (Teemusk et al., 2007).

2.5.

Different kind of vegetation groups

The environment on a green roof is harsh since the substrate layer is thin and has low organic
content and the vegetation needs to be good at tolerating these conditions. In central Europe
sedum-vegetation is conventionally used but installing green roofs in colder climates changes the
requirements for the vegetation, and sedum might no longer be the best suited choice (Lönnqvist
et al., in manuscript).
For this study native local vegetation was chosen based on Grimes universal adaptive strategy
theory. The following paragraph will be dedicated to describing this theory.

2.5.1. Universal adaptive strategy theory
According to Grime (1977) plant growth are affected by two factors; stress and disturbance. Stress
is defined by factors such as the availability of water, nutrients and light as well as temperature
and toxins. Disturbance is defined by factors such as fire, wind, pathogens and herbivory.
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Grime (1977) developed a theory called “universal adaptive strategy theory” describing the tradeoff plants do when they try to cope with high or low amount of stress and disturbance in their
environment. There are three survival strategies Grime used to categorize plants; competitors,
stress tolerators and ruderals (C-S-R). Each strategy makes some sort of trade-off to where
resources should be allocated; growth, reproduction or maintenance.
Most of the Competitors are species that have a high growth rate and a high allocation of leaf
construction. Relatively, they produce a low amount of seeds and their leaf’s have a short life
span. They thrive in areas with high nutrition and a low amount of disturbance. Competitors
grow and spread out quickly to get as much resources as they can, spreading their root-system
in the process
The stress tolerators are found in high stress, low disturbance areas. They focus their resources
on defense and maintenance. Stress tolerators are mostly species that are evergreen (have leaves
all year round) with small long-lived leaves. These species are often found in shady areas or dry
or nutrient lacking soils. The stress tolerators high capacity to handle stressful environments
reduced their abilities to grow fast and reproduce.
Ruderals are found in areas with high disturbance and low stress. Ruderals include species that
focus on seed production and that quickly go through their life cycle, like annual or short-lived
perennials. Common characteristics include high growth rate, short-lived leaves and plants with
minimal height (Grime, 2006).
It is impossible for a species to fully devote all its resources to only one of these paths. The system
can be explained by a triangle (Figure 2) where the extremes are the corners. Species will be in
between with a focus on one of the three orientations (Grime, 1977).

Figure 2 – Grime´s C-S-R triangle.
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3. Material and Methods
In this section the experimental set-up, experimental method and analysis of the raw data will
be explained.

3.1.

Work done and decisions made before the start of the master thesis

The study in this master thesis was made on the same roofs as PhD-student Joel Lönnqvist used
for his studies on green roof performance. Therefore the majority of the work and decisions
regarding the roofs had been made by Joel Lönnqvist prior to the start of this master thesis.
This includes the design and installation of the roofs, the choice of substrate and its thickness
and the choice, planting and maintenance of vegetation.
This master thesis included installing and calibrating the Load cells and logger, as well as all the
analyses presented in sections 3.4-3.6.

Figure 3 – Pictures from each green roof type. From left to right; Stress tolerators, ruderals, competitors, mix and
sedum.

3.2.

Description of test rig

The test rig consisted of 31 different roofs; 25 with vegetation, five control roofs with only
substrate and one reference roof made of steel. All roofs had the dimensions 1×2 m and a slope
of 5,9°. The roofs were placed outdoor in a southern direction on the Luleå campus of LTU in
northern Sweden and were exposed to natural weather conditions.
On the bottom of each green roof, 1 mm of geotextile (as a filter layer) was placed. The substrate
was made of mineral soil, with a porosity between 30-40%, and was placed on the geotextile.
Each roof had 200 liters of substrate (except the reference roof which had none) resulting in a
100 mm thick substrate layer. The runoff drained through a 100 mm wide perforated steel plate
into a collecting gutter.
There were five roofs per group and five roofs where the C, S and R was mixed.
Most of the vegetation was planted in a greenhouse 2017-04-26 and all the vegetation was
replanted on top of the green roofs between 2017-06-20 and 2017-06-21 at which the substrate
had been on the roofs for one month. Approximately 5 gram of fertilizer was added to each
plant. The vegetation was maintained with watering in accordance to Table 2 below.
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Table 2 – The watering maintenance for the green roofs
Date
Duration (s) Flow (l/min)
Repetitions
2017-06-19
60
10
2
2017-06-20
30
10
4 (2 prior 2 after planting)
2017-06-21
30
10
4 (2 prior 2 after planting)
2017-06-28
30
10
1
2017-06-31
30
10
1
2018-06-04
30
10
2
2018-06-05
30
10
2
2018-06-12
30
10
2
2018-07-05
60
10
1
2018-07-16
60
10
2

Underneath each roof was a 50-liter bucket which the stormwater was transported to through
the covered rain gutter. Underneath the bucket a 108TA Single Point Load Cell with a capacity
of 50 kg was installed. The values from the Load Cell were logged by a 1000X Campbell
scientific data logger. Values were logged at a 5-min interval.
Since the 108TA Single Point Load Cell generated values in millivolt (mV), a conversion had to
be implemented for the logger to show values in kg. The obtained mV-value when the empty
bucket with the lid and hose was on the cell was decided to be 0 kg. By adding weights of 10,
20 and 30 kg to the cell (with the bucket, lid and hose still on) the increase in mV could be
recorded. The increase in mV when putting known weights on the cell generated a multiplying
factor, and the conversion of mV to kg could be done.
Close to the roofs a weather station was placed which measured the depth of the rainfall (mm),
temperature (°C) and wind velocity (m/s) at a time interval of 5-min.

Figure 4 – A picture of some of the green roofs. Water will flow through the covered steel gutter into the bucket
via the funnel and hose.
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3.3.

Description of chosen vegetation

The vegetation was chosen based on the “universal adaptive strategy theory”, where five
different species were chosen from each group. The species from each group were chosen to be
suitable for the subarctic climate in Luleå. A Sedum species was chosen to be able to compare
the change in retention and detention from using C-S-R in comparison toward conventional
green roofs. An earlier study performed by Lönnqvist et al. (in manuscript) showed the chosen
sedum species – goldmoss stonecrop – outgrew others when planted on the same roof, and
eventually took over the green roof. Therefore, the decision to plant it in a monoculture was
made.
There were five roofs per group type and additionally five roofs where C-S-R was mixed. The
following section will describe the chosen vegetation.

3.3.1. Competitors (C)
Galium Verum, yellow spring bedstraw, grows to a height between 10-60 cm and spread on a
width between 60-90 cm. (Missouri botanical garden, n.d.). Has a deep reaching and richly
branched taproot. (NatureGate, n.d.)

Hypericum maculatum, St. Johnswort, grows to a height up to 60 cm. The flowers can grow up
to 25 mm in diameter (Den virtuella floran, 2010). Has a deep taproot (Grime, Hodgson, Hunt,
2007)

Linaria vulgaris, common toadflax, grows to a height between 20-70 cm. The leaves are 2-6 cm
long and 1-5 mm broad. The flowers are 25-33 mm long (Den virtuella floran, 2005). Has an
extensive root system (Grime, Hodgson, Hunt, 2007)

Tanacetum vulgare, tansy, grows to a height between 30-150 cm and has a feathery foliage.
Leaves with a width between 7-11 mm (Mossberg & Stenberg, 2003).

Vicia cracca, tufted vetch, grows to a height between 20-100 cm. The leaves are 3–8 cm long,
pinnate, with 6–15 pairs of leaflets, each leaflet 8–12 mm long (Mossberg & Stenberg, 2003).

3.3.2. Stress-tolerators (S)
Poa alpina, alpine bluegrass, grows to a height between 10-30 cm. Has leaves between 2-5 mm
thick and a small root system (Mossberg & Stenberg, 2003).

Lotus corniculatus, bird's-foot trefoil, grows to a height of 10-40 cm. Has a few leaves at the
middle of the stem and 4-7 flowers between 10-16 mm long (Mossberg & Stenberg, 2003).

Vaccinium vitis-idaea, lingonberry, grows to a height of 5-30 cm. Stem full of leaves between
8-20 mm long (Mossberg & Stenberg, 2003).

Polypodium vulgare, common polypody, grows to a height of 10-40 cm. Upper half of stem full
av large leaves. Has a quite wide but shallow root system (Mossberg & Stenberg, 2003).

Sedum telephium, orpine, grows to a height between 20-50 cm. Stem is full of leaves between
5-10 cm long. Flowers on top with five petals between 3-5 mm. Roots are strong and clubby
(Mossberg & Stenberg, 2003).
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3.3.3. Ruderals (R)
Viola tricolor, heartsease, grows to a height of 10-25 cm. Flowers have about 15-25 mm in
diameter. There is no leaf rosette at the base. Stem has small leaves (Mossberg & Stenberg, 2003).

Pilosella aurantiaca, devil's paintbrush, grows to a height of 20-60 cm. Stem with 4-6 mm long
hairs and a basal rosette of leaves between 5-20 cm long (Mossberg & Stenberg, 2003). Roots
are shallow and fibrous (Blanchan, Dickinson 1922).

Pimpinella saxifrage, lesser burnet, grows to a height of 20-60 cm. Stem has often a few leaves
which is between 3-4cm wide (Mossberg & Stenberg, 2003).

Trifolium repens, white clover, grows to a height of 10-30 cm. Has leaves growing over the
stem which is between 1-2 wide. Has a quite small root system (Mossberg & Stenberg, 2003).

Saxifraga granulate, meadow saxifrage, grows to a height of 10-35 cm. Has basal leaves in sizes
between 9-16 mm. Has a dense, but not so widespread, root system (Mossberg & Stenberg,
2003).

3.3.4. Sedum
Sedum acre, goldmoss stonecrop, grows to a height of 3-12 cm. Leaves are between 3-5 mm
thick (Mossberg & Stenberg, 2003).

3.4.

Analysis of plant coverage

To analyze the extent of vegetation coverage a tripod-mounted camera was used to take pictures
of the green roofs. The tripod was constructed so that pictures were taken from the same height
and angle on each roof. A grid was put on top of each picture. The grid was constructed so that
each square was 4500×4500 pixels and there were 20×40 squares over the roof. All the squares
were analyzed separately. Each square that consisted of more than 50% vegetation was classed as
a vegetation square. The total amount of vegetation squares was compared to the total amount
of squares and the extent of vegetation coverage was achieved.

Figure 5 – The grid put on top of a picture of a green roof vegetated with stress tolerators.
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3.5.

Analysis of retention and detention capacity

A total of seven rainfall events were recorded and analyzed. The recorded values were frequently
obtained from the logger and weather station. The rainfall intensities were calculated by taking
the recorded rainfall depths from the main part of the rainfall event and dividing it by the total
amount of recorded rainfall depths during the same time period. The ADD was chosen based on
rains >2 mm, i.e. if the rainfall depth was smaller than 2 mm it did not count as a rainfall event.
Table 3 – All the measured rainfall events and their characteristics.
ADD Rainfall depth Rainfall intensity
Rain nr
Date
(days)
(mm)
(mm/5 min)
Rain 1 2018-09-12
1
6,4
0,115
Rain 2 2018-09-15
3
8,4
1,14
Rain 3 2018-09-19
4
3,4
0,02
Rain 4 2018-09-21
2
3,4
0,096
Rain 5 2018-09-22
1
4,2
0,25
Rain 6 2018-09-26
4
3,8
0,05
Rain 7 2018-09-27
1
6,8
0,11

Temp
(°C)
11
13
11
13
12
8
6

Wind velocity
(m/s)
0,85
1,78
0,55
1,37
2,22
1,54
2,25

By measuring both the total volume of runoff and the runoff over time from each roof their
hydrological function could be analyzed and compared.
The retention from each roof was calculated by using Equation (1). The total runoff from the
roofs was compared to the rainfall depth measured by the weather station. The reduction of peak
flow intensities was calculated by comparing the peak flow from the green roofs with the peak
flow from the steel roof.
The retention and detention from each green roof were compared within each green roof type
to see if the measured values were similar and reasonable or if there were any unreasonable
values (e.g. caused by faults in the load cell), which then should be removed from the data-sets.

3.6.

Statistical analyzes

Several statistical analyzes were done with the obtained data. Many of the analyses was made to
see if there were any significant statistical differences between the chosen data-sets. A result has
no statistical significance when there is no relationship between the data-sets, e.g. the
likelihood of statistical significance to occur, given the null-hypothesis (the hypothesis that
there is no statistical significance between the data-sets), is very low.
For the analyses in this thesis the significance level of 5% was chosen. The significance level is
an error risk which shows the probability of the study rejecting the null-hypothesis.
The following statistical analyses was made;
-

Comparison of standard deviations
By examining the standard deviations of data-sets, one can find out if the differences are
statistically significant. If the standard deviations between different data-sets overlap there is
no significant statistical difference between them.

14

-

ANOVA
ANOVA (analysis of variance) is a collection of statistical methods used to analyze the
difference among group means in a sample. In this thesis the Tukey pairwise comparison
was used in conjunction with ANOVA. It shows whether means of data are significantly
different from each other.

-

Regression analysis
Regression analysis is a statistical method that estimates relationships among variables.
Important notations are p-value and “r”. The p-value tests the null-hypothesis for the
data-sets and if its less than the significance level the null-hypothesis can be rejected, i.e.
no significant relationship can be found among the data-sets. “r” explains the strength of
the relationship between the variables and ranges between -1 and +1. A high r-value
means a strong positive correlation between the variables and a low negative value means a
weak negative correlation.

The statistical analyses were performed with Minitab 18 (Minitab Inc.) and Microsoft Excel
(Microsoft Corp.).
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4. Results
Two of the green roofs gave unreasonable values during all measured rain events, which points
toward faults in the Load Cell. These two green roofs were removed from the data sets. The
green roof types removed was one vegetated with ruderals and one with only substrate – giving
those two roof types only four duplicates.

4.1.

The extent of vegetation coverage

Since the standard deviations from the different C-S-R combinations overlap in Figure 6 there
are no significant statistical differences between their extent of coverage. The roofs with sedum
vegetation have a larger extent of coverage than the C-S-R combinations and is significantly
different.
60%

Extent of vegetation coverage

50%

40%

30%

20%

10%

0%
Stress tolerators

Ruderals

Competitors

Vegetation mix

Sedum

Figure 6 – Average extent of vegetation coverage per roof type. Bars represents the average extent of vegetation
coverage per roof type (sorted by color) and the black lines on top of the bars represent the standard deviations from
the data-sets.

One-Way ANOVA and Tukey pairwise comparison confirmed what could be seen in Figure 6
and revealed that the average extent of coverage from the sedum roofs was significantly different
from the other roofs (Table 4). No significant difference was observed between the four roofs
with the different C-S-R combinations.
Table 4 - Tukey pairwise comparison between roof types and extent of vegetation coverage. Means that do not
share a letter are significantly different. “A” means highest extent of average coverage and B means lowest extent
of average coverage.
Average extent of
Roof type
vegetation coverage
Stress tolerators
B
Ruderals
B
Competitors
B
Vegetation mix
B
Sedum
A
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4.1.1. Plant mass
The plant description in section 3.2.1. – 3.2.4. explains most of the species to grow quite large
(up to 1,5 m in Tanacetum vulgare, tansy’s, case). However, the summer prior to the study was
the warmest in recorded history which resulted in many plants dying and growing poorly due
to heat and lack of water in the substrate. This resulted in small plants, for example the ruderals
never exceeded a height of 5 cm. Stress tolerators, competitors and vegetation mix grew higher,
but no plant was taller than 20 cm. The sedum vegetation grew the best (relatively to its normal
size), but did still not grow higher than 5 mm.

Figure 7 – The height of the vegetation on two different roofs. Left: Stress tolerators. Right: Ruderals. The increased
height of stress tolerators gives it a larger plant mass relatively to the low growing ruderals.

4.2.

The roofs retention capacity

Figure 8 – Retention per roof type and rainfall event. The different colors represent different roof types
which are presented per rainfall event.

There are no major differences between the different roof types and their amount of retained
water (steel roof being the exception). During rain 1 the roof with only substrate retains
significantly less than the vegetated roofs. The steel roof has a significant difference from the
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other roofs except in rain 5 and 7. During rain 3 and 4 the steel roof retains a negative amount
of water.
The tukey pairwise comparison in Table 5 below confirms the low differences in retention
between the different roof types. Some interesting things and variances can still be observed. The
combinations of C-S-R retains a very similar amount of water, except ruderals during rain 3 and
5. Stress tolerators is the roof type that always is part of the letter group with the highest retention,
where C, R and vegetation mix sometimes retains significantly less water. The roofs with only
substrate retain as good as some vegetated roofs (exception during rain 1). The roofs vegetated
with sedum is often part of the letter group that retains the least amount of water (not counting
the steel roof).
Table 5 – Tukey pairwise comparison between roof types and retention. Means that do not share a letter
are significantly different. “A” means highest retention and E means lowest retention.
Roof
Rain 1 Rain 2 Rain 3 Rain 4 Rain 5 Rain 6 Rain 7 All Rains
A
Stress tolerators
A
A
A
A
A
A
A
A
Ruderals
A
AB
C
BC
A
C
B
A
Competitors
A
A
ABC
BC
A
BC
A
A
Vegetation mix
A
A
AB
AB
A
ABC
A
A
Sedum
A
B
C
C
A
D
B
A
Substrate only
B
AB
AB
BC
A
AB
AB
B
Steel
C
C
D
D
A
E
B
Table 6 – The percentage of retained water per roof type and rainfall event.
Roof
Rain 1 Rain 2 Rain 3 Rain 4 Rain 5 Rain 6
Stress tolerators
90%
52%
80%
79%
24%
86%
Ruderals
84%
46%
68%
73%
14%
76%
Competitors
89%
49%
71%
73%
21%
79%
Vegetation mix
88%
52%
76%
75%
21%
82%
Sedum
86%
40%
63%
67%
18%
69%
Substrate only
61%
44%
74%
70%
17%
83%
Steel
-3%
22%
-21%
-16%
15%
1%

Rain 7
21%
14%
23%
22%
16%
19%
10%

Average
62%
54%
58%
59%
51%
53%
1%

Looking at Table 6 the roofs retention capabilities can be more easily observed. The green roofs
increase the retention in all rains, except for rain 5 and 7.
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Figure 9 – Retention VS Roof type, Rain intensity, ADD. The colors represent different rain intensities
which are presented per roof type and ADD.

Figure 8 shows that the roofs retain a different amount of water per rainfall event. The interval
plot in Figure 9 explains what parameters could be affecting this difference in retention, which
includes rainfall intensity and ADD. The rainfall intensities of 0,250 mm/5 min and 0,110 mm/5
min generates a lower retention than the 5- and 10-times greater rainfall intensity of 1,140 mm/5
min. The difference between them is the ADD since the intensities of 0,250mm/5min and
0,110mm/5min have an ADD of 1 while the intensity of 1,140mm/5min have an ADD of 3.
There is an irregularity to this relationship since the rainfall intensity of 0,115mm/5min also has
an ADD of 1 but a high retention.
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4.3.

The roofs detention capacity

The following section will present the flow of water from each roof type over time. Rain 3 is
not presented since its low rainfall intensity resulted in flows too low for the load cells to
acknowledge.
Figure 10-15 shows there is not much difference between C-S-R and their hydrographs. In
most cases the roofs with only substrate gives the highest flow (ignoring the steel roof, which
always gives the highest flow). However, during rain 4 and 6 the roofs vegetated with sedum
gives the highest flow. The differences between the vegetated roofs, the roof with only substrate
and the steel roof is lower during rain 7.
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Figure 10 – Hydrograph over Rain 1*. The bars represent the rainfall depth. The lines represent the water flow
from the roofs over time. *The measurements were taken at an interval of 15-min.
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Figure 11 – Hydrograph over Rain 2. The bars represent the rainfall depth. The lines represent the flow of water
from the roofs.
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Figure 12 – Hydrograph over Rain 4. The bars represent the rainfall depth. The lines represent the flow of water
from the roofs.
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Figure 13 – Hydrograph over Rain 5. The bars represent the rainfall depth. The lines represent the flow of water
from the roofs.
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Figure 14 – Hydrograph over Rain 6. The bars represent the rainfall depth. The lines represent the flow of water
from the roofs.
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Figure 15 – Hydrograph over Rain 7. The bars represent the rainfall depth. The lines represent the flow of water
from the roofs.
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The tukey pairwise comparison in Table 7 confirms that the statistical differences between the
combinations of C-S-R maximum flows are small or non-existent. The roofs with only substrate
and sedum generate larger maximum flows.
Table 7 -Tukey pairwise comparison between roof type and their maximum flow. Means that do not share a letter
are significantly different. “A” means largest maximum flow and “D” means smallest maximum flow.
Roof type
Rain 1 Rain 2
Rain 3
Rain 4 Rain 5 Rain 6 Rain 7 All Rains
Stress tolerators
C
D
C
C
D
D
BC
B
Ruderals
C
D
BC
C
CD
BC
B
B
Competitors
C
D
BC
C
D
CD
D
B
Vegetation mix
C
D
BC
C
D
D
CD
B
Sedum
C
C
BC
B
C
B
B
B
Substrate only
B
B
B
C
B
B
B
B
Steel
A
A
A
A
A
A
A
A

4.3.1. Reduction of peak flow intensities
The green roof reduction of peak flow was calculated by comparing the peak flow from each
green roof with the peak flow from the steel roof.

Figure 16 – Maximum flow per roof type and rainfall event. The different colors represent different roof
types and their maximum flow per rainfall event.
Table 8 – Peak flow intensities reduction per roof type.

Roof type
Rain 1
Stress tolerators
80%
Ruderals
75%
Competitors
77%
Vegetation mix
79%
Sedum
87%
Substrate only
51%

Rain 2 Rain 3
65%
85%
64%
84%
71%
83%
70%
85%
55%
84%
45%
74%

Rain 4
91%
87%
87%
90%
82%
88%
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Rain 5
79%
77%
81%
81%
73%
66%

Rain 6
79%
73%
75%
76%
70%
72%

Rain 7
19%
14%
22%
22%
14%
15%

All Rains
71%
68%
71%
72%
66%
59%

The green roofs show a high capacity to reduce peak flow intensities during all rainfall events
except rain 7. The roofs with only substrate have a lower capacity and does not reduce peak
flow intensities as well as the vegetated roof, except during rain 4, 6 and 7. There are no major
differences between the vegetated roofs capacities to reduce peak flow intensities.

4.4.

Extent of vegetation coverage effects on retention and detention

Figure 17 and Figure 18 shows whether the extent of vegetation coverage affect the amount of
retained water and the maximum flow.
Looking at Figure 17 and 18 one can see that the extent of vegetation coverage does not affect
the retention or detention. Figure 17 shows that the maximum flow does not increase or decrease
with higher or lower extent of coverage. Figure 18 shows that the highest percentage of retained
water most often occurs at the stress tolerators, which does not have the highest or lowest extent
of coverage. The retention decreases with the higher extent of coverage from sedum but does
not increase with the lower coverage from ruderals, which points toward that there is no
connection between the amount of retained water and the extent of vegetation coverage.

Figure 17 – Average maximum flow VS extent of vegetation coverage. The colors represent
each rainfall event and how the average maximum flow changed with different extents of
vegetation coverages.
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Figure 18 – Average retention VS extent of vegetation coverage. The colors represent each
rainfall event and how the average retention changed with different extents of vegetation
coverages.

4.5.

Regression analysis

The following segment explores whether regression analysis can find relationships and predict
behaviors from different green roof parameters and measured values. The relationships analyzed
are;
If maximum flow and retention is affected by the extent of vegetation coverage.
If ADD affects retention and maximum flow.
Regression analysis of maximum flow VS extent of coverage
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Figure 19 – Regression analysis of maximum flow VS extent of vegetation coverage. The different extents
of vegetation coverages and their effect on maximum flows. The relationship between maximum flow and
extent of coverage is not statistically significant (p>0,05).
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Regression analysis of retention VS extent of coverage
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Figure 20 – Regression analysis of retention VS extent of vegetation coverages. The different extents of
vegetation coverages and their effect on retention. The relationship between retention and extent of coverage
is not statistically significant (p>0,05).
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Figure 21 – Regression analysis of retention VS ADD. The relationship between retention and ADD is
statistically significant (p<0,05). The positive correlation (r=0,49) indicates that when ADD increases,
retention also tends to increase.
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Figure 22 – Regression analysis of maximum flow VS ADD. The relationship between maximum flow and
ADD is not statistically significant (p>0,05).

The regression analysis showed that ADD affects retention and that with increased ADD the
retention also tends to increase, confirming what could be seen in Figure 9 (page 19). There was
no relationship between maximum flow and ADD. There was no relationship between the
extent of vegetation coverage with either retention or maximum flow.
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5. Discussion
5.1.

The roofs retention and detention capacities

Comparing the total average retention from each roof type in Table 5 on page 18 gives no
practically relevant information. All roofs (except the steel roof) are part of the same letter group
which shows that there was no significant difference between their ability to retain water. By
looking at the individual measurements more things can be concluded.
The green roofs vegetated with sedum are often part of the letter groups that retain the least
amount of water (not counting the steel roof). This helps support the assumption that sedum
vegetation is not suited as well as other types of vegetation for subarctic climates. The different
combinations of C-S-R have a higher retention than sedum, even though ruderals does retain
significantly less water than C, S and mix during rain 3 and rain 7.
The green roof with only substrate retains as good as the green roofs with sedum and the green
roofs with ruderals, and a few times better than them. This could strengthen the theories on how
vegetation does not help improve green roofs performance in cold climates. However, the
different combinations of C-S-R does retain significantly more water during some rain events
(especially C, R and mix). This information shows that C-S-R helps to improve the retention
in colder climates even if the increase in retention is quite small. Since the differences are small
and the measured rainfall events are limited to seven, further measurements are recommended
before a final conclusion can be drawn.
The average decrease in peak flow intensity from the mixes of C-S-R ranged between 68-72%.
The sedum decreased an average of 66% and the roofs with only substrate decreased an average
of 59%. This shows that vegetation helps decrease peak flow intensities relatively to just use
substrate. Looking at Figure 22 on page 26 one can see that there is no connection between
ADD and maximum flow. However, Figure 10-15 on page 20-22 shows that during some rain
events the lag times are reduced. These are the rain events which have low ADD and it explains
the shortened lag time. The substrate is already pretty saturated and will therefore become fully
saturated much faster than during rain events with higher ADD.
Comparing the different combinations of C-S-R there are small differences, and thus there is no
clear plant survival strategy that improves retention or detention the most. In Table 5 on page
18 stress tolerators is always part of the letter group that retains the highest amount of water. In
Table 7 on page 23 stress tolerators are part of the letter group that reduces peak flow intensities
the most (except in rain 7). This points towards that the stress tolerators are most efficient at
retaining and detaining rain water. However, given that the differences toward C, R and mix
are small, this is not a final conclusion. Further measurements are recommended to verify this
assumption.
The average retention from the vegetated roofs are in range with many previous studies, which
are summarized in Table 1 on page 5. These studies were conducted in milder climates (e.g.
Germany, New Zealand, North Carolina USA) and as mentioned earlier; the climate has a
significant effect on retention, where warmer climate results in increased retention due to higher
evapotranspiration. Therefore the retention from the examined green roofs in this thesis should
be lower. The measurements for this study took place during the second half of September which
had fairly low temperatures (between 6-13 °C) and relatively frequent rainfalls (highest ADD
was 4) which point toward decreased evapotranspiration from the vegetation and higher
saturation at the start of the rainfall events. However, the measured retention was relatively high
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which shows that vegetation could play a more crucial role for green roofs performance in colder
climates than previously thought. Also, this study was only conducted during early autumn and
no data on how the green roofs would perform during other seasons exists. Other studies were
performed during several seasons and by including the winter the average retention will probably
decrease. By studying the green roofs for a longer period the full effect of northern Sweden’s
climate and its seasons could be assessed.
The relatively high retention could also be caused by the fairly thick substrate layer, since a
thicker substrate layer can retain more water (Mentens et al., 2006). The thickness of 100 mm is
thicker than in many previous studies, in which the thickness often ranges between 30-80 mm
(Table 1, page 5). For example, Bengtsson et al. (2005) studied the retention capacity of a green
roof in the similar climate of southern Sweden and got a retention of 46,3%. They used a
substrate depth of 30 mm, which most likely is the reason for the lower retention compared to
the results in this thesis.

5.2.

Extent of vegetation coverage and plant structure´s effect on retention/detention

There was no correlation between extent of vegetation coverage and retention or detention
(Figure 19 and Figure 20 on page 25), contrary to the results from the literature review (Voyde
et al., 2010). The increase in retention and detention from the use of C-S-R in comparison to
sedum could mean that the plant structure plays a larger role than the extent of coverage.
C, S and mix does all have a larger plant structures than sedum. Ruderals does have a smaller
structure which is more on par with sedum. This results in that C, S and mix gets a higher plant
mass than sedum, even with less extent of coverage. Plants with larger structures are better at
retaining water than plants with small structures (Nagase & Dunnet, 2011). This does explain
why C, S and mix are better at retaining and detaining water, and why ruderals retain the least
amount of water of the C-S-R. The sedum is also planted as a monoculture while C-S-R is
planted with mixes of different plants, which also could affect retention and detention. However,
sedum was the only one planted in monoculture, so a definitive comparison towards the
combinations of C-S-R is not possible.
The similar retaining and detaining capabilities from C-S-R makes it difficult to draw conclusion
whether any traits from the chosen vegetation helps increase the performances of the green roofs.
Stress tolerators are most often part of the letter groups that retain and detain the most water.
That could be explained by that the summer prior to the study exposed the green roofs to a lot
of stress (with high temperatures and relatively long droughts) and that stress tolerators are best
at tolerating such conditions, letting them grow better than the others and improving retaining
and detaining performance.
The green roofs vegetated with sedum does cause the highest peak flows of the vegetated roofs.
This could be explained by the sedum’s small and monotonous vegetation structure which does
not cause as high of attenuation as the other vegetations.

5.3.

The saturation of the substrates effect on retention

The saturation of the substrate at the start of the rain had an effect on the green roofs retention
capacity (Figure 9, page 19). This is also confirmed by the regression analysis (Figure 21, page
26) which also points out that with increased ADD the retention also tends to increase. However,
rain 1 had an ADD of 1 day but still retained a large amount of water (Table 6, page 18). This
is most likely a result from the substrate not being very saturated at the start of rain 1. The rainfall
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prior to rain 1 was < 3 mm and had an ADD of 14 days. Doing a calculation supports the
assumption that saturation is low;
there was 200 L substrate with a porosity between 30-40%, i.e. there is between 60 and 80 L
pore volume in the substrate. 3 mm rainfall results in 6 L water, which is less than 10% of the
available pore volume. By measuring substrate moisture (e.g. by installing a moisture meter) the
ADDs effect on the roofs retention capacity could be more accurately determined.

5.4.

The climates effect on retention

Since the study took place during early autumn the temperature was fairly low, and rainfalls
occurred frequently. The colder temperature causes lower evapotranspiration and the more
frequent rainfalls causes higher saturation in the green roof’s substrate. If the measurements had
been conducted during summer a higher increase in retention would most likely be seen, since
higher temperatures increase evapotranspiration and less frequent rainfalls results in less
saturated substrate at the start of rainfall events.
The study took place after one of the warmest summers in recorded history. This affected the
vegetation on the roofs in a negative way and the growth was limited. It is therefore safe to
assume that if the climate had been more advantageous, the vegetations effect on retention and
detention would increase and a bigger gap between using only substrate and vegetation could
be seen.

5.5.

Variating retention from the steel roof

The steel roof hade a highly varying amount of retention, ranging from negative 21% to positive
22%. The retention was calculated by comparing water weight in the bucket toward the water
depth measured by the weather station. Therefore the fault is either from the weather station or
from the load cell. A different weather station located on the other side of the LTU-campus
confirmed the values received from the weather station near the green roofs. The negative values
therefore indicate that the steel roof received more water from really local rains or that there are
faults in the load cell. The load cell and logger were however calibrated and checked during the
measuring period and no faults were found. The positive values indicate that the steel roof
managed to retain water, which is unlikely. This could be explained by water splattering of the
roof when landing on it.

5.6.

Limitations of this study and future research

The amount of measured rainfall events was limited to seven and by including more rainfall
events into the statistics a more precise result could be gained. Also, by studying the roofs for a
longer period of time the increase or decrease of vegetation effects on retention and detention
can be analyzed. A longer study could also look at how effective the extent of coverage increases
during growing seasons.
By installing moisture meters on the roofs the saturations effect on the retention and detention
can be more accurately determined. It would also be interesting to look at the substrate to
examine the root structure´s effect on it. This would require taking up the substrate from the
green roof which could not be done during this thesis since the green roofs will be used in other
studies as well.
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6. Conclusion
Conventional green roofs vegetated with sedum was hypothesized to have lessened retaining and
detaining capabilities when placed in cold climates since the vegetation was exposed to a climate
it probably was not suited for. It was examined whether planting more native vegetation could
help increase green roofs performance.
The native plants were chosen based on Grimes “universal adaptive strategy theory”. It explains
competitors, stress tolerators and ruderals as three different survival strategies and five species
from each group was planted on five roofs each. Plants from all three groups were mixed on five
roofs as well. Sedum vegetation was also planted to be able to compare the green roof
performance and if an increase was achieved. Five roofs with only substrate was installed to
examine if vegetation improved retention and one steel roof to compare peak flows and retaining
capabilities.
The different combinations of plants according to C-S-R improved green roofs retaining and
detaining capacities compared to sedum vegetation. The statistical differences between C, S, R
and the mix were small or sometimes non-existent, making it difficult to draw any conclusions
on which survival strategy that helps improve green roof performance the most. More
measurements are required before a final conclusion can be drawn. A preliminary conclusion is
that stress tolerators increase retention and detention the most but, as mentioned, more
measurements are required to draw a final conclusion.
The different combinations of plants according to C-S-R helped increase both the retaining and
detaining capabilities of the green roofs in comparison to using only substrate despite unfavorable
growing conditions during and before the study period (warm summer, cold weather during
measurements). This indicates that vegetation helps increase green roofs performance in cold
climates. The differences are however small or sometimes without significant difference. The
measurements took place during the fairly cold early autumn and by studying the green roofs for
a longer period the full effect of northern Sweden’s climate on the green roofs performance
could be assessed.
The extent of vegetation coverage did not affect the retention or detention from the green roofs.
The roofs with sedum vegetation had the highest extent of vegetation coverage and the lowest
retention of all the vegetated roofs, and sometimes even lower than the roofs with only substrate.
The combinations of C-S-R had larger plants than the sedum and the increased plant mass is
probably the reason for their improved retention. Ruderals had the least plant mass between C,
S, R and the mix and it was often found to be the least effective one of them at retaining water,
further pointing towards the positive effect of increased plant mass.
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