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Abstract

Standard succulent vegetation mixes developed mostly in temperate climates are being increasingly used on green roofs in
different climate zones with uncertain outcome regarding vegetation survival and cover. We investigated vegetation on green
roofs at nine temperate, cold, and/or wet locations in Norway and Sweden covering wide ranges of latitude, mean annual
temperature, annual precipitation, frequencies of freeze-thaw cycles, and longest annual dry period. The vegetation on the roofs
were surveyed in two consecutive years, and weather data were compiled from meteorological databases. At all sites we detected
a significant decline in species compared to originally intended (planted/sown) species. Both the survival rate and cover of the
intended vegetation were positively related to the mean annual temperature. Contrary to a hypothesis, we found that intended
vegetation cover was negatively rather than positively related to mean annual precipitation. Conversely, the unintended
(spontaneous) vegetation was favoured by high mean annual precipitation and low mean annual temperature, possibly by
enabling it to colonize bare patches and outcompete the intended vegetation. When there is high mortality and variation in cover
of the intended vegetation, predicting the strength of ecosystem services the vegetation provides on green roofs is difficult. The
results highlight the needs for further investigation on species traits and the local factors driving extinction and colonizations in
order to improve survivability and ensure a dense vegetation throughout the successional stages of a green roof.
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Introduction

Green roofs are becoming increasingly popular in urban areas,
partly because of their architectural values and partly due to
their potential multi-functionality (Dusza et al. 2017). They
can make particularly important contributions to restoration of
some of the ecosystem services lost through construction of
buildings in densely populated areas (Getter and Rowe 2006;

P4 Joel Lonnqvist
joellonnqvist@ltu.se

Department of Civil, Environmental and Natural Resources
Engineering, Luled University of Technology, Luled, Sweden

Department of Urban Greening and Vegetation Ecology, Norwegian
Institute of Bioeconomy Research, As, Norway

Department of Civil and Environmental Engineering, Norwegian
University of Science and Technology, Trondheim, Norway

Published online: 11 December 2020

Oberndorfer et al. 2007; Lundholm 2015). One of the most
widely recognized ecosystem services they provide is the abil-
ity to retain and attenuate stormwater runoff, thereby poten-
tially decreasing strain on stormwater sewers, risks of com-
bined sewer overflows, eroded material in receiving wa-
ters, and flooding (Stovin et al. 2015). Although several
parts of a green roof contribute to the functions, such as
the substrate and water-holding layers, the plant cover
plays significant roles in the following: stormwater re-
tention (VanWoert et al. 2005; Stovin et al. 2015); ur-
ban air cooling (Maclvor et al. 2018; Speak et al. 2013); de-
livering urban biodiversity, relative to conventional roofs
(Williams et al. 2014); and buildings’ thermal regulation
(Sailor 2008).

However, in efforts to ensure the establishment of dense,
persistent vegetation cover, to a large extent the industry relies
on Sedum species that grow naturally in shallow substrates,
tolerate long periods of drought, and form dense ground cover
(Dvorak and Volder 2010). Their lack of requirement for
deeper substrates also helps to keep building loads down
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(Durhman et al. 2007), an especially attractive feature in areas
with cold climates and potentially heavy snow loads in winter.

The optimal green roof vegetation should provide dense
cover and have high water use when water is abundant and
low water use when it is scarce, but since this is a rare com-
bination of features, compromises are usually required (Farrell
et al. 2013). Species with greater height and biomass, more
extensive root systems, and higher transpiration rates may
make stronger contributions to stormwater management than
Sedum spp. (Lundholm et al. 2010; Farrell et al. 2013).
However, in cold and wet climates, the potential of non-
succulent vegetation on green roofs has been questioned due
to the increased risk of permanent wilting unless substrate
storage volumes are increased considerably. On the other
hand, Sedum has been found to outperform meadow vegeta-
tion in terms of air cooling (Maclvor et al. 2016) and can
potentially facilitate the establishment and survival of other
plant taxa (Butler and Orians 201 1). Planting mixtures of spe-
cies with complementary traits is frequently advised in green
roof literature as a means to improve overall function
(Lundholm et al. 2010; Cook-Patton and Bauerle 2012). A
major complication is that the success of the designed and/or
(originally) planted vegetation (hereafter referred to as
intended vegetation) can vary substantially, since green roofs
are subject to successional changes involving species extinc-
tions, spontaneous colonizations (hereafter referred to as
unintended vegetation), and changes in species’ abundance
over time (Dunnett et al. 2008; Lonngvist et al. submitted).
The performance of the plant communities used, and both the
nature and magnitude of successional changes, will depend on
the local climatic conditions, and the successional changes in
the vegetation will affect green roofs’ functions through
changes in factors such as albedo and evapotranspiration rates
(Speak et al. 2013). Thus, it is important to ensure that green
roof vegetation is adapted for the particular local conditions
(Monterusso et al. 2005; Getter et al. 2009).

Some of the earliest known examples of green roofs were
‘sod roofs’ (also called turf roofs) which were popular in me-
dieval Scandinavia, as a response to harsh climate and re-
source scarcity; later the technique spread with migrants to
Iceland and North America. The vegetation of traditional
Scandinavian sod roofs reflected the local flora at sites of the
originally harvested turf (Jim 2017). More recently, modern
extensive green roofs have started to be installed in
Scandinavian urban areas. These roofs were first developed
in central Europe as a systematically vegetated form of the
spontaneously colonized tar-paper roofs of Germany (Koéhler
and Poll 2010). The vegetation used in these roofs was orig-
inally sourced from predominantly temperate climate zones in
central Europe and rock outcrop—type habitats in various parts
of the world. While traditional sod roofs are still popular in
Norway, extensive roofs with pre-established sedum mats are
the most common type of modern green roofs used in urban
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areas in Norway (Braskerud 2014) and in Sweden (Emilsson
and Rolf 2005).

Due to the inevitable effects of local climate on green roofs’
performance and succession, as green roof technology spreads
to new geographical areas, there are clear needs for greater
understanding of the relations between their species composi-
tion and performance in specific climatic conditions. Green
roof vegetation has been studied extensively in the temperate
climate zones where they originated, but received little atten-
tion elsewhere (Vasl et al. 2017). Previous studies in
Fennoscandia have studied the importance of age and sub-
strate depth in shaping plant communities (Gabrych et al.
2016) and the means of establishment (Emilsson and Rolf
2005), and studies performed in southern Sweden’s humid
continental climate (Dfb) found succulent vegetation cover
to decrease over a 3-year period and the moss cover increased
significantly (Emilsson 2008). Since the same species mix-
tures are often used across broad geographical areas, there is
a need to understand how local weather and climate affect
their dynamics (Tran et al. 2019). Our study includes sites
located in humid continental (Kdppen Dfb), temperate ocean-
ic (Képpen Cfb), and high-latitude subarctic climates
(Koppen Dfc) which provides an opportunity to contribute
to such understanding. We investigated the performance of
the vegetation of young (2-8 years old) green roof systems
at nine locations with widely varying climates in Norway and
Sweden. We surveyed the vegetation on these roofs in two
consecutive years and evaluated responses of both the
intended and unintended vegetation, in terms of survival and
cover, to green roof design parameters and local weather var-
iables. Before the study, we formulated the following hypoth-
eses, based on relevant literature:

1. The standard Sedum vegetation would not perform opti-
mally in northern climatic conditions, and that survival
rates and cover of standard green roof vegetation would
be positively related to mean annual temperatures and
annual precipitation.

2. Thatboth frequencies of freeze-thaw cycles and lengths of
dry periods would significantly affect vegetation
performance.

Methods

Locations, roof characteristics, and experimental
design

Forty-two different roofs were surveyed across nine locations
(Table 1). Locations in Norway (N = 6) were deliberately se-
lected to cover much of the national climatic gradients rele-
vant for urban green roofs. At each of these locations, a set of
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Table 1 Key properties of the surveyed green roofs. Roofs located in and L2), and Kiruna (K1 and K2) are in Sweden. WHL and Substrate d
Sandnes, (S), Drammen (D), Oslo (O1 and 02), Bergen (B), Trondheim refer to depths of the water-holding layer and substrate, respectively.
(Tm), and Tromse are in Norway, while those in Umea (U1), Luled, (L1 Roofs are ordered top-bottom by rising latitude

Roof  Latitude Longitude WHL (mm) Substr.d (mm) Aspect Slope (°) Age (years) Area(m?®) Originally intended Species mix
species (from suppliers lists)

S-1 5887 576 10 30 N-NE 15 2 85 6 1
S-2 58.87 576 5 55 N-NE 15 2 85 5 3
S-3 58.87 576 10 30 N-NE 15 2 85 4 4
S-4 58.87 576 25 30 N-NE 15 2 85 7 2
D-1 59.74 10.2 10 30 SE-NW 20 2 42 6 1
D-2 59.74 10.2 10 30 SE-NW 20 2 42 6 2
D-3 59.74 10.2 5 55 SE-NW 20 2 42 5 3
D-4 59.74 10.2 10 30 SE-NW 20 2 42 6 1
D-5 59.74 10.2 25 30 SE-NW 20 2 42 7 2
D-6 59.74 10.2 5 55 SE-NW 20 2 42 5 3
D-8 59.74 10.2 10 30 SE-NW 20 2 42 4 5
D-9 59.74 10.2 10 30 SE-NW 20 2 42 6 1
D-11  59.74 10.2 25 30 SE-NW 20 2 42 7 5
D-12 59.74 10.2 10 30 SE-NW 20 2 42 3 1
Ol1-1 5991 10.8 0 30 SW 0 2 77 6 1
012 59091 10.8 4 40 Sw 0 2 77 5 3
01-3 5991 10.8 0 40 SwW 0 2 77 7 2
01-4 59091 10.8 5 30 SW 0 2 71 3 5
02-1  59.96 10.73 10 30 N 3 7 80 6 1
02-2  59.96 10.73 4 40 N 3 8 80 5 3
02-3  59.96 10.73 10 30 N 3 7 80 6 1
B-1 60.38 533 10 30 E 15 2 71 6 1
B-2 60.38 533 25 30 E 15 2 77 7 2
B-3 60.38 533 5 85 E 15 2 71 5 3
B4 60.38 533 10 30 E 15 2 71 4 4
B-5 60.38 533 3.1 60 E 15 2 77 4 4
Tm-1  63.41 10.41 10 30 E 9 2 148 6 1
Tm-2  63.41 10.41 25 30 E 9 2 148 7 2
Tm-3  63.41 10.41 5 55 E 2 148 5 3
Ul-15 63.81 20.29 10 48 S 12 2 1600 12 8
Ul-19 63.81 20.29 10 46 S 12 2 1640 12 8
Ul-2  63.81 20.29 10 52 N 15 2 875 12 8
Ul-5  63.81 20.29 10 58 S 12 2 1485 12 8
LI-1-N 65.58  22.16 10 31 N 10 4 5520 8 6
LI-1-S 65.58  22.16 10 25 S 10 4 2511 8 6
LI-2-N 65.58  22.16 10 25 N 5 4 1068 8 6
L2-1-S 65.58  22.16 10 23 S 12 3 84 8 7
K1 67.86  20.22 10 33 N 6 2 384 8 6
K2 67.86  20.22 10 32 S 6 2 384 8 6
To-2  69.65 18.94 4 40 SW 0 2 90 5 3
To-3 69.65 18.94 0 40 SwW 0 2 90 7 2
To-4  69.65 18.94 10 30 SW 0 2 90 4 4

different green roof solutions was applied in experimental  vegetation across the climatic range. Surveyed roofs in
plots on actual roofs (with treatments side by side in a ran-  Sweden (N = 10) were full-scale green roofs covering tops of
domized design), to compare the performance of their  buildings in residential areas and industrial zones located in
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the colder northern part of the country. Generally, mean tem-
peratures decrease with increasing latitude of the sites, and
precipitation is lower at the Swedish sites than at the
Norwegian sites (Fig. 1 and Table 1).

As shown in Table 1, all surveyed roofs were thin-substrate
Sedum-based extensive green roofs. Most were 2—3 years old
at the time of the first survey in 2016, but a few older roofs (4—
8 years old) were also included. The roofs were planted with
different standard mixtures delivered from Swedish and/or
Norwegian suppliers. Originally eight vegetation mixtures
were planted on the roofs, but several of these only differ in
the inclusion or exclusion of one or a few species (Table 2).
The roofs were established by pre-vegetated mats or pre-
vegetated mats complemented with cuttings. The roofs re-
ceived standard maintenance such as fertilization, as recom-
mended by the supplier.

Survey methods

We monitored vegetation cover and species presence/absence
in permanent 1 x 1 m quadrats placed in transects with evenly

Fig. 1 Locations of the study sites
in Scandinavia in northern Europe

Sandnes §
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spaced quadrats reflecting the surface area of the roof and
avoiding edge zones and shaded areas. The total intended
vegetation cover, total unintended vegetation cover, total
moss cover, and total bare vegetation cover as well as the
percentage cover of each individual intended vascular plant
species were recorded in each quadrat. Each quadrat was di-
vided into smaller 0.1 x 0.1 m squares, corresponding to 1%
cover, to facilitate estimation of plant cover. The exact loca-
tions of quadrats were recorded so that successional changes
at the same spots could be monitored by surveys in consecu-
tive years. Due to the difficulties of differentiating Phedimus
hybridus from P. kamtschaticus when not in flower, the two
species were merged and are referred to as P. coll hereafter.

Weather variables

Weather time series for the years prior to the surveys were
collected from the Norwegian Meteorological Institute
(MET Norway) and Swedish Meteorological and
Hydrological Institute (SMHI) as daily averages for precipita-
tion and 6-h averages for temperature. To acquire complete

Kiruna

Lulea

SWEDEN




Int J Biometeorol

Table 2 The species mixes used

for the intended vegetation (for Species Mix 1 Mix2 Mix3 Mix4 Mix5 Mix6 Mix7 Mix8
roofs receiving each of the mixes,
see Table 1). The species included Festuca ovina *
in each mix—Ilargely according to Sedum acre * * * * * * * *
the Swedish ta}xonon.qic d'fltabase Sedum album % % « « « * s *
SKUD (Swedish University of ) .
Agriculture)—are indicated by Sedum anglicum )
asterisks. Phedimus coll includes Hylotelephium cyaneum *
Phedimus hybridus and Phedimus Sedum hispanicum * *
kamtschaticus due to difficulties Sedum Idium " " N
in differentiating them 4
Sedum oreganum *
Sedum rupestre * ® * * *
Sedum sexangulare * * ® * * *
Sedum pulchellum * *
Sedum spurium * * * * *
Hylotelephium ewersii * * * *
Phedimus coll * * * * * * *
Total number of species 6 7 7 6 3 7 7 12

full time series of data for all sites, weather data from several
weather stations in the same town were merged when data
were incomplete. All weather variables were compiled from
July 15 until the same date of the following year when surveys
were conducted. Since relevant weather indices are often high-
ly correlated (Johannessen et al. 2017), we selected a subset to
represent major gradients. Freeze-thaw cycles were defined as
all changes between negative and positive temperatures re-
corded with 6-h resolution, irrespective of snow cover since
such data were incomplete. The duration of the longest
drought episode was defined as the longest consecutive se-
quence of days without precipitation (recorded in days), and

Fig. 2 Box-plot of intended
vegetation cover obtained with
each species mix (as listed in
Table 2) across years and loca-
tions. Roofs with species mixes 6
and 7 were only surveyed in
2016. The median, 25th, and 75th
percentile hinges and 1.5 inter-
quartile range whiskers are shown

100 =

B

75 =

50 =

% intended cover

25 =

mean annual temperature as the mean temperature recorded
between July 15 and July 15 the following year. Total precip-
itation was the total precipitation during the time from July 15
in the preceding year until July 15 in the year of the survey.
Samples from 2016 and 2017 were treated as separate repli-
cates to account for the variability in weather and vegetation
between the years.

Statistical analysis

We used generalized linear models (GLMs) with binomial
family and logit link function (Warton and Hui 2011) in R

|

3 4 5 6 7 8
Species mixture

year B 2016 E5 2017
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(version 3.6.1) to explore the relationships between vegeta-
tion, weather, and roof design parameters. The functions were
implemented in the MASS package with vegetation covers
and success of the intended vegetation set as response vari-
ables and weather parameters, water-holding layer and sub-
strate depths, and roof slope as predictors. Paired Wilcoxon
pairwise comparisons and analysis of variance (ANOVA)
were applied with the MASS package in R to compare num-
bers of intended species detected in surveys (R code in elec-
tronic supplementary material).

Results

Weather during the year preceding the vegetation
surveys

Mean temperature generally declines with increasing latitude
(Table 3). However, Tromsg (the northernmost location
of surveyed roofs) has a milder climate than Kiruna and
Lulea, due to oceanic influence. Across locations, 2017
was a significantly colder year than 2016 (p<0.01).
Accumulated precipitation, duration of the longest
drought, and frequencies of freeze-thaw cycles also dif-
fered between years, but there was no significant differ-
ence in vegetation cover between the years (p>0.05, in
electronic supplementary material). Frequencies of
freeze-thaw cycles varied between years and were low-
est at the rainiest locations, Sandnes and Bergen, both
of which have an oceanic (Koppen Cfb) climate. Bergen

Table 3 Summary of weather during the 12 months before the 15th of
July in indicated years at sites of the surveyed roofs. Freeze-thaw cycles
refer to shifts between negative and positive temperature with 6-h

received significantly more precipitation (Table 3) than the
other sites of surveyed roofs, and the locations in northern
Sweden received the least.

Vegetation cover across locations

Intended vegetation cover varied depending on species mix
(Fig. 2) and location (Fig. 3a). Both Sandnes and Oslo2 had
consistently high (> 75%) intended vegetation cover while the
other sites showed a more varying cover of the intended
vegetation (Fig. 3a). There were also large differences in veg-
etation cover at sites in the same locations (Fig. 3). Notably,
roofs at two of the northerly Swedish sites (Lulea and Kiruna)
had the lowest vascular plant cover and highest cover of bare
substrate (Fig. 3d). Moss cover varied, but the most northerly
roofs (at Tromse) had the greatest moss cover, and corre-
spondingly low intended vegetation cover. Bare substrate cov-
er was highest on roofs at Kiruna, where the annual mean
temperatures were lowest (Fig. 3), and unintended species
contributed more to the total vascular plant cover on roofs in
Bergen and Trondheim than in other sites.

Changes in species composition over time

Despite the roofs’ relatively young age, we found a clear fil-
tering of species composition over time, as we did not detect
about half of the original species, which thus either failed to
establish or rapidly declined at all sites (Table 3). At all sites
there were significantly lower numbers of species, according
to paired Wilcoxon pairwise comparisons (p <0.05, Fig. 4),

resolution. The longest dry period is the longest series of consecutive
days with no registered precipitation

Location Latitude Koppen climate zone  Year  Freeze-thaw cycles Mean temperature (°C)  Total precipitation (mm)  Longest dry
period (days)

Sandnes 58.87 Cfb 2017 26 8.7 1195 13

Sandnes 58.87 Cfb 2016 31 8.9 1183 13
Drammen  59.74 Dfb 2017 65 7.3 681 10
Drammen 59.74 Dfb 2016 69 72 845 19

Oslo 59.91 Dfb 2017 65 74 709 8

Oslo 59.91 Dfb 2016 45 7.5 882 16

Bergen 60.38 Ctb 2017 28 8.8 2740 15

Bergen 60.38 Cfb 2016 29 8.9 2386 8
Trondheim  63.41 Ctb 2017 63 6.1 1084 23
Trondheim  63.41 Cfb 2016 53 6.5 832 21

Umea 63.81 Dfb 2016 53 53 520 21

Lulea 65.58 Dfc 2016 60 3.7 666 20

Kiruna 67.86 Dfc 2016 49 0.9 523 14

Tromse 69.65 Dfc 2017 71 3.7 1151 9

Tromse 69.65 Dfc 2016 62 44 1015 9
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Fig. 3 Cover of vegetation and bare substrate on roofs at each of the 10 sites (southernmost to northernmost from left to right). The median, 25th, and
75th percentile hinges, 1.5 inter-quartile range whiskers, and individually plotted outliers are shown

than the originally intended composition, except in Tromsg,
where there was no significant difference between the origi-
nally intended number of species and number of species de-
tected in 2016 (paired Wilcoxon’s pairwise comparison: p =
0.063; Fig. 4). There was no significant difference in numbers
of species found in 2016 and 2017 (paired Wilcoxon pairwise
comparisons, p > 0.05). Phedimus coll (composed of the two
species P. kamtschaticus and P. hybridus) was found on roofs
at all sites except Kiruna in Sweden and had the highest over-
all mean cover (19%), followed by S. acre (15%), S. album

(11%), and S. spurium (3.2%). Sedum anglicum,
S. forsterianum, H. cyaneum, S. oreganum, S. reflexum, and
H. telephium were included in some original species compo-
sitions but were not detected in the surveys (Tables 4 and 5).

The GLM results showed that abiotic and weather factors
influenced vegetation cover and percentage of the originally
intended species that were refound, i.e. detected in the surveys
(Table 6). Increases in mean annual temperature had significant
positive effects on the intended vegetation cover and percentage
of originally intended species that were detected in the surveys.

Table 4 Intended species, and numbers of plots where they were planted and refound (i.e. detected in our surveys)

Species S. anglicum  S. album P. coll F. ovina S. acre S. ewersii S. sexangulare S. spurium
Plots listed 8 124 117 4 78 44 100 56

Plots refound 8 96 88 3 49 27 50 25

Percent refound  100.0 77.4 75.2 75.0 62.8 61.4 50.0 44.6
Species S. lydium S. hispanicum 8. pulchellum S. cyaneum  S. floriferum S. oreganum 8. rupestre Total mean
Plots listed 30 30 39 4 6 4 77 -

Plots refound 8 7 1 0 0 0 0 -

Percent refound  26.7 233 2.6 0.0 0.0 0.0 0.0 39.9
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Temperature had no significant effect on moss cover, and neg-
ative effects on the unintended vegetation and bare substrate
cover (Table 6). Increases in total precipitation had significant
positive effects on unintended plant cover while it had a signif-
icant negative effect on the intended vegetation cover, and no
significant effect on the percentage of detected intended spe-
cies. Increasing frequencies of freeze-thaw cycles had positive
effects on both moss and total plant cover, but no other signif-
icant effects on vegetation cover. Increases in roof slope had
significant positive effects on amount of bare substrate found.
No significant effect of variation in depth (water-holding layer
and substrate) on either vegetation cover or the proportion of
refound species was detected. Increases in duration of the lon-
gest drought period had no significant effects on vegetation
cover or proportion of refound species. Variables such as roof
area and roof age, which had little variation in the dataset, could
potentially confound the results of the statistical analysis; how-
ever, these variables showed no significant effects when
included in the GLMs.

Discussion
Success of the originally intended vegetation

Several authors promote use of diverse species mixes to en-
hance the general performance and resilience of the vegetation
by including species with complementary features (Isbell et al.
2011; Lundholm 2015). However, we found that a few species
dominated cover and did not find many intended species at any
site in either year. Similarly, in a previous study (Lonnqvist

Fig. 4 Numbers of species

originally intended for the roofs 12-
and numbers of species found
during surveys. Within each of
the Swedish sites (Umea, Lulea,
and Kiruna), the roofs had the
same intended species
composition and these roofs were
only surveyed in 2016. The
species originally intended for the
roofs were all Sedum and other
succulents, except in Umeé where
the grass F. ovina was also
planted. The median, 25th, and
75th percentile hinges, 1.5 inter- 4-

quartile range whiskers, and indi-

vidually plotted outliers are O ¢
shown

Number of species

Sandnes  Drammen Oslo1
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et al. submitted), we found that unintended species accounted
for 69 + 3% of the species present on green roofs in areas with a
dry, cold subarctic climate, although the cover of spontancous
species was generally low. There was no significant further
decline in vegetation cover between the survey years, indicating
that early filtering of species occurred, likely through a combi-
nation of negative responses during the establishment phase in
the local climate. This is consistent with our hypothesis that the
standard green roof vegetation would not perform optimally in
Nordic climatic conditions. For example, Emilsson 2008 saw a
decline in total succulent cover; however, the trend was not as
clear for the dominating mat forming species S. acre and S.
album. Other studies outside Scandinavia have also detected a
decline in species richness at sites with cold climates (Boivin
et al. 2001). It should be noted that some species were planted
on a few roofs; e.g. H. cyaneum and S. oreganum were only
planted on four roofs in total. The roofs at the Oslo2 location
were older than the other roofs (7-8 years), but showed no
further decline (p <0.05) in species richness compared to the
younger (2—4 years old) roofs at the other sites. This suggests
that most of the originally intended species failed to establish
from the start, or rapidly declined during the first seasons (a
conclusion corroborated by the lack of difference in this respect
between the roofs in 2016 and 2017).

Factors affecting survival and vegetation cover
Temperature and freeze-thaw cycles

We found that mean annual temperature strongly influenced
the green roof vegetation dynamics (Table 6). Although many

Oslo2 Bergen  Trondheim Umea Lulea Kiruna Tromse

E Originally intended E 2016 ' 2017
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Sedum species are tolerant of cold conditions, their optimal
temperature range for photosynthesis is 10-35 °C (Went
1953). At several of our study sites, there are limited numbers
of days with temperatures within this optimal temperature
range (yearly mean temperature Table 1). However, across
our locations, there are variations in the length of the growing
season and temperatures during both summer and winter, all
with contrasting effects on succulent vegetation. Temperature
was also positively correlated with accumulated precipitation
across locations. Hence, vegetation responses across locations
reflect composite effects of diverse factors, including negative
effects on survival of episodes of winter precipitation, winter
frost, and drought in spring or summer. Such filtering of spe-
cies composition on green roofs by critical episodes has rec-
ognized importance (Bates et al. 2013; Vanstockem et al.
2019). We found that temperature was positively related to
intended vegetation cover, but negatively related to unintend-
ed vegetation cover (Table 6). Since the amount of bare sub-
strate was also negatively related to temperature, low temper-
atures could cause freezing injury to the intended vegetation,
thereby leaving bare patches for unintended vegetation to col-
onize. In our study, the frequency of freeze-thaw cycles did
not show any relationship with vegetation covers or survival
of intended vegetation, possibly due to the vegetation being
protected under snow cover during most of the freeze-thaw
events. Mean annual temperature is most likely correlated to
the number of days in the vegetation period at the sites; thus,
mean temperature and possibly length of the vegetation period
seem more important for the vegetation than the frequency of
freeze-thaw cycles during the year (Table 6). In areas with
cold climates, the water use of green roof vegetation should
play a minor role for stormwater retention since evapotranspi-
ration remains low (Johannessen et al. 2017). Johannessen

Table 6 Results of generalized linear models (GLMs) with binomial
family and logit link function, showing responses in the first row and
factors in the first column. For responses of vegetation cover, bare sub-
strate, and percentage of refound species, n = 144. The variable depth is
the thickness of the water-holding layer and substrate, in mm. Freeze-

et al. (2017) indicated that the mechanisms responsible for
loss of vegetation cover are insufficiently understood, and
highlighted the importance of critical episodes in order to
better predict hydrological performance of the vegetation on
cold climate green roofs. Accordingly, we found no impact of
the number of freeze-thaw cycles, but did not account for
effects of snow cover, due to lack of reliable data, which can
certainly dampen effects of both freeze-thaw cycles and low
temperatures (Boivin et al. 2001).

Precipitation and longest drought

To establish and maintain healthy green roof vegetation, ap-
propriate supplies of available water are crucial (Young et al.
2017). Extensive green roofs with limited substrate depths are
prone to water deficiency, which is the main reason why
Sedum spp. (which have low water requirements) have long
been preferred choices for green roof vegetation (Oberndorfer
et al. 2007). We found that increases in accumulated annual
precipitation had a significant negative effect on the intended
(mostly succulent) cover, but not on the total cover of vascular
plants or bare substrate (Table 6). Accordingly, parameters
related to increasing plant available water in the substrate,
e.g. reductions in roofs’ solar exposure, and increases in sub-
strate depth or irrigation are known to facilitate the establish-
ment of unintended vegetation (Dunnett et al. 2008). The
intended vegetation consisted of drought-tolerant succulent
species and the grass F. ovina, which are mostly stress toler-
ators (Grime et al. 2007). These plants thrive in stressful en-
vironments where resources such as water are limited.
However, when resources become plentiful, they may be
outcompeted by colonizing ruderal or competitive species that
grow faster and have better resource allocation in such

thaw cycles refers to the number of shifts between negative and positive
temperature with 6-h resolution. The longest drought is the longest con-
secutive series of days with no registered precipitation. Significant p-

values (<0.05) are indicated in italic and positive or negative effects
by upward and downward arrows, respectively

Intended cover Unintended cover Moss cover Bare substrate Proportion refound species

Intercept 0.403] 0.408 0.530] 0.7191 0.260}
Temperature mean (°C) 0.0007 0.003| 0.2307 0.001) 0.0031
Total precipitation (mm) 0.004] 0.018% 0.12471 0.5641 0.6307
Longest drought (days) 0.1707 0.946 0.115] 0.867] 0.575]
Freeze-thaw cycles 0.545] 0.722 0.2551 0.9901 0.4241
Depth (mm) 0.8861 0.55 0.701} 0.795] 0.431]
Slope (°) 0.198] 0.37 0.9761 0.0241 0.527]
Null deviance 67.8 48.1 34.79 44.49 40.4

Residual deviance 35.8 32 25.83 20.26 27.8

AIC (Akaike information criterion) 144.8 75 93.02 65.98 183.62
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conditions (Dunnett 2015). Thus, at sites with many precipi-
tation days and high annual rainfall, such as Bergen, other
unintended colonizing species can establish and eventually
compete with drought-tolerant intended vegetation (Fig. 3b).
The positive relationship between total plant cover, including
moss cover, and precipitation depth was consistent with ex-
pectations since many moss species thrive in moist conditions.
According to Drake et al. 2018, mosses can inhibit germina-
tion of plants on green roofs, thereby potentially limiting the
amount of spontaneous colonization. Here, relatively high
spontaneous vegetation cover was found to coexist with moss
in Bergen. We expected the longest dry period to be negative-
ly related to survival and vegetation cover, but detected no
such relationship (Table 6). However, it should be noted that
during the two survey years, the lengths of the longest dry
periods with no precipitation were relatively moderate and
only exceeded more than 20 consecutive days at two locations
(Table 3).

Roof design factors: water-holding layer, substrate, and slope

The depth of the substrate and its water-holding capacity have
well-documented importance for vegetation cover and bio-
mass (Durhman et al. 2007; Dunnett et al. 2008; Getter and
Rowe 2008; Thompson et al. 2010; Thuring et al. 2010; Olly
et al. 2011; Gabrych et al. 2016; Dusza et al. 2017). In stark
contrast, we found that neither substrate depth nor water-
holding layer thickness significantly affected the vegetation
on our surveyed roofs (Table 6). However, all these roofs were
of extensive type with shallow substrates (30—-85 mm), and the
importance of substrate depth decreases if the precipitation
exceeds the actual evapotranspiration for most of the growing
season. Thus, the small variations could obscure any effect of
substrate depth on vegetation, at least in periods without ex-
treme drought episodes, but in the drier locations in northern
Sweden, there were some indications that the substrate was
insufficiently deep to supply the vegetation with water.
Previous studies of effects of the slope on green roof water
retention have yielded inconsistent results, including indica-
tions that increasing the slope leads to greater water retention
(VanWoert et al. 2005; Villarreal and Bengtsson 2005; Getter
et al. 2007) and has no significant effect on retention
(Bengtsson et al. 2005; Mentens et al. 2006; Liu et al. 2019).
Theoretically it should negatively affect the water retention of
green roofs (VanWoert et al. 2005; Getter et al. 2007), thereby
reducing plant-available water and hence vegetation cover.
Erosion by rain, wind, or snow is also more likely on sloped
roofs, and the German green roof guidelines recommend ad-
ditional watering of steeply sloped roofs to reduce plant mor-
tality and subsequent erosion (FLL 2008). Few studies have
investigated effects of slope on vegetation over time, but we
found that roofs with greater pitch had significantly higher
amounts of bare substrates (Table 6).

Practical implications

Adaptable non-native species are often used in areas with
harsh climates, but in this study, we also found that native
Sedum cultivars performed relatively well (Table 5). Twenty
percent of the roofs obtained a total vegetation cover (includ-
ing all vascular plant and moss species) below the 80% cover
that is recommended in the German guidelines for the con-
struction of extensive green roofs (FLL 2008). Excluding the
cover of unintended species and moss, the vegetation on most
of the roofs (58%) did not reach this threshold, although they
received standard maintenance, including fertilization. This
shows that the target of 80% can be difficult to meet at sites
with harsh climatic conditions, including short vegetation sea-
sons and suboptimal temperatures. The cover of unintended
vegetation was 10%, on average, but in some locations, it
could dominate roofs and help efforts to reach the recom-
mended cover targets. Replacement of Sedum by moss cover
and unintended vegetation is an expected development in wet
and cold areas, which could potentially contribute to services
such as water retention and stability of the system, and war-
rants further investigation.

Conclusion

We examined vegetation dynamics on standard Sedum mixes
grown in vegetation mats on roofs in Scandinavian climates
and effects of weather-related factors, and detected significant
losses of species (relative to the original species lists) on all of
42 roofs, in nine locations, in the second survey year. We also
detected substantial variation in vegetation cover on roofs at
the same sites. In line with a first hypothesis, we found that the
mean annual temperature of the preceding year was strongly
positively related to the success of the intended vegetation.
Conversely, the mean temperature was negatively related to
the unintended vegetation cover, and the amount of bare sub-
strate. In contrast to a hypothesis, mean annual precipitation
was negatively related to the intended vegetation cover while
it seemed to favour unintended vegetation. Opposed to our
hypothesis, mean annual precipitation was negatively related
to the intended vegetation cover. Design parameters had mar-
ginal impact on vegetation development, at least within the
ranges of the parameters covered by the surveyed roofs, al-
though roofs with high pitch have greater amounts of bare
substrate. These results support our prediction that the stan-
dard Sedum vegetation would not perform optimally in all
northern climatic conditions. Low mean annual temperature
appears to be the main limiting factor for the success of the
intended green roof vegetation. However, there was no
detectable effect of low temperatures on moss cover,
and the ability of unintended vegetation to thrive under
such conditions reveals scope for improving vegetation
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selection for these conditions. The results also indicate
that the species composition and substrate depth of
green roofs should be carefully tailored to local condi-
tions. Future research should explore the importance of spe-
cies traits and the role of maintenance for green roof vegeta-
tion dynamics in cold areas.
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