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• Water use of green roof plants was related
to their traits and CSR strategies.

• Greater water users had greater leaf area
and biomass and more ruderal or compet-
itive strategies.

• Greater water users downregulated water
use by reduced growth under water-
deficit.

• Succulent species had similar or lower
water use than bare substrate.

• Shoot biomass and total leaf area were
positively related to water use.
A B S T R A C T
A R T I C L E I N F O
Editor: Ashantha Goonetilleke

Keywords:
Competitive
Ruderal
Stormwater retention
Relative growth rate
Succulence
Leaf dry matter content
The vegetation layer contributes to multiple functions of green roofs including their hydrological function as plants re-
move water from substrates between rainfall events through evapotranspiration, restoring the green roofs storage ca-
pacity for rainfall retention.While individual traits have been related to water use strategies of green roof plants, these
traits are inconsistent, suggesting the importance of trait combinations which may be reflected in CSR (competitor,
stress tolerator, ruderal) strategies. Therefore, relating plant water use to leaf traits and CSR strategies could help
facilitate green roof plant selection into new geographical regions where green roof technology is developing. For ex-
ample, in high latitude northern European regions with long daylight during the growing season. Growth (shoot bio-
mass, relative growth rate and leaf area), leaf traits (leaf drymatter content, specific leaf area and succulence) and CSR
strategies were determined of 10 common European green roof plants and related to their water use under well-
watered (WW) and water-deficit (WD) conditions. All three succulent species included in the experiment showed
mostly stress tolerant traits and their water loss was less than the bare unplanted substrate, likely due to mulching
of the substrate surface. Plants with greater water use under WW conditions had more ruderal and competitive strat-
egies, and greater leaf area and shoot biomass, than species with lower WWwater use. However, the four species with
the highest water use underWW conditions were able to downregulate their water use under WD, indicating that they
could both retain rainfall and survive periods of water limitations. This study indicates that, for optimal stormwater
retention, green roof plant selection in high latitude regions like northern Europe, should focus on selecting non-
succulent plants with predominantly competitive or ruderal strategies to make the most of the long daylight during
the short growing season.
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1. Introduction

Succulent species have become virtually synonymous with green roof
vegetation and are favoured due to their mat-forming properties, ease of
propagation and drought tolerance (Young et al., 2017). However, litera-
ture suggests that other non-succulent plant species with greater biomass
and transpiration rates may be better choices for stormwater mitigation
(Farrell et al., 2012; MacIvor and Lundholm, 2011; Nagase and Dunnett,
2012). Plant species with higher water use are likely to transpire more
water after rainfall and thus restore the water storage capacity of green
roof substrates more effectively than plants with lower water use (Farrell
et al., 2013). However, plants with higher water use that cannot downreg-
ulate or reduce their water use during dry conditionsmay experience severe
drought stress on green roofs (Farrell et al., 2013). Therefore, an optimal
green roof plant should have higher water use when water is abundant
and lower water use when water is limiting, thereby balancing stormwater
retention and survival (Farrell et al., 2013; Szota et al., 2017). There have
been extensive efforts to identify plants that offer such balance between
water use and survival in hot and dry climates (Chu and Farrell, 2022; Du
et al., 2019; Guo et al., 2021; Schrieke and Farrell, 2021) but there have
been no efforts to evaluate this in cooler climates. For example, in northern
European regions with long daylight during the growing season there has
been little evaluation of how plants will respond to water availability and
whether there are plants which can make the most of the limited growing
season to improve green roof function.

Researchers have used the habitat template approach to expand green
roof plant selection and diversity beyond succulents by selecting plant spe-
cies that grow in natural habitats analogous to green roofs, such as rock out-
crops (Farrell et al., 2013), coastal cliffs (Wolf and Lundholm, 2008) coastal
dunes and infertile soils (Nagase and Dunnett, 2010) grasslands or prairies
(Sutton et al., 2012). However, as plants growing together in the same hab-
itat can adopt different strategies to grow and survive, the habitat template
approach is often used in conjunction with trait-based approaches. For ex-
ample, green roof studies have related plant traits to water use and survival
(Du et al., 2019; Guo et al., 2021), drought resistance strategies (Du et al.,
2019; Schrieke and Farrell, 2021), and/or ecosystem services such as
stormwater retention (Xie et al., 2018). However, rather than finding a sin-
gle species or a single trait that will optimise all ecosystem services that
green roofs are expected to provide, researchers have suggested the use of
combinations of species or traits, with the intention of making the vegeta-
tion layer better at adapting to fluctuations in resource availability (Guo
et al., 2021; Heim and Lundholm, 2014; Nagase and Dunnett, 2012).

It is important to expand plant selection beyond monocultures or the
use of succulent species belonging to the same functional group as green
roofs with greater functional diversity have been suggested to improve de-
livery of other ecosystem services such as stormwater management, mitiga-
tion of heat island effect and biodiversity provision (Lundholm et al., 2010;
Cook-Patton and Bauerle, 2012; Nagase et al., 2017). This is because
greater species diversity increases the likelihood of including species with
complementary resource use strategies, increasing community productivity
and resource use efficiency (Hooper et al., 2012). Such ‘transgressive
overyielding’ (Schmid et al. 2008; Prieto et al. 2015) is linked to selection
effects, i.e., increased chance of some of the species having appropriate
traits to use available resources under varying conditions (Chapin et al.
2009). However, relying on a diverse planting mix will not necessarily
guarantee resource use efficiency on green roofs, since a diverse planting
mix can still contain species with the same or similar resource use strate-
gies, which will not complement each other nor add to the functional diver-
sity (Díaz et al., 2001).

Therefore, while individual traits such as greater root allocation and
shoot biomass have been related to higher water use and survival of
green roof plants (Chu and Farrell, 2022; Farrell et al., 2013), it might be
more useful to consider the combined effects of multiple traits. For exam-
ple, Guo et al. (2021) showed that combinations of traits were better at
explaining plant survival in green roof modules under hot and dry condi-
tions than individual traits. While Guo et al. (2021) used functional groups
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based on statistical analysis to evaluate how trait combinations relate with
survival, it may be possible to use existing trait frameworks like CSR theory
to consider multiple traits. The CSR theory, which characterises plants in
terms of three main strategies which are related to trade-offs between re-
source use and conservation (Pierce et al., 2013). In the CSR framework,
competitors (C) have high resource use and are adapted to low disturbance
and low stress; stress tolerators (S) have low resource use and are adapted
to stressful conditions with low disturbance; while ruderals (R) prioritise
rapid reproduction and dispersal, thriving under high disturbance and
low stress conditions (Grime, 1977). There are also intermediate strategies
among these three main strategies (Grime, 1977) which, together with
stress tolerators, commonly occur in plants found on older green roofs
(Thuring and Dunnett, 2019). As CSR strategies reflect resource use it is
likely that these strategies will relate towater use of green roof plants. How-
ever, to the knowledge of the authors, no previous attempts have been
made to relate CSR strategies to green roof plant water use to facilitate se-
lection of plants which will maximise stormwater retention on green roofs.

Therefore, CSR-strategies, growth and leaf traits were evaluated for 10
common plant species typically present in northern European pre-grown
green roof mats or seed mixtures and related these to their water use
under both well-watered (WW) and water-deficit (WD) conditions. Based
on previous findings it was hypothesised that 1) species with stress tolerant
(S) strategies would be lower water users, regardless of water availability,
and that species with competitive (C) and ruderal (R) strategies would be
higher water users under WW; and 2) water use under both WW and WD
conditions would be strongly related to total leaf area and shoot biomass
and negatively related with leaf traits such as leaf succulence. How water
use may change between WW and WD and whether plants could adjust
their water use under WD to improve survival, was an additional focal
point of the study.

2. Methods

2.1. Plant selection, experimental design and establishment

Ten common European green roof plant species were included in the ex-
periment (Table 2). These species are typically present in pre-grown green
roof mats or seed mixes supplied by manufacturers in central and northern
Europe and are pre-dominantly stress-tolerant, with varying levels of
ruderality and competitiveness (Grime et al., 2007). A total of 198 black
plastic pots (165 × 125 × 132 mm, 2.4 l) were filled with 2 kg (moist
weight) of a green roof mineral substrate typically used in Swedish green
roofs provided by a local green roof manufacturer (Vegtech., 2017), with
1.13 g cm−3 measured bulk density and 38 % water holding capacity.
The substrate consisted of crushed scoria, crushed gravel, sand, clay granu-
late and peat, with 5 % organic content, and grain size composition of 3 %
clay, 6%fine andmedium silt, 13% coarse silt andfine sand, 49%medium
sand and coarse sand, and 29 % fine and medium gravel according to anal-
ysis by Eurofins (Vegtech., 2017). The 198 pots were divided into three
groups: initial harvest (66 pots), well-watered (66 pots) and water-deficit
(66 pots). Each group comprised six replicates each of the 10 plant species
and six replicates each of a bare unplanted substrate (included to determine
evaporation from the substrate) (Table 1). Plants were sown in pots as indi-
vidual species with seeds (Impecta fröer., Sweden & Jelitto seeds.,
Germany) spread evenly to form dense mats to simulate pre-grown green
roof mats (5 March 2020) and kept moist by daily hand watering.

Plants were grown in an artificially lit indoor greenhouse consisting of a
1.25 × 6.4 m table enclosed by plastic sheets. Four high pressure sodium
(HPS) lights (400 W, 55,000 Lm G-power Agro lamps) were installed
1.5m above the table and potswere arranged in a complete randomised de-
sign under the HPS lamps to receive an approximate light intensity of
24,444 Lmm−2. Tomimic the summer conditions in high latitude northern
Europe with long photoperiod, the plants were exposed to 20 h light/4 h
dark cycles and mean temperature during the experiment of 25 °C. There
was no artificial lighting until seedlings had emerged in >50 % of the
pots. Then a light regime of 1 h light and 23 h dark cycles was initiated,



Table 1
Procedure of pot capacity estimation and watering regime used to measure plant water use.

Treatment Plant species
(replicates)

Bare substrate
(replicates)

Estimation of pot
capacity by
weighing and
watering

Watering Regime Soil Water Content Threshold

Well watered (WW) 10 species (6 replicates) 1 pot (6 replicates) Every second day Hand-watered to pot capacity (100 % SWC) N/A
Water deficit (WD) 10 species (6 replicates) 1 pot (6 replicates) Every second day Hand watered with 30 % of the mean water used by the

corresponding pot under WW since the previous watering.
Watered to pot capacity (100 %
SWC) when SWC ≤15 %
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and the light phasewas increased by an hour every day until the target 20 h
light:4-h dark cycle was reached. All pots were well-watered (watered to
pot capacity every second day) until the initial harvest (4 June 2020,
91 days after sowing), when the shoot biomass of the initial harvest (6
pots per species) was harvested, weighed and oven-dried to constant
weight. Six pots of the bare substrate control were oven dried at 60 °C
until constant weight to determine the substrate dry weight. Gravimetric
water content at pot capacity (pot capacity hereafter) was determined
using the dry weight from substrate samples and by weighing the bare sub-
strate pots after watering until saturated and allowing to drain (while cov-
ered to event evaporation). Twelve remaining bare substrate control pots (6
for eachwatering condition) were used to determine evaporation and to en-
able calculating the transpiration of vegetated pots by subtracting evapora-
tion from these. The shoot biomass at the initial harvest was used to
calculate relative growth rate (RGR) of plants during the watering experi-
ment and to account for additional pot weight when estimating soil water
content during the watering experiment.

2.2. Watering treatments and plant water use

Watering treatments began following the initial harvest (June 6, 2022)
to determine water use under well-watered and water-deficit conditions of
bare control and planted pots. Pot substrate water content was determined
by weighing pots and subtracting the known substrate dry weight, empty
pot weight and the species mean shoot biomass from the initial harvest.
Pots assigned to the well-watered treatment were watered to pot capacity
every second day, whereas pots assigned to the water-deficit treatment
were watered with 30 % of the mean water used by the equivalent well-
watered species since the previous watering, until their soil water content
reached a threshold of 15 %, at which point they were watered to pot-
capacity (Schrieke and Farrell, 2021). Substrate water content and water
loss were determined by weighing pots before and after watering, every
second day. The evaporation from the 12 bare substrate pots (6 for WW
and 6 for WD) between watering events was used to correct the water use
from planted pots, by subtracting evaporation from bare substrate control
pots from the water loss of planted pots. This meant that water use of
planted pots could have negative values if planted pots lost less water
than bare pots. The pots were subjected to watering treatments between
June 6, until June 22, 2020 and the measured relative humidity was
61 ± 9 %.

2.3. Leaf traits and growth (total plant leaf area, shoot biomass and relative
growth rate)

Leaf traits, total plant leaf area, shoot biomass and relative growth rate
were measured for plants subjected toWW andWD conditions. At the final
harvest, 22 June 2022, six individual youngest fully expanded leaves
(including their petioles) per pot were removed and individually
photographed to determine leaf area and then weighed and oven-dried at
60 °C to constant weight to calculate degree of leaf succulence
(g water m−2), leaf dry matter content (LDMC; g leaf dry weight g−1 leaf
fresh weight) and specific leaf area (mm2 mg−1). Leaves were
photographed (one sided including petiole) on millimetre paper and their
areawas determined by green pixel recognition using imageJ software (ver-
sion 1.53, National Institutes of Health, USA). Total plant leaf area was also
determined by stripping leaves from stems of the whole plants and
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measuring leaf area using photographs of all leaves. For large plants with
many leaves, or for succulents with large number of small leaves, a repre-
sentative sub-set was used to determine individual leaf area and propor-
tional areas of leaves and stems, which were then used to calculate total
leaf area. Leaves and stems were oven-dried at 60 °C to constant weight
to determine whole shoot biomass. Above ground relative growth rate
(RGR) per pot was calculated as RGR = (ln W2 − ln W1) / (t2 − t1)
(Hoffmann and Poorter, 2002), where ln W1 and ln W2 are natural loga-
rithms of initial and final harvested mean shoot biomass (dry weight g),
while t1 and t2 are the days of the initial and final harvests, respectively.
Leaf water content (in g water g leaf−1), leaf mass area (LMA; in mm2

leaf area mg−1 leaf weight), and leaf dry matter content (LDMC; in g leaf
dry weight g−1 leaf fresh weight) were calculated using the total leaf
fresh weight and leaf dry weight data.

2.4. Data analysis and statistics

CSR strategy percentages were calculated for each species from individ-
ual leaf measurements of leaf area (LA), leaf dry matter content (LDMC),
and specific leaf area (SLA) using the CSR calculation tool Stratefy (Pierce
et al., 2017) and were calculated separately for WW and WD treatments.
The sample size and distribution of the data allowed the application of
one-way analysis of variance (ANOVA) followed by Tukey's post hoc
(when p < 0.05) to compare species water use and relative growth rates.
t-Tests were used to detect significant differences in water use and relative
growth rate of each species between the two watering treatments. As plant
CSR strategies affect resource use and allocation, including water use
(Grime et al., 1997), and are based on leaf traits, the relationships can be
visualized in a Partial least squares analysis (PLS), which is useful due to
the test's robustness tomulticollinearity. PLS was used with water use as re-
sponse variable and CSR strategy, leaf traits, relative growth rate and spe-
cies as predictors, to explore the interactive effects of measured variables
on water use. An additional multiple linear regression was made with
water use corrected for biomass and leaf traits as predictors. All statistical
analyses were performed using Minitab (version 18.1).

3. Results

3.1. Growth (shoot biomass, total leaf area and relative growth rate) and leaf
traits

The four largest plant species (Tanacetum vulgare, Viola tricolor, Poa
alpina, and Lotus corniculatus) all had significantly lower shoot biomass
under the water-deficit treatment. Of the smaller species, (species with
shoot biomass <4 g), S. acre was the only species with significantly lower
biomass under WD. Poa alpina had the greatest total leaf area of all species
under well-watered (WW) conditions, followed by V. tricolor and T. vulgare.
Total leaf area was significantly lower underWD conditions for three of the
larger species (T. vulgare, P. alpina, and L. corniculatus) and the succulent
S. acre, but therewas no significant between-treatment difference for the re-
maining species. Consistent with overall greater shoot biomass, most spe-
cies also had greater relative growth rates (RGR) under WW conditions
(Table 3). Tanacetum vulgare had the greatest reduction in RGR under WD
conditions, which was 90 % lower under WD than WW conditions. In con-
trast, both G. verum and P. spurium had greater RGR under the WD treat-
ment (P < 0.05 in both cases). The succulent species Hylotelephium



Fig. 1. Relationships between water use (g H2O day−1 pot−1) and shoot biomass (g dry weight) and total leaf area (m2) under well-watered and water-deficit conditions.
*p < 0.001.
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telephium had the greatest RGR of all species under both WW and WD con-
ditions. Of the non-succulent species, Campanula rotundifolia had the
highest RGR under WW conditions, while G. verum had the highest RGR
under WD (Table 3). Leaf traits differed among the 10 species, with
S. acre, P. spurium and H. telephium having the greatest succulence, and
the lowest specific leaf area and leaf dry matter content (Table 3). There
were few differences in leaf traits between WW and WD conditions. How-
ever, leaf succulence in H. telephium and G. verum was significantly greater
whenwell-watered. Specific leaf areawas greater underWW conditions for
G. verum, P. alpina and T. vulgare, whereas leaf dry matter content was
slightly greater under WD for L. cornicolatus and S. acre.

3.2. Plant water use

Mean water use of the seven non-succulent species under WW condi-
tions was 55 g H2O pot−1 day−1. Of these species, T. vulgare had the
highest mean transpiration and G. verum the lowest transpiration of
the non-succulent plants (Table 4). The three succulents (P. spurium,
H. telephium and S. acre) had negative water use under both WW and
WD conditions, reflecting that their water use was lower than the bare
substrate control (Table 4). The four species with highest mean water
use under well-watered conditions (T. vulgare, V. tricolor, P. alpina and
L. corniculatus) all had significantly lower water use under WD condi-
tions, while the remaining six species did not change their water use
under WD. Tanacetum vulgare, which had the highest mean water use
under WW conditions had only 44 % of this water use under WD
(Table 4). Water use underWW conditions was strongly and positively cor-
related with shoot biomass (R2 adj = 0.83, p < 0.001) and total leaf area
(R2 adj = 0.80, p < 0.001) (Fig. 1).

3.3. CSR strategies based on leaf traits

Plantswere classified in terms of their CSR strategies based on three leaf
traits (Pierce et al., 2017) measured under WW and WD conditions. The
Table 2
Ten species used in the experiment; CSR strategy information taken from Grime et al., 2

Species Species codes Growth form Life form

Phedimus spurium P.spur Succulent Chamaephyte
Hylotelephium telephium H.tele Succulent Hemicryptophy
Sedum acre S.acre Succulent Chamaephyte
Campanula rotundifolia C.rotu Forb Hemicryptophy
Galium. verum G.veru Forb Hemicryptophy
Hypericum. perforatum H.perf Forb Hemicryptophy
Lotus corniculatus L.corn Forb Hemicryptophy
Tanacetum. vulgare T.vulg Forb Hemicryptophy
Poa alpina P.alpi Graminoid Hemicryptophy
Viola. tricolor V.tric Forb Therophyte/He
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CSR strategies of plants under WW and WD were similar (Table 2) with
three species showing more S strategy while under WD conditions
(Table 5) (see Supp. Mat. Fig. 1 for ternary plots and plotted CSR values
for all replicates of the 10 species). In this experiment, species tended to
be more ruderal and less stress tolerant than reported in the literature for
these species (Table 5). For instance, the tough-leaved perennial P. alpina
has been previously categorized as S, while in this controlled experiment
it was categorized as R/CRww and R/CSRWD. In addition, H. telephium was
categorized as R based on leaf traits in this studywhile it is a stress tolerator
according to the literature. A similar, but weaker, trend was observed for
CSR strategies calculated based on leaf traits from a database which were
generally also more ruderal (Table 5).

Fig. 2 shows the relationships between water use, CSR-strategy, growth
(RGR, shoot biomass and total leaf area) and leaf traits measured under
WW conditions (for PLS under WD see Supp. Mat. Fig. 2) included of all
ten species. Stress tolerance (S), succulence and the two succulent species
(S. acre and P. spurium) were positioned close to each other on the left
side of the axis of component 1, indicating a negative correlation with
water use. Whereas, leaf area, LDMC, competitiveness (C) and the three
species with higher leaf area (T. vulgaris, V. tricolor, P. alpina) are associated
with greater water use. Specific leaf area and total leaf area were the most
closely related variables to ruderality (R). A multiple linear regression with
water use corrected for shoot biomass as response and leaf traits as predic-
tors, LDMC showed a significant positive relationshipwithwater use (Supp.
Mat., Table 1).

4. Discussion

4.1. Water use strategies

Among the 10 common European green roof plants, there were a
diverse range of water use strategies and water use under WW conditions
was positively related to shoot biomass and total leaf area. Greater water
use under WW with increasing shoot biomass has also been observed in
007 for all species except Poa alpina (Pierce et al., 2013).

Life history Family CSR strategy

Perennial Crassulaceae S/CSR
te Perennial Crassulaceae S

Perennial Crassulaceae S/SR
te Perennial Campunalaceae S/CSR
te Perennial Rubiaceae SC/CSR
te Perennial Clusiaceae CR/CSR
te Perennial Fabaceae S/CSR
te Perennial Asteraceae C/CSR
te Perennial Poaceae S
micryptophyte Annual/perennial Violaceae R/SR



Table 3
Mean shoot biomass, relative growth rate (RGR) leaf traits (±SE; n = 6) of the 10 species under well-watered (WW) and water-deficit (WD) treatments. Total leaf area is
mean total leaf area per pot, SLA is specific leaf area (mm2 leaf mg−1 leaf), LDMC is the leaf dry matter content (g dry leaf g−1 fresh leaf). Bold numbers and asterisks (*)
indicate significant differences between watering treatments within each species with the greatest value in bold (t-tests; p < 0.05).

Species Treatment Shoot biomass Relative growth rate (mg g−1 day−1) Total leaf area (dm2) Leaf succulence SLA LDMC

(g water m−2) (mm2 mg−1) (mg g−1)

T. vulgare WW 9.3 ± 0.5* 41.6 ± 3.4* 18.9 ± 1.4* 162.4 ± 5.0 24.8 ± 1.4* 202.8 ± 12.0
WD 5.4 ± 0.8 4.1 ± 10.7 5.9 ± 1.6 171 ± 13 17.8 ± 1.6 220.1 ± 17.0

V. tricolor WW 10.2 ± 0.6* 49.9 ± 4.3* 20.6 ± 1.3 163.4 ± 2.4 35.1 ± 1.9 150.3 ± 9.7
WD 8.3 ± 0.2 37.8 ± 1.7 17.6 ± 1.2 161.3 ± 8.7 31.2 ± 1.6 168.8 ± 8.3

P. alpina WW 10.4 ± 0.8* 61.9 ± 4.5* 23.6 ± 1.2* 137.7 ± 5.9 31.7 ± 1.3* 189.6 ± 8.0
WD 8.3 ± 0.3 48.8 ± 2.4 14.4 ± 1.0 140.4 ± 4.4 27.4 ± 0.6 205.2 ± 6.7

L. corniculatus WW 6.8 ± 0.5* 62.5 ± 4.0* 14.2 ± 1.6* 120.6 ± 3.6 38.8 ± 2.4 174.5 ± 8.7*
WD 3.4 ± 0.3 17.7 ± 5.7 5.6 ± 0.4 109 ± 5.5 32.7 ± 1.6 220.5 ± 9.5

H. perforatum WW 3.8 ± 0.7 44.9 ± 15.0 12.7 ± 2.3 57.3 ± 5.3 49.8 ± 1.7 276.8 ± 18.0
WD 2.5 ± 0.6 15.6 ± 16.5 7.5 ± 1.9 55.9 ± 3.2 40.6 ± 4.2 338 ± 43

C. rotundifolia WW 2.9 ± 1.0 75.2 ± 20.0 6.2 ± 2 185.7 ± 11 29.6 ± 1.7 157.4 ± 7.8
WD 2.1 ± 0.7 51.0 ± 21.5 4 ± 1.5 185.1 ± 8.3 27.6 ± 0.5 160.7 ± 3.8

G. verum WW 3.1 ± 0.5 45.7 ± 10.2 6.1 ± 1.1 108.7 ± 13* 42.8 ± 4.5* 181.2 ± 27
WD 4.4 ± 0.43 69.7 ± 6.6 5.5 ± 0.8 57.3 ± 17 26.4 ± 4.3 485 ± 120

P. spurium WW 0.5 ± 0.2 −25.1 ± 25.7 0.8 ± 0.3 599.9 ± 24 26.0 ± 2.1 60.8 ± 1.2
WD 0.7 ± 0.0 20.8 ± 2.9 1.2 ± 0.2 556.3 ± 13 30.1 ± 2.1 56.4 ± 2.5

H. telephium WW 1.0 ± 0.2 115.0 ± 23.3 3 ± 0.7 462.3 ± 32* 37.9 ± 3.7 56.5 ± 3.6
WD 1.0 ± 0.2 115.4 ± 19.5 3.2 ± 0.6 308.4 ± 53 45.6 ± 2.4 91.5 ± 33

S. acre WW 1.3 ± 0.2* 91.5 ± 8.2 2.6 ± 0.5* 726.9 ± 92 28.2 ± 4.3 51.2 ± 2.0*
WD 0.6 ± 0.1 40.0 ± 18.7 0.9 ± 0.2 821.4 ± 49.2 18.7 ± 0.8 62.1 ± 3.0
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other green roof plant selection experiments (Chu and Farrell, 2022;
Schrieke and Farrell, 2021). For example, Schrieke and Farrell, 2021
showed a strong positive relationship between WW water use and total
leaf area in a mix of annual and biannual plant species known to spontane-
ously colonise green roofs. The highest water users were also predominantly
Ruderal (although T. vulgarewas classified as WWCR/CSR). Importantly, the
four species with the greatest water use (T. vulgare, V. tricolor, P. alpina and
L. corniculatus) underWW conditions in our experiment were able to down-
regulate their water use under WD. This indicates that on green roofs they
could likely achieve both high water-use after rainfall to mitigate
stormwater runoff and survive longer under periods of water deficit. This
supports previous green roof research which has been able to identify spe-
cies with these characteristics in hot and dry climates (Farrell et al., 2013;
Schrieke and Farrell, 2021). The downregulation in water use under WD
was associated with reductions in shoot biomass and total leaf area among
these four species. In this study, there was a weak negative relationship be-
tween specific leaf area (SLA) and water use under WW conditions. Other
green roof studies have also found varying relationships between SLA and
water use, with positive (Chu and Farrell, 2022) and no relationships
(Schrieke and Farrell, 2021) to WW water use. This suggests that SLA is
not a good trait to use to select plants for green roofs but is more useful
Table 4
Mean (±SE; n=6)water use of each species underwell-watered (WW) andwater-defici
WW (WD%ofWW). Bold numbers and asterisks (*) indicate significant differences betw
significant differences among species (one-way ANOVA and Tukey post hoc tests; p < 0
succulent species due to low values. Mean evaporation from bare substrate pots under W

A Relative growth rate (mg g−1 day−1)

WW WD WD%WW

Species Mean ± SE Group Mean ± SE Group

T. vulgare* 41.6 ± 3.4 BC 4.1 ± 10.7 C 9.9
V. tricolor* 49.9 ± 4.3 AB 37.8 ± 1.7 BC 75.8
P. alpina* 61.9 ± 4.5 AB 48.8 ± 2.4 BC 78.8
L. corniculatus* 62.5 ± 4.0 AB 17.7 ± 5.7 BC 28.3
H. perforatum 44.9 ± 15.0 B 15.6 ± 16.5 BC 34.7
C. rotundifolia 75.2 ± 20.0 AB 51.0 ± 21.5 BC 67.8
G. verum 45.7 ± 10.2 B 69.7 ± 6.6 AB 152.5
P. spurium −25.1 ± 25.7 C 20.8 ± 2.9 BC –
H. telephium 115.0 ± 23.3 A 115.4 ± 19.5 A 100
S. acre* 91.5 ± 8.2 AB 40.0 ± 18.7 BC 43.7
p-Value <0.05 <0.05
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when used in combination with other traits, for example by using plant
CSR strategies.

Succulents are commonly planted on green roofs due to their generally
shallow root systems, low stature and lowwater and nutrient requirements,
which help them to survive dry periods (VanWoert et al., 2005). Their low
water use and ability to store water in leaves improves their ability to sur-
vive dry periods, but also limits their ability to dry out substrates between
rainfall events (Farrell et al., 2013; Nagase and Dunnett, 2012). The
water use of the three succulent species included in this study; S. acre,
P. spurium andH. telephiumwas significantly lower than the other seven spe-
cies under both WW and WD treatments. Lower water use of succulents
compared with bare substrate is consistent with other green roof studies
and has been attributed to a mulching effect by the plants that reduces
evaporation from the substrate surface (Farrell et al., 2012; Wolf and
Lundholm, 2008). Therefore, Sedum spp. and other succulents do not ap-
pear to contribute greatly to rainfall retention of green roofs. In addition,
succulent plants with lower water demands are unlikely tomake significant
contributions to other ecosystem services positively related with plant
water use, for example summer urban cooling and substrate insulation
(Vaz Monteiro et al., 2017). However, while Sedum spp. and other succu-
lents do not appear to contribute greatly to water retention of green roofs,
t (WD) treatments and thewater use ofWDplants as a percentage ofwater use under
een watering treatments within each species (t-test; p < 0.05). Group letters indicate
.05). Water use under WW as percentages under WD (WD%WW) not included for
W was 24.7 (±1.1) g H2O pot−1 day−1.

B Water use (g H2O pot−1 day−1)

WW WD WD%WW

Species Mean ± SE Group Mean ± SE Group

T. vulgare* 63.4 ± 3.6 A 27.8 ± 3.3 AB 43.8
V. tricolor* 54.8 ± 5.1 AB 37.6 ± 3.6 A 68.6
P. alpina* 47.9 ± 1.5 AB 27.2 ± 4.4 AB 56.8
L. corniculatus* 35.5 ± 4.6 BC 17.6 ± 2.2 BC 49.6
H. perforatum 27.7 ± 7.5 CD 17.5 ± 3.6 BC 63.2
C. rotundifolia 16.6 ± 5.4 CDE 4.5 ± 1.8 DE 27.1
G. verum 8.3 ± 4.0 DEF 10.0 ± 2.4 CD 120.5
P. spurium −2.7 ± 0.6 EF −5 ± 1.1 E –
H. telephium −3.1 ± 1.6 F −2.0 ± 1.4 DE –
S. acre −6.3 ± 2.4 F −2.5 ± 0.6 DE –
p-Value <0.05 <0.05



Table 5
CSR strategies of the ten green roof plant species measured under the well-watered
(WW) and water-deficit (WD) conditions, calculated based on their three leaf traits
(Pierce et al., 2017). Compared with strategies according to Grime et al. (2007) or
Pierce et al. (2013) in the case of P. alpina. Also included for comparison, CSR strat-
egies based on species median values of leaf dry matter content, specific leaf area
and leaf area from TRY plant trait database (Kattge et al., 2020) (accessed 2023-
04-20).

Species WW WD According to
Grime et al.
(2007) and Pierce
et al. (2013)

Calculated based on median
available database values,
(Kattge et al., 2020) (LA,
LDMC and SLA)

P. spurium S/SR S/SR S/CSR S/SR
H. telephium R R S S/SR
S. acre S S S/SR S
C. rotundifolia R/CR R/CR S/CSR SR
G. verum R SR SC/CSR SR
H. perforatum SR SR CR/CSR S/SR
L. corniculatus R R/SR S/CSR SR/CSR
T. vulgare CR/CSR CR/CSR C/CR CS/CSR
P. alpina R/CR R/CSR S S/SR
V. tricolor R/CR R/CR R/SR R

J. Lönnqvist et al. Science of the Total Environment 890 (2023) 164044
they can persist longer, and by shading and mulching the substrate surface,
they may benefit other species through facilitation (Butler and Orians,
2011) or, possibly contribute to stormwater detention (peak attenuation,
peak delay) by maintaining the substrate moisture (De-Ville et al., 2018).

4.2. Relationships between growth (relative growth rate, shoot biomass, total leaf
area), leaf traits and water use

While bigger plants (greater shoot biomass) had greater water use in
this experiment, water use was more strongly related with greater leaf
area and a competitive CSR strategy. This is consistent with competitors
having faster growth and greater resource use, whereas the lowest water
users in our experiment were succulents, which are usually slow-growing
stress tolerators (Grime, 2001). Other studies have also related water use
of green roof plants with plant traits associated with ‘fast’ resource acquisi-
tion, such as higher RGR, greater shoot biomass and higher leaf area (Chu
and Farrell, 2022; Schrieke and Farrell, 2021). For example, Chu and
Fig. 2. Results of partial least squares (PLS) analysis of water use under WW conditio
individual CSR strategies expressed as %, total leaf area (dm2), shoot biomass (g d
succulence (g water m−2 leaf area), leaf dry matter content (mg g−1), relative growt
(shoot biomass, total leaf area and relative growth rate were also all measured under W
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Farrell (2022) found that greater shoot biomass was related to higher
water use under WW conditions, but found no relationship between leaf
area and water use. This is likely due to the highly drought tolerant and
xeromorphic flora they evaluated for potential use on Australian green
roofs in hot and dry conditions (Chu and Farrell, 2022).Whereas for 9 com-
mon spontaneous green roof species evaluated by Schrieke and Farrell
(2021), greater biomass and total leaf area was positively related to water
use.Whilewe showed that highwater users underWWcould also downreg-
ulate their water use under WD, not all species evaluated by Schrieke and
Farrell (2021) were able to downregulate water use under WD conditions,
and fast growing plants suffered greater drought stress under WD condi-
tions. The strong positive relationship with relative growth rate and WW
water use shown by Schrieke and Farrell (2021) was not observed in this
study, probably due inclusion of the three succulent plant species with
very low biomass, highly variable RGR, and low water use. Individual
leaf traits including succulence and leaf dry matter content were also asso-
ciated with their water use strategies, although to a lesser extent than total
leaf area or shoot biomass. Leaf succulence was negatively associated with
water usewhich is consistentwith leaf succulence being a conservative trait
associated with survival and not water use (Rayner et al., 2016). Whereas,
leaf dry matter content (LDMC) was significantly and positively correlated
with water use under WW conditions. The contrasting relationships be-
tweenwater use and degree of leaf succulence and LDMC possibly indicates
a trade-off between succulence and LDMC among these ten common green
roof plants.

4.3. CSR strategies related to water use

Overall, the highest water users were predominantly Ruderal (although
the highest water user was T. vulgare, which was classified as WWCR/CSR).
The ruderal strategy is to colonise new bare patches of substrate, use re-
sources and produce seeds quickly (to avoid unfavourable conditions
and/or establishment of species with higher long-term competitiveness),
and persist as seeds until bare substrate and/or resources are available
(Grime, 2001; Vanstockem et al., 2018). Accordingly, the species with the
greatest degree of ruderality in our study, V. tricolor, had high water use
and produced many flowers (data not shown). However, despite high
water use, it maintained growth under WD conditions (76 % of its well-
watered RGR under WD conditions). Likewise, under WD P. alpina (like
ns (g H2O day−1) as the response variable and the following predictor variables:
ry weight) individual leaf area (mm2), specific leaf area (mm2 leaf mg−1 leaf),
h rate (mg g−1 day−1), and species (as a categorical variable). Traits and growth
W conditions. Species abbreviations are shown in Table 2.
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V. tricolor) maintained relatively high water use and RGR and adopted an
R/CR strategy when WW and an R/CSR strategy under WD. While main-
taining high water use under WD is risky on green roofs, ruderals are dom-
inant in seed banks of older green roofs (Vanstockem et al., 2018) and seeds
may lie dormant for many years, waiting for appropriate conditions to ger-
minate, potentially giving them an edge on competitive species in the
longer term.

As leaf area was also closely correlated with competition (C), species
with C strategies had greater water use and the most competitive species
in this study was T. vulgare, which was categorized as CR/CSR under both
watering treatments. However, T. vulgare was highly adaptive to water
availability and while it had the highest water use under WW conditions,
under WD its water use was 44 % of its WW water use, likely achieved
through a significant reduction in RGR (92% less thanWWRGR). These re-
sults show that CSR strategies can be used to predict water use but not to
demonstrate how plants may reduce productivity to conserve resources.

CSR strategy classification has traditionally been based on more than
three leaf traits (Grime et al., 2007) which could improve the accuracy of
species' categorisation. However, if to be used for species screening (espe-
cially in regions where species trait data does not exist in databases or liter-
ature), classification needs a readily applicable practical tool (Pierce et al.,
2017). CSR classifications based on the measured leaf traits in this study
were generally more ruderal than literature classifications and were more
similar to classifications made using the same methodology but based on
database values (Table 5). For instance, H. telephium and P. alpina are stress
tolerators (S) according to Pierce et al. (2013), but in this study they were
categorized as R and R/CR strategists. These differences are possibly due
to differences in leaf traits expressed in our indoor greenhouse setup as
compared to the conditions used in literature as leaf traits can showdegrees
of plasticity, depending on resource availability and light conditions
(Poorter et al., 2012). The long photoperiod of 20 h used in this experiment
to simulate high latitude northern European summer conditions, may
have caused SLA (an important trait for ruderality (Grime et al., 2007)
to be higher as compared to values reported for the same species in lit-
erature, which in turn could have affected species classification. This
would reflect the results of Solhaug (Solhaug, 1991) who investigated
traits in P. alpina growing at varying latitudes, showing that RGR and
SLA increased by as much as 50 % with photoperiod, independently of
the plants' geographic origin. However, as CSR classifications based on
measured leaf traits and database values were both more ruderal than
classifications from the literature, this could also indicate that the observed
discrepancy is due to the used Stratefy CSR calculator tool (Pierce et al.,
2017) used.

4.4. Limitations of the study and further research

In higher-latitude regions, such as northern Europe, green roof vegeta-
tion has the greatest potential to contribute to stormwater mitigation dur-
ing the short warm summers when there are long daylight hours and
more intense rain events. However, this is also when drought periods can
reduce plant survival, highlighting the need for plants to downregulate
water use whenwater is limiting. This indoor greenhouse experiment mim-
icked these summer conditions, allowing determination of green roof plant
water use in a controlled way, similar to other glasshouse studies in hotter
and drier climates (Farrell et al., 2013; Guo et al., 2021; Schrieke and
Farrell, 2021).

There is a desire to better estimate the contribution of vegetation to
stormwater retention on green roofs. As open-air field conditions will al-
ways vary depending on the location's climate, season, and weather
(Lönnqvist et al., 2021) this justifies the use of a more controlled setting
for measuring leaf traits, but does not negate the relationship between
water use and ruderal or competitive strategies shown in this study. The un-
derstanding of mixed plantings contributions to full-scale green roof
stormwater retention (Lönnqvist et al., 2019), can be supported by findings
howCSR strategy and plant traits relates to species-specific water use under
different water availabilities.
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In this study, root traits were not measured and as these also reflect
plant resource use and responses to water availability (Chu and Farrell,
2022; Farrell et al., 2013), the interactive effect of root biomass, root traits
and substrate water holding capacity remains of interest for future studies.
However, root traits were omitted due to the focus on CSR traits which are
based on leaf traits and can be easily obtained from other studies,fieldmea-
surements or databases. In addition, exposing plants toWW andWD condi-
tions for longer periods of time could provide greater insight on the effects
of water deficits on water use and trait plasticity. Also, experiments includ-
ing more species are needed to verify if the difference in strategy classifica-
tion as compared to literature is due to leaf trait plasticity or the methods
used. As high water use was associated with ruderal species, which account
for a considerable proportion of the species found in seed banks on roofs
(Vanstockem et al., 2018), annual species and the relationship between re-
productive strategy andwater usewarrant further attention, particularly on
low-maintenance green roofs (Schrieke et al., 2021). While, as demon-
strated, mat forming succulents appear to contribute little to green roof
stormwater retention due to their lowwater use, they could still have poten-
tial for stormwater detention and facilitation of neighbouring plants by
keeping substrate moisture elevated.

5. Conclusions

While bigger plants (greater shoot biomass) had greater water use in
this experiment, water use was more strongly related with greater total
leaf area and a competitive CSR strategy. This indicates that CSR strategies
can be useful for selecting green roof plants for optimising stormwater re-
tention. The four species with the highest WWwater use included compet-
itive and ruderal species which were able to downregulate their water use
under WD conditions and this was associated with reducing their relative
growth. This suggests that plants with ruderal and competitive CSR strate-
gies can have achieve both high water use after rainfall to mitigate
stormwater runoff and downregulate their water use between rainfall
events to promote survival. The three succulent species weremostly catego-
rized as stress tolerators and had similarly low water use under both WW
and WD conditions. While their low water use would likely decrease their
risk of experiencing drought stress during dry periods on green roofs during
summer, they are unlikely to make any significant contribution to reducing
stormwater runoff by restoring substrate storage capacity between
watering/rain events. This study indicates that green roof plant selection
in northern Europe should focus on selecting non-succulent plants with
competitive or ruderal strategies to make the most of the long daylight dur-
ing the growing season. However, further field evaluation is encouraged to
see whether these plants can persist under green roof conditions in the
longer term.
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