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Urban Ecosystems
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One key service is to intercept, detain, retain and dissipate 

rainwater, thus helping to reduce stormwater surface flow 
and flash flooding (Berland et al. 2017). A problem that 
is increasing in many tropical and temperate cities around 

the globe (Hobbie and Grimm 2020). Trees particularly, 
are gaining popularity as a tool to reduce hydrological 

flows into rivers, e.g. in upland areas of river catchments 
(Murphy et al. 2021), but also in towns and cities (Carlyle-
Moses et al. 2020). Sustainable drainage systems (SuDS) 
also employ vegetation to help slow run-off and improve 
water quality entering rivers. Whilst trees are acknowl-
edged to intercept significant amounts of rainwater (Xiao 
and McPherson 2016), densification of urban areas and city 
centres in particular does not always provide enough space 

for them, or their size and growth characteristics can cause 

problems (e.g. soil heave and damage to pavements/side-
walks from root growth) (O’Callaghan and Mercer 2019). 
In light of this, other forms of green infrastructure have been 
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Abstract

Urban vegetation can influence urban hydrology and reduce the risk of flooding. Urban forestry studies have suggested 
that tree type and species choice affect the amount of rainwater intercepted and retained. Little information exists, how-
ever, for other landscape typologies, and the sorts of ground-cover plants that are best used to retain/detain rainwater 
during storm events. This is important as many urban spaces are too small to facilitate trees, but can accommodate road-
side vegetation, buffer strips, rain gardens, green roofs and stormwater planters. Thus, this research aimed to determine 
how choice of ground-cover taxa affected rainwater interception and retention. Six model species with contrasting leaf 
morphologies were used to determine how well rainwater was intercepted, but also dissipated through evapotranspiration 
(ET). A pot-based system was used to determine how plant water balance changed during late summer in the UK, with 
the aim to understand how leaf traits affected hydrological processes. Plant choice was important, with fine-leaved taxa, 
Festuca glauca and Dianthus ‘Haytor White’ showing best rainwater interception and Festuca demonstrating highest rates 

of dissipation from the substrate. Overall, compared to non-planted pots, those with plants present were more effective 
at capturing water (by 2.3–3.0x), and evapo-transpiring water (by 2.5-4.0x). Results indicate that ground cover vegeta-
tion has potential to aid urban water management in those localities where space is limited for trees. Plant choice and 
community-structure should be considered, especially when there is a desire to dry out soil/substrate quickly and restore 
maximum soil moisture holding capacity.
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Urban Ecosystems

investigated for their ability to help mitigate against urban 
flooding, with green roofs, raingardens, swales and road-
side plantings/buffer strips being advocated for providing 
positive effects at a local level (Yuan 2016; Fairbrass et al. 
2018). Whilst some research has identified tree species that 
are particularly effective at capturing (Xiao and McPherson 
2016; Alves et al. 2018) and dissipating (Thom et al. 2020) 

rainwater, relatively few studies have focussed on what type 

of ‘ground-cover’ plants are best at managing rainwater 
within these small alternative green infrastructure typolo-
gies (Sikorska et al. 2017).

Rainfall that falls onto a plant is partitioned into three 
processes; canopy interception, stemflow and through-
fall (canopy dripping) (Rutter et al. 1975; Iida et al. 2005; 

Guevara-Escobar et al. 2007; Xiao and McPherson 2011). 
In general, canopy interception refers to a fraction of pre-
cipitation that hits the plant surface, and interception loss is 

the fraction that is retained within the vegetation and does 

not reach the soil surface. Rainfall interception by the plant 
canopy is considered one of the most important hydrologi-
cal processes. This is because it controls rainwater from its 
source (rainfall), and it affects the rate, depth and spatial dis-
tribution of water, which in turn influences processes such 
as transpiration by the plant, and evaporation from plant 
and soil surfaces (Gómez et al. 2001). Canopy interception 
can account for a significant proportion of the rain that falls 
over a plant, and determines stemflow and throughfall rates 
(Guevara-Escobar et al. 2007). According to Carlyle-Moses 
and Gash (2011), canopy interception, or interception losses 

(retention) account for 10–50% of gross annual precipita-
tion over forest ecosystems and are determined by various 
hydrological and ecological factors. Interception is strongly 
driven by three main categorical variables; rainfall magni-
tudes and patterns, vegetation types and characteristics and 

meteorological factors (Li et al. 2016). The amount of water 
retained in a plant’s canopy is dependent on vegetation type 
and varies according to characteristics such as total leaf area, 

the angle leaves are held with respect to incoming raindrops, 

leaf texture and leaf shape (Nagase and Dunnett 2012; Cam-
eron and Blanusa, 2016; Holder and Gibbs, 2017). Water 
that is retained on a plant may either be held on the surface 
of leaves and branches and eventually evaporate into the 
atmosphere, or can be absorbed across the leaf cuticle to the 
internal organs of the plant (as leaf water uptake, although 
this tends to be minimal) (Liang et al. 2009).

Rainwater, of course may not fall on a plant at all, but dis-
charge via surface run-off or infiltrate through fissures and 
pores and disperse through the soil (Herwitz 1987). Where 
plants are present, their roots help rainwater infiltrate the 
soil (Carbone et al. 2015). Water that is held on the surface 
or within the soil can be lost back to the atmosphere through 
evaporation or be used by nearby plants; being absorbed 

through the roots and transpired back to the atmosphere. 
Transpiration is affected by plant morphology and stomatal 
behaviour, with overall plant water use being affected by 
temperature, humidity, air movement, total leaf area, rate 

of growth, irradiance, root signalling and eco-physiological 
traits such as possessing anisohydric behaviour (keeping 
stomata open even under a certain degree of water stress) 

(Kemp et al. 2019). High transpiration can help dry out the 
soil quickly after a storm event, thus recharging the soil’s 
capacity to hold more water, should a subsequent rainfall 
event take place.

In the case of ground-cover plantings, individual ground-
cover plants are likely to intercept and transpire only small 

volumes of water. They are often used en masse, however, 

within landscape plant communities or within SuDS land-
scapes, which help alleviate surface water flows and flood-
ing. In addition, smaller plantings can be designed in a 
more flexible manner, fitting into areas of restricted space, 
or used to ‘soften’ areas of pavement or other impermeable 
surfaces. Ground-cover plants are a component or link into 
other green infrastructure interventions (Woods-Ballard et 
al. 2015) such as rain gardens, green roofs or stormwater 

planters.
Overall, interception studies on smaller plants are less 

documented compared to trees. Those studies that have been 
implemented have shown quite wide variation in rainwater 

interception potential across species. Shrub species (Diospy-

rus texana, Acacia farnesiana and Prosopis laevigata) were 

shown to intercept between 22 and 62% of gross rainfall, in 
a semi-arid environment (Návar and Bryan 1990). Similar 
findings by Domingo et al. (1998) found interception to be 
between 21% (Retama sphaerocarpa) and 40% (Anthyllis 

cytisoides) of gross rainfall. Zhang et al. (2009) also found 

interception losses by Artemisia ordosica to be 15%, and by 
Caragana korshinskii to be 27% of gross rainfall. Kemp et 
al. (2019) observed the relationship between canopy prop-
erties (e.g. density, small leaf size, hairiness) and retention 
capacity, and found that Sedum spurium canopies retained 

the most rainwater (17%), followed by Stachys byzantina 

(13%) and Salvia officinalis (8%), whilst Heuchera micran-

tha retained the least (2%). Nagase and Dunnett (2012) 

found grass species (e.g. Anthoxanthum odoratum) to have 

higher retention capabilities, followed by forbs (non-grass 
herbaceous flowering plants) and Sedum. Similar findings 
were observed by Lundholm et al. (2010), where grass spe-
cies had higher moisture retention, followed by forbs and 
succulents. MacIvor and Lundholm (2011) found monocul-
ture graminoids can retain up to 75% of simulated rainfall 
(10 mm) and outperformed other plants such as tall, creep-
ing forbs and creeping shrubs. Ferns retained the highest 
amount of water in tropical green roofs, followed by herbs, 
Sedum and grass (Krishnan and Ahmad 2014). Comparisons 
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within Sedum populations (these include water retention in 
the substrate as well a canopy) were Sedum spectabile (91% 
retention), Sedum lineare (91%), mixed Sedum community 

(88%), Sedum aizoon (83%) and Sedum spurium ‘Coc-
cineum’ (84%), when rainfall event were light or moderate 
in intensity (≤ 25 mm rain) (Gong et al. 2021). Xerophytes 
that depend on their survival by capturing what limited rain-
fall is available in arid climates may have higher intercep-
tion and retention capabilities as well as better water use 
compared to urban vegetation (Su et al. 2016). A study by 
Yuan et al. (2017) looked at retention by rain gardens and 
found forb perennials and mown grasses to retain between 
14.6 and 16.8 mm (66–76% of rain). Variation in these 
retention percentages is likely due to different experimental 
approaches, how retention was measured (some look at plant 
canopies alone, others take account of soil holding capacity 

too, whilst others incorporate moisture losses through ET 
in the calculations), as well as vary due to different rain-
fall characteristics and plant size/age. As with trees, Liu and 
Zhao (2020) suggested that plant morphological traits, espe-
cially leaf morphology, should be considered when select-
ing ground-cover species for managing surface run-off.

The aim of this study was to evaluate a range of ground-
cover plant taxa with contrasting leaf morphologies to 
determine their capacity to intercept rainwater, but also 
dissipate it via evapotranspiration (ET). The interception 
factor has implications for reducing stormwater run-off 
and urban flooding during intense rainfall events, and high 
evapotranspiration rates will help restore the soil’s capac-
ity to hold more stormwater – should there be subsequent 
heavy or prolonged rain. By focussing on a small number 
of ‘model’ taxa the research explored what traits are impor-
tant for water retention and subsequent dissipation, and to 
compare these to that found for other vegetation types, e.g. 
trees. A plant-pot system was used so that plants could be 
weighed to determine how much water was captured by 
individual specimens. This included canopy interception, 
stemflow, and that proportion of throughfall that fell onto 
the growing media within the pot. Pots without plants (con-
trols) provided information of how much water was held in 

the substrate itself. This pot ‘system’ also allowed data on 
water loss (evapotranspiration) to be collected. Although a 
pot system rarely reflects the practical use of ground cover 
plants (where they tend to be grown in natural soils [e.g. 
on roadside verges] or artificially created substrates [e.g. 
green roofs], it was an important tool to control for envi-
ronmental variables that might occur in vivo, and to allow 
our experimental system to be uniform in terms of grow-
ing media volume, media surface area, bulk density of sub-
strate etc., i.e. a standard experimental system). Moreover, 
our primary research objective was to determine how one 
plant taxa compared to another in terms of water capture/

dissipation, rather than understand how location factors 

(such as soil/substrate type, substrate structure and depth, 
degree of surface water flow etc.) affected the dynamics of 
rainwater interaction/use, thus the pot system provided the 
best means to compare taxa directly whilst controlling for 
other abiotic/biotic variables.

We were interested in plant morphology though, and 
as water management is to some degree controlled by the 
scale and size of a plant, a component of the research arti-
ficially regulated plant canopy size across the species in an 
attempt to determine how taxa performed when compared 
on an equal leaf area basis. Finally, by growing plants out-
doors, one experiment aimed to determine how changes in 
water availability affected a plant’s capacity to transpire and 
intercept/retain rainwater from natural precipitation events. 
Overall, the research posed two key hypotheses:

1. Taxa with narrow, fine leaves will intercept more water 
than those with broad, large leaves.

2. Taxa with narrow, fine leaves will transpire less water 
than those with broad, large leaves; and as such the for-
mer are less useful for recharging the substrate’s capac-
ity to hold water.

Materials and methods

Experiment 1. Plants grown outdoors (14 Aug. – 26 
Sept, 2017)

Six landscape plant taxa were chosen to determine their 
capacity to intercept rainwater and dissipate it back to the 
atmosphere through evapotranspiration. Common land-
scape ‘ground-cover’ taxa were chosen with contrasting leaf 
morphologies; i.e. narrow linear leaves - Dianthus ‘Haytor 
White’ and Festuca glauca, large broad leaves - Bergenia 

cordifolia and Hosta sieboldiana and small, simple leaves 

Vinca minor and Pachysandra terminalis (Fig. 1). The plants 
were potted into John Innes compost No. 2; a 14:3:3:4 mix of 
sterilised loam, peat, fine bark and sand with 2 g l− 1 Osmo-
cote Pro controlled release fertiliser (8–9 month) in a 3.5 L 
square pot (15 × 15 × 20 cm). After establishment, the plants 
were brought to container (field) water holding capacity, by 
carefully submerging in buckets of water for 12 h and then 
draining for 2 h. They were then placed on an open space 
in a randomised pattern on a low terraced roof (Sir Rob-
ert Hadfield Building, University of Sheffield, UK) from 
14/08/17 until 26/09/17. Microclimatic conditions (rainfall, 
temperature, relative humidity, wind speed and direction) 

were recorded using a weather station (Campbell Scien-
tific, Logan, Utah, USA). A waterproof bench scale (B-100, 
Marsden, London, UK) was used to monitor pot weight on 
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densities and dimensions. In an attempt to understand how 
more equally-sized canopies might affect the water intercep-
tion/loss processes, a number of specimens of each species 
were trimmed to standard dimension - effectively cover-
ing the same area as the pot surface (Fig. 2); these plants 

being referred to as the Cropped canopy (compared to the 
untrimmed Full canopy plants). Water use by the plants in 
both treatments was recorded gravimetrically by weighing 
plants on a daily basis and monitoring weight changes with 
reference to climatic conditions.

Growth data

At various points throughout the experiment, the number 
of leaves per plant, as well as the length and breadth of 
each leaf was measured to estimate the total leaf surface 

area of each plant. For species with numerous fine leaves 
(F. glauca and D. ‘Haytor White’) photographs were used 

a daily basis and thus estimate water gain through rain or 
loss through ET. At other specific times, weight data were 
recorded on a more frequent hourly basis using a subset of 
plants (n = 2), for example to determine diurnal ET patterns 
between taxa. For example, this was conducted during a dry 
weather period between days 11–16 of the experiment. In 
addition, a moisture sensor (SM150T, Delta-T Devices Ltd., 
Burwell, Cambridgeshire, UK) was placed in one replicate 
of each treatment to determine rapid changes in media water 

content (e.g. during an individual rainfall event) as well as 
to verify patterns observed from gravimetric data. The sen-
sors were attached to General Purpose (GP) data loggers 
(Delta-T Devices Ltd., Burwell, Cambridgeshire, UK) and 
recorded volumetric water content every minute.

One of the objectives was to determine how typical 
young plants of each taxon intercepted rainwater, or lost 
it via ET, so plants were allowed to grow naturally after 
potting. This resulted in leaf canopies of different sizes, 

Fig. 1 Leaf shape categories of the six plant taxa
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in the Civil Engineering Water Lab, in the Civil and Struc-
tural Engineering Department, University of Sheffield. 
Plants within pots were placed on these cells, with the cells 
measuring weight continuously during the experimental 
period. Three high-pressure sodium lamps were placed in 
the rig and used to artificially illuminate the plants (inten-
sity = 150–160 W m− 2) from 10:30 h-18:30 h per day. The 
load cells were located under the lamps in an attempt to give 

each plant similar levels of irradiation, but the position of 
plant species was varied between replicates as an extra safe-
guard to avoid positional bias. Temperature and humidity 
within the rig were recorded via an Ultra 2 TinyTag sensor 
(Gemini Loggers Ltd., Chichester, West Sussex, UK). Plant 
taxa and pot size/growing media/procedure for gaining con-
tainer capacity were the same as Experiment 1. As before, a 
pot with media but without a plant was used as a control to 
determine ‘background’ evaporation rates.

Plants of the different taxa (one replicate of each taxon at 
each time) were randomly placed on load cell platforms at 

10:30 h of the first recording day, and weight changes moni-
tors for 12 consecutive days. No additional irrigation was 
applied during this period. A Modular 600 Multi-Channel 
data logger (RDP Electronics Ltd., Wolverhampton, West 
Midlands, UK) recorded weights at 60 s intervals, with 
weight data being downloaded into Microsoft Excel. The 
process was repeated four times, consecutively, thus giv-
ing four replicates per taxon. The data collection took place 
between 11 Aug. 2017 and 28 Oct. 2017. After each experi-
ment was complete, photos were taken of each plant canopy 

to identify any signs of stress. Finally, each plant’s leaves 
were harvested to measure the plant’s total leaf area, fresh 
weight, number of leaves and leaf biomass. As before, chlo-
rophyll fluorescence and subjective notes on plant foliage 
conditions were carried out at the end of each experimental 
procedure.

Statistics

Data was presented as mean values. ANOVA was used to 
determine treatment effects, with Bonferroni post hoc tests 
being used to determine significant differences between spe-
cific treatments.

instead, with pixel numbers related to leaf colour being used 
to estimate total leaf area via computer imaging (ImageJ 
software, Schneider et al. 2012). Both techniques provided 
broad approximations of leaf area, not accurate replicable 
data sets (through destructive analyses of additional non-
experimental plants we estimate a 10–15% error being typi-
cal in these methodologies). Finally, after the experiment 
was complete, plant leaves of each species were harvested 

to obtain the total number of fresh leaves, total weight of 
fresh leaves and total leaf area. The numbers of fresh leaves 
were obtained by physically counting each leaf, and then 
weighing to obtain fresh leaf weight. Leaf area values were 
obtained by taking photographs of the harvested leaves as 
before.

Chlorophyll fluorescence

At the ends of the experiment chlorophyll fluorescence 
(Handy PEA, Hansatech, King’s Lynn Norfolk, UK) was 
measured on 3 leaves per plant to assess stress levels (Bres-
tic and Zivcak 2013). Dark adaptation leaf clips were placed 
onto one leaf for each plant for 20 min, and Fv/Fm data 
recorded; values < 0.7 tending to indicate greater stress to 
the photosynthetic apparatus of the plant. Due to the nar-
row leaves of F. glauca and D. ‘Haytor White’, Fv/Fm val-
ues were difficult to obtain for these taxa, as the aperture 
of the dark-adapting clip is wider than the leaf blade. Thus, 
signs of stress via Fv/Fm were augmented with subjective 
visual assessment of leaves of all taxa (Lewis et al. 2019). 
Each treatment combination was represented by 6 plants, 
with data for water interception/loss and chlorophyll fluo-
rescence being presented as mean values.

Experiment 2. Plants grown under controlled 
conditions (11 Aug. – 28 Oct. 2017)

Seven RLS010 single-point compression load cells were 
placed on a bench rig (Poë et al. 2015) that was installed 

Fig. 2 Experiment 1. Example of full (left) and cropped (right) canopy 
size of V. minor
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over this period (Fig. 5). With the exception of V. minor, 

there was little difference in the water losses between full 
and cropped-canopy plants in each species. Subsequent 
rainfall events replenished the pots with water. By day 44 
(i.e. the end of the experiment), it was still evident that F. 

glauca’s pots were drier than V. minor, H. sieboldiana, P. 

terminalis B. cordifolia (cropped-canopy) and D. ‘Haytor 
White’ (full-canopy) plants (Fig. 5), indicating that this 
taxon was still evapo-transpiring more water than others.

Diurnal evapotranspiration (ET) ‘patterns

Monitoring water availability using moisture sensors and 
ET during the day also provided some insight to how plants 
were dissipating rainwater from their pots. During the rela-
tively dry period of days 11–16, taxa such as D. ‘Haytor 
White’, V. minor, F. glauca and H. sieboldiana with full can-
opies tended to maximise ET in the early afternoon (Fig. 6a). 
Evapotranspiration for Pachysandra terminalis, in contrast, 

peaked early in the morning, but the plant then reduced its 
stomatal conductance, with lower levels of moisture loss 

after 10am (10 h). For cropped-canopy plants, ET was also 
highest in the afternoon for D. ‘Haytor White’, B. cordifolia, 

V. minor and F. glauca, but again highest in the morning for 
P. terminalis and to some extent H. sieboldiana. The highest 

Results

Experiment 1. Plants grown outdoors from 14 Aug. – 
26 Sept. 2017

Water balance over time

Precipitation occurred frequently over the experimental 
period, with notable rainfall events on day 4, 23 and 29. 
There was a relatively prolonged dry period between day 7 
and 17 (Fig. 3). The water status of plant pots varied as the 
plants experienced rainfall and warm/windy days that dried 
the pots out via ET.

Water loss via evapotranspiration (ET)

Periods without rainfall were used to examine water loss 
via ET across the different taxa and treatments. There 
was no rainfall between day 10 and 17. Over this period, 
greatest daily moisture loss was associated with F. glauca 

full-canopy plants, with the exception of days 16 and 17 
(Fig. 4). The greatest weight loss during this dry period was 
by F. glauca and D. ‘Haytor White’, with over 1000 g of 
water being lost from the plant/pot systems (Fig. 5). Hosta 

sieboldiana and P. terminalis lost considerably less water 

Fig. 3 Experiment 1. Rainfall, temperature and relative humidity over the 44 days of experimentation
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(Fig. 8). On day 18, D. ‘Haytor White’ showed the great-
est rainwater retention capacity, with full-canopy plants 
outperforming taxa such as V. minor, H. sieboldiana and 

P. terminalis (Fig. 7). On day 23, however, the greatest 
amount of rainwater (> 800 g) was retained on full-canopy 
plants of F. glauca (Fig. 8), with even the cropped plants 

of this taxon outperforming some other (full-canopy) taxa. 
Full-leaved B. cordifolia, also showed better retention than 
D. ‘Haytor White’, H. sieboldiana and P. terminalis. The 
volume of water intercepted within the more persistent rain 

episode (day 23) is considerably more than that with the 
short. ‘light’ rain event (compare Figs. 7 and 8). During 
other rainfall events, greatest retention was associated with 

ET value was associated with the cropped-canopy Pachys-

andra plants when they peaked at 31 g h− 1 at 10am (10 h) in 
the morning (Fig. 6b). Festuca glauca also transpired a rela-
tively large volume of water in the cropped-canopy speci-
mens, with its ET peaking at 3pm (15 h). This was a higher 
value than the equivalent full-canopy plants at this time.

Rainwater retention

Data is presented for two separate days (weight gain over 
24 h) with contrasting rainfall events; day 18 – a short, dis-
crete ‘light’ rainfall event (Fig. 7); and for day 23, a more 

prolonged period of rain, with consistent rain over 5–6 h 

Fig. 4 Experiment 1. Water loss 
over each day of day 10 to day 

17; (A) full-canopy plants; and 
(B) cropped-canopy plants. 
Bars = Standard Errors
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difference in rainwater retained per unit of leaf area across 
the taxa (Table 1), at least when the data is based on the 
final recorded plant leaf area. Patterns of ET water loss on 
day 9, per unit of leaf area, indicated cropped-canopy plants 
of B. cordifolia (0.102 g cm− 2), F. glauca (0.077 g cm− 2) 

and D. ‘Haytor White’ (0.075 g cm− 2) showed highest ET 
losses (Table 1). Pachysandra terminalis demonstrated 0 g 

cm− 2 of ET. Although not always significantly different, 
water loss per unit area in general, was greater with cropped 

canopy plants compared to the full canopy equivalents.

Comparisons with non-planted, control pots

Overall, the best treatments associated with planted pots, 
were between 2.5x and 4.0x more effective at evapo-trans-
piring water than the control, non-planted pots; and 2.3–3.0x 
more effective at capturing rainfall than non-planted pots.

Chlorophyll fluorescence and subjective 
assessments of leaf health

Of the four broad leaf species that gave Fv/Fm data, H. 

sieboldiana showed some indication of plant stress by the 

either full-canopy plants of F. glauca or D. ‘Haytor White’ 
(data not shown).

Plant hydrological performance in relation to leaf 
area

Mean total leaf area and number of leaves present were 
calculated for each taxa (Table 1). As might be expected, 
the full-canopied plants had higher total leaf area than the 
cropped-canopied equivalents (Table 1). Similarly, in terms 
of the number of leaves, the mean numbers of leaves of the 
full-canopied plants were higher than the cropped, with the 
exception of D. ‘Haytor White’. While some species showed 
great differences between the number of leaves of the full 
and cropped canopy, others showed less marked differences 
(i.e. B. cordifolia and H. sieboldiana). This was due to the 
trimming not necessarily reducing the number of leaves, but 
actually cutting parts of individual leaves (so reducing leaf 
area, but not number).

Dividing the rainwater retention and ET data by the total 
leaf area, gave a figure for water retention / ET loss per unit 
of leaf area. This helps account for any effects due to differ-
ent canopy widths and depths. Results showed no significant 

Fig. 5 Experiment 1. Weight changes in pots over the duration of the 
experiment, with data for day 17 (after dry period) and day 44 (end of 
experiment) shown. Solid bars represent plants with full canopy and 
hatched bars represent plants with cropped canopies. Black and white 

bars represent pots without plants after 17 and 44 days, respectively. 
Letters denote significant differences between taxa within individual 
times/treatment only (e.g. compare red letters with other red letters 
only; ‘a’ significantly different from ‘b’ etc.)
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except for F. glauca, where water use was about 1/3 more at 
approximately 1500 g per plant (Fig. 9). This taxon particu-
larly demonstrated high ET rate over the first 3 days of the 
experiment, although ET rates were lower and comparable 
to other taxa in the last 2 days (Fig. 10), which suggests that 

stomatal conductance was being reduced by lower water 
availability at the end of the experiment.

Chlorophyll fluorescence and subjective 
assessments of leaf health

There were no significant differences in Fv/Fm between 
taxa recorded at the end of the individual phases of the load 

end of the experiment, with Fv/Fm values significantly 
lower than other species (Table 2). This was particularly so 
with the full canopy plants (Fv/Fm = 0.59). Visual obser-
vations indicated some chlorosis in the older leaves of H. 

sieboldiana.

Experiment 2. Plants grown under controlled 
conditions from 11 Aug. – 28 Oct. 2017

Evapotranspiration under controlled conditions

All taxa showed similar water use over the duration of the 
entire experiment when kept under controlled conditions, 

Fig. 6 Experiment 1. Evapo-
transpiration rates during the day 

(mean values day 11–16); (A) 

full-canopy plants; (B) cropped-
canopy plants
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significantly more water than D. ‘Haytor White’. This sug-
gests that there may be interactions between rainfall inten-
sity and the ability of different plant canopies to intercept 
and retain the raindrops, which needs further evaluation. 
Within broad-leaved and the simple-leaved species, there 
was a suggestion that Bergenia cordifolia and full canopy 

Vinca minor were more effective at capturing/retaining rain-
water than the other species such as Hosta sieboldiana and 

Pachysandra terminalis (Fig. 8). During the prolonged rain 
event (day 23), it was noteworthy that the larger-leaved Ber-

genia cordiofolia plants caught more water than D. Haytor 
White (Fig. 8).

One of the reasons for high water retention capacity by F. 

glauca may relate to the high number of leaves in this species 
and a high total leaf area (Table 1), however, even cropped 

specimens of this taxa (with much reduced total leaf area, 
but still high numbers of leaves) retained relatively good 
water capturing capabilities (Figs. 7 and 8). This suggests 
that the number of leaves along with their narrow shape and 
orientation (mostly upward facing) are helping this taxon 
hold water and direct any run-off from the leaves to the cen-
tral basal growing point and roots of the plant. Large num-
bers of small leaves may also partially explain the relatively 

cell experiment. There was some evidence of minor leaf 
chlorosis in all the broad leaf species in the last phase of this 
experiment (replicate 4), but this was the phase correspond-
ing with the onset of autumnal conditions outdoors.

Discussion

The capacity of groundcover plants to intercept and dissi-
pate rainwater varied with the taxon chosen. When com-
paring established plants of a similar age in a 3.5 L pot, it 
was clearly evident that one taxon, Festuca glauca was very 

effective at both capturing rainwater (Fig. 8) and transpiring 

water from the substrate (Figs. 4 and 5).

Rainwater interception/retention

Along with F. glauca, another fine-leaved species Dianthus 

‘Haytor White’ also showed some capacity to intercept rain-
water, and indeed during a discrete period of ‘light’ rainfall 
(day 18) caught more rain than F. glauca, but not by a sig-
nificant margin. In contrast, during a period of more pro-
longed, consistent rainfall (day 23), F. glauca intercepted 

Fig. 7 Experiment 1. Rainwater interception across different taxa on day 18 (24 h period with a total rainfall depth ~ 3 mm). Letters denote signifi-
cant differences between taxa and treatments
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Table 1 Experiment 1. Mean total leaf area, number of leaves, water retention and evapotranspiration per unit of leaf area in the six plant taxa. 
Letters denote significant differences between taxa and treatments
Treatments Mean total 

leaf area

(m2)

Mean 
num-
ber of 
leaves*

Retention (D23) /
Unit of leaf area

(g cm− 2)†

ET (D9) /
Unit of 

leaf area

(g cm− 2)†

Full canopy
D. ‘Haytor White’ 0.070b 826a 0.61a 0.058ab
B. cordifolia 0.064b 17 cd 0.82a 0.073ab
V. minor 0.129ab 1028a 0.42a 0.034b
F. glauca 0.200a 977a 0.43a 0.038b
H. sieboldiana 0.055b 4.2e 0.79a 0.061ab
P. terminalis 0.149ab 449ab 0.50a 0.00c
Cropped canopy
D. ‘Haytor White’ 0.046c 839a 1.01a 0.075a
B. cordifolia 0.041c 15 cd 1.22a 0.102a
V. minor 0.052c 501ab 0.61a 0.060ab
F. glauca 0.067b 847a 0.70a 0.077a
H. sieboldiana 0.037c 4.4e 0.81a 0.030b
P. terminalis 0.039c 215bc 0.92a 0.00c
*In some taxa, the cropping reduced overall leaf number and in others it made individual leaves smaller but did not change number radically
† Weight gains and losses during experiments were divided by leaf area as recorded at the end of the experiment – thus may include some errors 
due to relative differences in growth rates between taxa in the intervened periods

Fig. 8 Experiment 1. Rainwater interception across different taxa on day 23 (24 h periods with rainfall depth ~ 11 mm). Letters denote significant 
differences between taxa and treatments
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plants (Lundholm et al. 2010; MacIvor and Lundholm 2011; 

Nagase and Dunnett 2012) that finer-leaved species, with 
many small leaves are effective at capturing and holding 
rainwater in their canopies. We did find an exception to 
this generalisation, however, in that during day 23, B. cor-

difolia intercepted more water than D. ‘Haytor White’ (as 
mentioned above), this was despite B. cordifolia having a 

marginally smaller leaf area (Table 1). Thus, although we 
accept that many fine-leaved taxa, are very effective at inter-
cepting and retaining rainwater, we reject our initial hypoth-
esis that they will always outperform broad-leaved species 
in this capacity.

This data also raises the question why the broad-leaved 
species B. cordifolia could be relatively useful in catching 
rainwater. In this case, the large leaves may be acting like 
sails and catching water that otherwise would fall outside 

the area of the pot itself, and then the leaf orientation helps 

channel this water to the centre of the plant. There was little 
evidence of moisture drops adhering to the leaves per se, but 
water pooling was observed at the leaf petiole. This capacity 
to intercept water (but not retain it on the main part of the 
leaf) was advantageous in our pot based experimental meth-
odology, but it’s less clear how this would impact surface 

good water interception/retention traits of D. Haytor White 
and Vinca minor. Overall, our data tends to agree with pre-
vious studies on both trees (Carlyle-Moses and Gash 2011; 

Li et al. 2016; Xiao and McPherson 2016) and green roof 

Table 2 Experiment 1. Mean chlorophyll fluorescence (Fv/Fm) values. 
Values below 0.7 indicate plant stress. Letters denote significant differ-
ences between taxa and treatments
Treatments Fv/Fm
Full canopy
D. ‘Haytor White’ NA
B. cordifolia 0.82a
V. minor 0.71b
F. glauca NA
H. sieboldiana 0.59d
P. terminalis 0.72b
Cropped canopy
D. ‘Haytor White’ NA
B. cordifolia 0.83a
V. minor 0.78b
F. glauca NA
H. sieboldiana 0.66c
P. terminalis 0.71b
NA – Not applicable due to the leaves being too narrow to fill the 
chlorophyll fluorescence dark adaption chamber

Fig. 9 Experiment 2. Total weight loss over 12 days under controlled environment – uniform conditions. Letters denote significant differences 
between taxa
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former case, perhaps this was due to the number of narrow 
leaves present and the overall complexity of the canopy; and 
in the latter case, as mentioned above, a small number of 
large leaves intercepting the raindrops and then channelling 

them towards the central crown of the plant.

Evapotranspiration and dissipating water from the 
substrate

Festuca glauca was superior to other species in terms of 

evapo-transpiring water in both the outdoor (Fig. 5) and 
semi-controlled experiment (Figs. 9 and 10). This may 
partially be due to a large total leaf area, but even when 
its leaves were cropped, this taxon continued to dissipate 
water well (note leaf area in Table 1 and water use in Fig. 5). 
Being a grass, this species may also be adapted to grow-
ing fast and exploiting what water is available to maximise 
cell expansion and photosynthesis, thus also being a useful 
candidate to dry out soil quickly. Indeed, the data around 
this species was remarkable, with its ability to dry the soil 
out 3 times greater on day 17 and 4 times greater on day 
44 than non-planted pots (Figs. 4 and 5). Even when this 
taxon had its leaves cropped, it was still more effective at 
transpiring water than other species that had retained their 

full canopy, for example, on Day 10, 150 g of water was lost 

flow in an in vivo landscape situation. Certainly, leaf orien-
tation seemed an important aspect in the broad-leaved taxa 
within this pot experiment. For example, P. terminalis was 

not effective at capturing/holding water, and this may be due 
to the orientation of its leaves (shedding water away and 
over the rim of the pot rather than directing it to the cen-
tre) or encouraging raindrops to bounce off the leaves and 
‘splash’ away from the pot. Shedding excess water away 
from the pot may have also been the case with H. sieboldi-

ana, where similarly, observations indicated that droplets 
did not adhere to leaves but ran-off rapidly. Although such 
species may catch raindrops (and help dissipate some of 
their energy), the fact the water runs off readily and quickly 
is not conducive to good retention characteristics.

Although we identified differences in water retention per 
unit of leaf area (Table 1), these values were not signifi-
cantly different across the taxa, suggesting that the micro-
morphology of leaves associated with any taxon, was not 
having a large effect on water interception/retention. In 
contrast, the morphology of plant canopies, the number of 
leaves present and the complexity of the canopy as an entity 
seemed to determine rainwater interception more strongly. 
When leaves were cropped and leaf area was more equitable 
across taxa (Table 1), there were still some advantages with 

F. glauca and to some extent B. cordifolia (Fig. 8). In the 

Fig. 10 Experiment 2. The weight of water lost per day within the first 
three days (D1-D3) and the last three days (D10-12) of the experiment. 
Statistics are shown for D1-D3 only. Letters denote significant differ-

ences between taxa on each day; Comparisons across different days are 
not valid. No treatments were significantly different from each other 
on D10-D12
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obvious drought injury from our visual observations. Again, 
these findings suggest that species choice is important in not 
only providing ecosystem services, but also surviving and 
maintaining functionality under the stressful conditions they 

may encounter within the urban landscape. Good candidates 
in this respect (at least under our open location, full natural 
irradiance conditions) were Festuca glauca, Dianthus ‘Hay-
tor White’, Bergenia cordifolia and Vinca minor, with some 

suggestion of lower functionality with Pachysandra termi-

nalis and lower viability with Hosta sieboldiana under these 

conditions.

Limitations to the research

Clearly the capacity of an individual plant to capture and 
evapo-transpire water will depend on its size. In this taxon 
comparison study, attempts to standardise size was employed 

by growing plants in a standard 3.5 L pot and utilising plants 
of similar age. The pot system helped provide uniformity 
across taxa and allowed for accurate water determinations 
through weighing the whole pot/plant system. A plant grow-
ing in a pot, however, may interact differently to rainwater 
to one growing in an in vivo landscape, for example roots 
can spread further laterally when not confined by a pot and 
thus help with greater transpiration from the soil. Thus the 
results reported here need to be viewed with caution with 
respect to real hydrological interactions and flows across 
an urban landscape. As stated at the outset though, the pot 
system was not designed to replicate in vivo scenarios, but 
rather to provide an effective experimental system to com-
pare taxa in a relativity unbiased manner. There may also be 
some (relatively small) inaccuracies around the leaf area/
number effects on water capture/dissipation as these param-
eters were measured in detail at the end of the experiment 
– not after e.g. individual rainfall events. It was noted, how-
ever, that growth was generally slow in later summer across 

all taxa, limiting differences in leaf area/number during the 
progression of the experiments.

Conclusions

This research confirms that plant choice matters when try-
ing to optimise hydrological management in urban settings 
and utilising groundcover plant taxa to do so. In general, 
we deem that rainwater interception is improved by the use 
of fine-leaved taxa with large numbers of leaves and large 
overall surface leaf areas. This observation agrees with pre-
vious findings (Lundholm et al. 2010; Carlyle-Moses and 
Gash 2011; MacIvor and Lundholm 2011; Nagase and Dun-
nett 2012; Li et al. 2016; Xiao and McPherson 2016), but 
more novel is the illustration that plant choice also strongly 

in cropped canopy F. glauca (Fig. 5b) compared to 110 g in 
full canopy Pachysandra terminalis (Fig. 5a). This clearly 
demonstrates that plant choice matters when the objective is 
to restore soil moisture holding capacity. The data also does 
not support our second hypothesis that narrow-leaved spe-
cies transpire less than broad-leaved species, at least when 
being compared at the whole plant level. Even when plant 
canopies were cropped to give similar dimensions, the evi-
dence that broad leaves were more beneficial for dissipating 
water vapour is not clear. On day 9, B. cordifolia transpired 

more water per unit leaf area (0.102 g) than other species 
but was not significantly more than the fine-leaved taxa F. 

glauca (0.077 g) or D. ‘Haytor White’ (0.075 g), but these in 
turn did transpire more water than other broad leaves such 
as H. sieboldiana and P. terminalis.

As well as total leaf area and leaf traits, plant water use 
may also relate to underlying ecophysiology factors. Plants 
adapted to dry shade (Pachysandra) or damp shade (Hosta) 

may not have the same need to transpire as rapidly and 

maximise extension growth, compared to open space or 
meadow species (Festuca and Dianthus). where these may 
face more competition for light in mixed plant communities. 
A relatively high transpiration per unit leaf area in Berge-

nia may relate to this taxon using its large leaves and rapid 
leaf growth to cover the ground entirely, and thus shade-out 
competition in the open, alpine woodlands it originates in.

The growing conditions were relatively stable over the 
experimental period, and further work is warranted across a 
range of more extreme weather events. It is unclear whether 
the ranking of evapotranspiration water use across the taxa 
would remain the same, when conditions got warmer. Cer-
tainly, differentiation between the taxa was greatest on those 
few occasions when temperatures were relatively high, and 

humidity lower, e.g. day 10 (Fig. 4). Periods of prolonged 
dryness and warmth, however, will affect water availability 
at the rootzone, and stomatal sensitivity to this (and other 
factors such as irradiance levels) can vary between land-
scape plant taxa (Cameron et al. 2006). Some species may 
stop transpiring more readily than others. Previous dry peri-
ods may also influence the capacity for full evapotranspi-
ration to be restored, once substrate water becomes freely 
available again (Cameron et al. 2006, 2008).

Plant quality

Physiological stress was observed (lower chlorophyll fluo-
rescence values) in some H. sieboldiana plants in the out-
door experiment. This suggests that this damp tolerant, 
shade-adapted species was exposed to a degree of abiotic 
stress during the drying out of the substrate phase in late 
summer. We did not manage to measure physiological stress 
in the two narrow-leaved taxa, but found little evidence of 
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included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

Alves PL, Formiga KTM, Traldi MAB (2018) Rainfall interception 
capacity of tree species used in urban afforestation. Urban Eco-
syst 21(4):697–706. https://doi.org/10.1007/s11252-018-0753-y

Berland A et al (2017) The role of trees in urban stormwater man-
agement. Landsc Urban Plann 162:167–177. https://doi.
org/10.1016/j.landurbplan.2017.02.017

Brestic M, Zivcak M (2013) PSII fluorescence techniques for mea-
surement of drought and high temperature stress signal in crop 

plants: protocols and applications. Molecular stress physiol-
ogy of plants. Springer, India, pp 87–131. Doi: https://doi.
org/10.1007/978-81-322-0807-5_4.

Cameron RWF, Blanuša T (2016) Green infrastructure and ecosystem 
services - is the devil in the detail? Ann Botany 118(3):377–391. 
https://doi.org/10.1093/aob/mcw129

Cameron RWF, Harrison-Murray RS, Atkinson CJ, Judd HL (2006) 
Regulated deficit irrigation – a means to control growth in woody 
ornamentals. J Hortic Sci Biotechnol 81(3):435–443. https://doi.
org/10.1080/14620316.2006.11512085

Cameron R, Harrison-Murray R, Fordham M, Wilkinson S, Davies 
W, Atkinson C, Else M (2008) Regulated irrigation of woody 
ornamentals to improve plant quality and precondition against 

drought stress. Ann Appl Biol 153(1):49–61. https://doi.
org/10.1111/j.1744-7348.2008.00237.x

Carbone M, Garofalo G, Nigro G, Piro P (2015) Green roofs in the 
Mediterranean area: Interaction between native plant species and 
sub-surface runoff. Appl Mech Mater 737:749–753. https://doi.
org/10.4028/www.scientific.net/AMM.737.749

Carlyle-Moses DE, Gash JHC (2011) Rainfall interception loss by for-
est canopies. In: D. F. Levia, D. E. Carlyle-Moses, and T. Tanaka, 
eds. Forest hydrology and biogeochemistry: synthesis of past 

research and future directions. Heidelberg, Germany: Springer, 
pp. 407–423. Doi: https://doi.org/10.1007/978-94-007-1363-5_20

Carlyle-Moses DE, Livesley S, Baptista MD, Thom J, Szota C (2020) 
Urban Trees as Green infrastructure for Stormwater Mitiga-
tion and Use. In: Levia DF, Carlyle-Moses DE, Iida S, Michal-
zik B, Nanko K, Tischer A (eds) Forest-water interactions. 
Ecological Studies, vol 240. Springer, Cham. Doi. https://doi.
org/10.1007/978-3-030-26086-6_17.

Domingo F et al (1998) Measurement and modelling of rainfall inter-
ception by three semi-arid canopies. Agric For Meteorol 91(3–
4):275–292. https://doi.org/10.1016/S0168-1923(98)00068-9

Elmqvist T, Setälä H, Handel SN, Van Der Ploeg S, Aronson J, Blignaut 
JN, Gomez-Baggethun E, Nowak DJ, Kronenberg J, De Groot R 
(2015) Benefits of restoring ecosystem services in urban areas. 
Curr Opin Environ Sustain 14:101–108. https://doi.org/10.1016/j.
cosust.2015.05.001

Fairbrass A et al (2018) Green Infrastructure for London: A review 
of the evidence. Available at: https://www.ucl.ac.uk/engineering-
exchange/sites/engineering-exchange/files/ucl-green-infrastruc-
ture-for-london.pdf

Gómez JA, Giráldez JV, Fereres E (2001) Rainfall interception by 
olive trees in relation to leaf area. Agric Water Manage 49(1):65–
76. https://doi.org/10.1016/S0378-3774(00)00116-5

Gong Y, Zhang X, Li H, Zhang X, He S, Miao Y (2021) A comparison 
of the growth status, rainfall retention and purification effects of 

influences the ability to dry out the substrate (soil) after it 
has rained; thus has value in recharging the soil’s capac-
ity to store water should a subsequent heavy rainfall event 
take place. In essence, plants can help mitigate urban flood-
ing by both slowing down surface water run-off and also 
by the process of evapotranspiration, which allows more 
water to subsequently enter and be stored by the soil. This 
ability to restore water holding capacity through the appro-
priate choice and design of urban planting has, up to now, 
been under-researched. The data presented here indicates 
that species choice is also important when delivering this 

particular ecosystem service. Ideally, such plants should 
have a large capacity to remove soil moisture, yet retain the 

ability to tolerate low water availability themselves, once 
they have depleted the soil’s water supply. In essence, such 
plants should have the capacity for high transpiration, but 
also rapid and effective stomatal closure and tolerance of 
low leaf water potentials, once a threshold of low soil water 

availability is reached. Festuca glauca showed some evi-
dence of being a species that follows this pattern, but fur-
ther research is required to identify other groundcover (and 
landscape plants in general) that can dry soils out quickly 

but without risking their own viability.

Acknowledgements This research was funded by Majlis Amanah 
Rakyat (Malaysia) as a PhD studentship. We also thank all individuals 
who have assisted during the conduct of this research. For the purpose 
of open access, the authors have applied a Creative Commons Attribu-
tion (CC BY) licence* to any Author Accepted Manuscript version 
arising” Data Availability Statement: No additional data is associated 
with this manuscript.

Author contributions The work was implemented by Ismail as part of 
her PhD. The first draft was written by Ismail and guided by Cameron 
(primary supervisor). Cameron and Stovin advised on format and ed-
ited final version.

Funding The authors declare that no funds, grants, or other support 
were received during the preparation of this manuscript.

Materials availability NA.

Declarations

Ethics approval NA.

Financial interests Author A (Siti Nur Hannah Ismail) has received re-
search funding from Majlis Amanah Rakyat Malaysia. Author B & C 
declare they have no financial interests.

Open Access  This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 

1 3

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s11252-018-0753-y
https://doi.org/10.1016/j.landurbplan.2017.02.017
https://doi.org/10.1016/j.landurbplan.2017.02.017
https://doi.org/10.1007/978-81-322-0807-5_4
https://doi.org/10.1007/978-81-322-0807-5_4
https://doi.org/10.1093/aob/mcw129
https://doi.org/10.1080/14620316.2006.11512085
https://doi.org/10.1080/14620316.2006.11512085
https://doi.org/10.1111/j.1744-7348.2008.00237.x
https://doi.org/10.1111/j.1744-7348.2008.00237.x
https://doi.org/10.4028/www.scientific.net/AMM.737.749
https://doi.org/10.4028/www.scientific.net/AMM.737.749
https://doi.org/10.1007/978-94-007-1363-5_20
https://doi.org/10.1007/978-3-030-26086-6_17
https://doi.org/10.1007/978-3-030-26086-6_17
https://doi.org/10.1016/S0168-1923(98)00068-9
https://doi.org/10.1016/j.cosust.2015.05.001
https://doi.org/10.1016/j.cosust.2015.05.001
https://www.ucl.ac.uk/engineering-exchange/sites/engineering-exchange/files/ucl-green-infrastructure-for-london.pdf
https://www.ucl.ac.uk/engineering-exchange/sites/engineering-exchange/files/ucl-green-infrastructure-for-london.pdf
https://www.ucl.ac.uk/engineering-exchange/sites/engineering-exchange/files/ucl-green-infrastructure-for-london.pdf
https://doi.org/10.1016/S0378-3774(00)00116-5


Urban Ecosystems

O’Callaghan DP, Mercer G (2019) Tree-related risk to structures. J 
Building Surv Appraisal Valuat 8(1):38–52

Poë S, Stovin V, Berretta C (2015) Parameters influencing the 
regeneration of a green roof’s retention capacity via evapo-
transpiration. J Hydrol 523:356–367. https://doi.org/10.1016/j.
jhydrol.2015.02.002

Rutter AJ, Morton AJ, Robins PC (1975) A Predictive Model of Rain-
fall Interception in Forests. II. Generalization of the Model and 
Comparison with Observations in Some Coniferous and Hard-
wood Stands, Journal of Applied Ecology, 12(1), 367–380. Doi: 
https://doi.org/10.2307/2401739

Schneider CA, Rasband WS, Eliceiri KW (2012) NIH Image to Image 
J: 25 years of image analysis. Nat Methods 9(7):671–675. https://
doi.org/10.1038/nmeth.2089

Sikorska D et al (2017) ‘Variation in leaf surface hydrophobic-
ity of wetland plants: The role of plant traits in water reten-
tion’, Wetlands, 37, pp. 997–1002. doi: https://doi.org/10.1007/
s13157-017-0924-2

Su P et al (2016) Partitioning evapotranspiration of desert plants under 
different water regimes in the inland Heihe River Basin, North-
western China, Arid Land Research and Management. 2016, 
30(2), pp. 138–152. Doi: https://doi.org/10.1080/15324982.201
5.1061616

Thom JK, Szota C, Coutts AM, Fletcher TD, Livesley SJ (2020) 
Transpiration by established trees could increase the efficiency 
of stormwater control measures, Water Research, 173, p.115597. 
Doi: https://doi.org/10.1016/j.watres.2020.115597

Woods-Ballard B et al (2015) The SUDS manual, Ciria. doi: London 
C697

Xiao Q, McPherson EG (2011) Rainfall interception of three trees in 
Oakland, California, Urban Ecosystems, 14, pp. 755–769. Doi: 
https://doi.org/10.1007/s11252-011-0192-5

Xiao Q, McPherson EG (2016) Surface Water Storage Capacity 
of Twenty Tree Species in Davis, California. J Environ Qual 
45:188–198. https://doi.org/10.2134/jeq2015.02.0092

Yuan J (2016) Investigating the Planting Potential for Urban Rain 
Gardens: Plant Selection, Establishment and Performance’. Ph.D 

Thesis, University of Sheffield, United Kingdom
Yuan J, Dunnett N, Stovin V (2017) The influence of vegeta-

tion on rain garden hydrological performance. Urban Water 
Journal 14(10):1083–1089. https://doi.org/10.1080/15730
62X.2017.1363251

Zhang Z et al (2009) Rainfall interception by sand-stabilizing shrubs 
related to crown structure. Sci Cold Arid Reg 1(2):107–119

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law. 

four green roof plant species. J Environ Manage 278(1):111451. 
https://doi.org/10.1016/j.jenvman.2020.111451

Guevara-Escobar A et al (2007) Rainfall interception and distribution 
patterns of gross precipitation around an isolated Ficus benjam-
ina tree in an urban area. J Hydrol 333(2–4):532–541. https://doi.
org/10.1016/j.jhydrol.2006.09.017

Herwitz SR (1987) Raindrop impact and water flow on the vegeta-
tive surfaces of tress and the effects on streamflow and through-
flow generation. Earth Surf Proc Land 12:425–432. https://doi.
org/10.1002/esp.3290120408

Hobbie SE, Grimm NB (2020) Nature-based approaches to managing 
climate change impacts in cities. Philosophical Trans Royal Soc 
B 375(1794):20190124. https://doi.org/10.1098/rstb.2019.0124

Holder CD, Gibbes C (2017) Influence of leaf and canopy character-
istics on rainfall interception and urban hydrology. Hydrol Sci J 
62(2):182–190. https://doi.org/10.1080/02626667.2016.1217414

Iida S, Tanaka T, Sugita M (2005) Change of interception process due to 
the succession from japanese red pine to evergreen oak. J Hydrol 
315(1–4):154–166. https://doi.org/10.1016/j.jhydrol.2005.03.024

Kemp S, Hadley P, Blanuša T (2019) The influence of plant type on 
green roof rainfall retention. Urban Ecosyst 22:355–366. https://
doi.org/10.1007/s11252-018-0822-2

Krishnan R, Ahmad H (2014) Influence of Low Growing Vegetation 
in Reducing Stormwater Runoff on Green Roofs, International 

Journal of High-Rise Buildings, 3(4), pp. 1–6. Doi: https://doi.
org/10.21022/IJHRB.2014.3.4.273

Lewis E, Phoenix GK, Alexander P, David J, Cameron RW (2019) 
Rewilding in the Garden: are garden hybrid plants (cultivars) less 
resilient to the effects of hydrological extremes than their parent 
species? A case study with Primula. Urban Ecosystems, 22(5), 
pp.841–854. Doi: https://doi.org/10.1007/s11252-019-00865-7

Li X et al (2016) Process-based rainfall interception by small trees 
in Northern China: the effect of rainfall traits and crown struc-
ture characteristics. Agric For Meteorol 218–219. https://doi.
org/10.1016/j.agrformet.2015.11.017

Liang X et al (2009) Leaf water absorption and desorption func-
tions for three turfgrasses. J Hydrol 376:243–248. https://doi.
org/10.1016/j.jhydrol.2009.07.035

Liu Y, Zhao L (2020) Effect of plant morphological traits on through-
fall, soil moisture, and runoff. Water 12(6):1731. https://doi.
org/10.3390/w12061731

Lundholm J et al (2010) Plant Species and Functional Group Combi-
nations affect green roof ecosystem functions. PLoS ONE 5(3):1–
11. https://doi.org/10.1371/journal.pone.0009677

MacIvor JS, Lundholm J (2011) Performance evaluation of native 
plants suited to extensive green roof conditions in a maritime 
climate. Ecol Eng 37(3):407–417. https://doi.org/10.1016/j.
ecoleng.2010.10.004

Murphy TR, Hanley ME, Ellis JS, Lunt PH (2021) Native woodland 
establishment improves soil hydrological functioning in UK 
upland pastoral catchments, Land Degradation & Development, 

32(2), pp.1034–1045. Doi: https://doi.org/10.1002/ldr.3762
Nagase A, Dunnett N (2012) Amount of water runoff from different 

vegetation types on extensive green roofs: Effects of plant spe-
cies, diversity and plant structure. Landsc Urban Plann 104(3–
4):356–363. https://doi.org/10.1016/j.landurbplan.2011.11.001

Návar J, Bryan R (1990) Interception loss and rainfall redistribution by 
three semi-arid growing shrubs in northeastern Mexico. J Hydrol 
115(1–4):51–63. https://doi.org/10.1016/0022-1694(90)90197-6

1 3

https://doi.org/10.1016/j.jhydrol.2015.02.002
https://doi.org/10.1016/j.jhydrol.2015.02.002
https://doi.org/10.2307/2401739
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1007/s13157-017-0924-2
https://doi.org/10.1007/s13157-017-0924-2
https://doi.org/10.1080/15324982.2015.1061616
https://doi.org/10.1080/15324982.2015.1061616
https://doi.org/10.1016/j.watres.2020.115597
https://doi.org/10.1007/s11252-011-0192-5
https://doi.org/10.2134/jeq2015.02.0092
https://doi.org/10.1080/1573062X.2017.1363251
https://doi.org/10.1080/1573062X.2017.1363251
https://doi.org/10.1016/j.jenvman.2020.111451
https://doi.org/10.1016/j.jhydrol.2006.09.017
https://doi.org/10.1016/j.jhydrol.2006.09.017
https://doi.org/10.1002/esp.3290120408
https://doi.org/10.1002/esp.3290120408
https://doi.org/10.1098/rstb.2019.0124
https://doi.org/10.1080/02626667.2016.1217414
https://doi.org/10.1016/j.jhydrol.2005.03.024
https://doi.org/10.1007/s11252-018-0822-2
https://doi.org/10.1007/s11252-018-0822-2
https://doi.org/10.21022/IJHRB.2014.3.4.273
https://doi.org/10.21022/IJHRB.2014.3.4.273
https://doi.org/10.1007/s11252-019-00865-7
https://doi.org/10.1016/j.agrformet.2015.11.017
https://doi.org/10.1016/j.agrformet.2015.11.017
https://doi.org/10.1016/j.jhydrol.2009.07.035
https://doi.org/10.1016/j.jhydrol.2009.07.035
https://doi.org/10.3390/w12061731
https://doi.org/10.3390/w12061731
https://doi.org/10.1371/journal.pone.0009677
https://doi.org/10.1016/j.ecoleng.2010.10.004
https://doi.org/10.1016/j.ecoleng.2010.10.004
https://doi.org/10.1002/ldr.3762
https://doi.org/10.1016/j.landurbplan.2011.11.001
https://doi.org/10.1016/0022-1694(90)90197-6

	﻿Functional urban ground-cover plants: identifying traits that promote rainwater retention and dissipation
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Experiment 1. Plants grown outdoors (14 Aug. – 26 Sept, 2017)
	﻿Growth data
	﻿Chlorophyll fluorescence
	﻿Experiment 2. Plants grown under controlled conditions (11 Aug. – 28 Oct. 2017)
	﻿Statistics

	﻿Results
	﻿Experiment 1. Plants grown outdoors from 14 Aug. – 26 Sept. 2017
	﻿Water balance over time


	﻿Water loss via evapotranspiration (ET)
	﻿Diurnal evapotranspiration (ET) ‘patterns
	﻿Rainwater retention
	﻿Plant hydrological performance in relation to leaf area
	﻿Comparisons with non-planted, control pots
	﻿Chlorophyll fluorescence and subjective assessments of leaf health
	﻿Experiment 2. Plants grown under controlled conditions from 11 Aug. – 28 Oct. 2017
	﻿Evapotranspiration under controlled conditions

	﻿Discussion
	﻿Rainwater interception/retention
	﻿Evapotranspiration and dissipating water from the substrate
	﻿Plant quality


	﻿Limitations to the research
	﻿Conclusions
	﻿References


