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Abstract: A contribution to the sustainable management of storm water is the use of sustainable
drainage (SuDS)-derived water as an unconventional source for irrigation. If storm-water runoff
contains dissolved nutrients in excess of those found in conventional irrigation, reusing this water can
contribute to the nutrient demands of horticulture or landscaping, which is known as “fertigation”.
Green roofs are SuDS devices, and those with below-substrate water storage, blue green roofs, can
be additional water sources. The nutrients released from a roof-substrate-growing medium could
contribute to the growth of crop and landscape plants, but materials from blue green roofs must
not release residues harmful to fertigated plants or receiving soils. This plant growth experiment
examined the effects of water from a blue green roof on plant growth and health and the effects on
soil and roof-harvested water when functioning as a nutrient-rich irrigation source. Tomatoes and
ryegrass were used as examples of horticultural and landscaping plants, respectively. Blue green roof
water was compared with potable water irrigation. The blue-green-roof-derived water provided a
distinct growth advantage for tomatoes and lower sodium in fruits than tap water, at 285 mg/kg and
636 mg/kg, respectively. For ryegrass, the differences were minimal, but there was no disadvantage
to using roof water for fertigation. Following three years of a blue green roof’s operational life, export
of inorganic nutrients from the roof, local storage, and then application to plants were effective in
contributing additional fertiliser.

Keywords: blue green roof; storm-water runoff; plant irrigation; nutrients and fertigation

1. Introduction

Water is commonly described as the most important, finite and irreplaceable natural
resource which is essential for the existence of life. Water plays a wide range of roles, such
as a carrier for waste in sewer systems and as a medium for transportation in natural,
modified and constructed water bodies.

Worldwide, only 3% of water is freshwater, available to support direct human needs,
not including uneconomic options, for example, desalination of seawater, and water de-
mands have increased vastly over recent years [1]. The World Meteorological Organiza-
tion [2] reports that global water consumption has increased by six times over the past
100 years and continues to grow at 1% every year. Water and wastewater problems are
due to climate change, over-abstraction of water from river basins, water conflicts, loss of
water resources, water infrastructure failures, unfavourable geology and pollution. The
current global key drivers of water and wastewater problems are related to environmental,
economic and social factors. The environmental factors include pollution, flooding and
drought. The economic factors include availability of investment needed for water and
wastewater infrastructures and international relationship changes. The fundamental factor
in developed countries is new urban development, where the need for water will increase
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on both a locally increased population basis and the adoption of a greater number of water-
intense appliance demands amongst a newly urbanised population. These economic factors
overlap greatly with social factors, which are also the results of urbanisation and popula-
tion growth, and associated with this are both local and international water conflicts [3,4].
To solve water and wastewater problems, building reservoirs and conduit systems have
been the most visible or at least well-known long-term strategies from antiquity [5] which
have been supplemented by localised solutions, such as roof water harvesting, storage in
localised systems and infiltration of both relatively clean and partially treated foul water.
The alternative responses to depletion in the water cycle, such as reclaiming grey water and
harvesting roof water, are sustainable solutions, which are best described as “rediscovered”
and possibly “improved” contributions rather than novel solutions to aquatic problems.
These have been described as contributors to the sustainable drainage system philosophy.

As well as preventing or reducing localised surface water flooding, including the
overloading of combined sewers and assisting with increasing the water resource for use,
SuDS will also serve to prevent other types of flooding such as river or pluvial floods. The
SuDS philosophy [6] has multiple benefits and reduces the cost of foul water disposal by
reducing the total volume entering combined sewers. Costs to property owners for repair
due to overflows may be reduced by SuDS, and these provisions can reduce the required
investment for sewer and treatment capacity. Amongst measures which are collectively
known as SuDS are those that reduce the rate and volume of runoff from roofs. These
include simple interventions, such as placing an intervening container within the drainage
pathway of the water, and systems which provide source control; included here are green
roofs, blue roofs and blue green roofs.

Sustainable drainage systems are expected to improve water quality but can also pro-
vide opportunities for amenity and biodiversity in development [6]. These characteristics
are an important part of the so-called “SuDS square” [7]. Green and blue green roofs are
common choices for sustainable drainage infrastructure worldwide, due to the ubiquity of
roof space in development, often large structures, that can add disproportionately to runoff
and flood risk if there is no plan to delay or divert discharge. The area of roof on new distri-
bution centres in the UK has increased, including a 242% increase in units of over 1 million
square feet (304,800 m?) and an increase in the number of warehouse units of 32%. In 2021,
the United Kingdom Logistics Association [8] stated: “online retailers, who have increased
warehouse occupancy by a staggering 614%” and “Research from Prologis indicates that
for every extra £1bn spent online, a further 775,000 sq ft (236,220 m?) of warehouse space
is needed to meet the new demand”. These trends will further challenge designers to
attenuate the runoff from roofs, to prevent extra pressure on drainage infrastructure, with
projected UK increases in rainfall intensities and totals in winter months.

Green and blue green roofs can be defined as those with an engineered, hydraulically
designed roof, including a substrate in which plants can be grown. The depth of substrate
on a green roof is linked to the effectiveness in runoff attenuation, with a 150 mm substrate
withholding up to 60% of precipitation [9]. The material in which green roof plants are
grown is referred to as a substrate, not a soil, because frequently, a blend of inorganic
particle sizes and types, incorporating organic matter such as compost, are combined to
manufacture the medium. As far as classification of the soil is concerned, technosol is the
term often used to describe green roof substrates, a soil constructed ex situ and applied
to a new, human-created environment in order to approximate naturally evolved soil in
properties and end use [10].

In this experiment, the blue green roof from which water was obtained for the irrigation
of tomato and grass plants was an intensive green roof, having a relatively deep layer
of substrate with a maximum depth of 150 mm and a minimum of 100 mm. Intensive
green roofs are usually used to grow biodiverse plant communities and to sustain insect
populations that use them, providing rich habitat, and potentially to connect fragmented
habitats such as wildflower meadows [11]. The roofs had been established for two years
before the roof runoff was selected as an irrigation source, and plant growth had begun
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to cover all of the substrate surface. The original substrate was a proprietary green roof
technosol called IN1 green roof substrate (IN1GRS) [12], manufactured by Boughton Ltd.,
Kettering, UK. This substrate was selected due to its relatively low nutrient status, to be
suitable for wet grassland seed types, growing seedlings that were established on the
roof from 2017 onward. IN1GRS was compatible with shipping container roofs on which
the structures were retrofitted, with a need to limit the weight of saturated soil and the
underlying reservoir of trapped rainwater (Figure 1 below).

Figure 1. The surface of the blue green roofs from where runoff was collected.

IN1GRS had total nitrogen at 0.21%, phosphate at 216 mg/L and potassium at
520 mg/L on delivery and particles including stones, coarse and fine gravel, coarse sand,
fine sand, silt and clay with 3.7% organic matter [12].

Fertigation is a method of both irrigating plants with water and applying dissolved
nutrients simultaneously, which has the advantage of controlling the dose of nutrients,
both directly applied and in the soil [13], also allowing nutrient application to be somewhat
decoupled from nutrient leaching, which occurs when over-applied, highly concentrated
fertilisers are washed through soil and into runoff by heavy precipitation and are wasted.
Glab et al. [14] successfully used fertigation for nutrient application to turf grass, with
an improvement in grass condition in terms of grass colour and leaf texture and reduced
nutrient leaching, particularly NOjs, P, Mg, K, Ca and Cu. Nnadi et al. [15] reported
the fertigation effects of water derived from a pervious pavement in which slow-release
fertiliser was used to enhance oil biodegradation.

Many of the “climate adaptation” advantages that accrue from green roofs are available
to some extent from sedum-planted extensive, shallow substrate green roofs [16]. These
advantages include insulation properties and, to a certain extent, beneficial storm-water
source control behaviour. However, because there is no “free” water storage, it is impossible
to purposefully drain a traditional green roof between storm events. Ideally, one would
allow the water to drain away by the time the next storm arrives. Because this is not
in the control of the designer, it is very common to find that the full storage capacity is
unavailable at the start of a storm [17]. Traditional green roofs are adequate to control
the first storm of a series but can quickly lose their ability to contribute to flood control.
Increasing the storage available with a thicker growing medium is often not possible for
loading reasons. The type of green roof studied in this experiment increased the storage
volume, by creating a reservoir below the growing medium. Water will load the roof,
but the added mass for a given storage volume is created by lightweight void-forming
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boxes with a void ratio of as much as 90% (item 4 in Figure 2 below). For a permitted
roof loading, a much higher volume of water can be stored and an empty reservoir can
be created to accept incoming storm water. In this design, the water remains available to
the plants through a capillary system which, whenever free water is in the reservoir, keeps
the growing medium supplied with a controlled water content. The fact that free water is
present leaves open the possibility that, in response to a predicted storm, the void space can
be emptied at a controlled rate, to create storage space to capture the storm event. This is
the principle of the cloud-based control system installed by the roof manufacturers, using
predictive data and real-time control, to facilitate maximum attenuation and water storage.
The availability of stored water to provide for the plants allows a more diverse planting
scheme to be adopted, which could add to the biodiversity benefits.

System Weight: 150kg — 330kg per m2

(1) Vegetation of choice.

(2) 50mm (min) - 200mm (max) Growing Medium
(3) Wicking Geotextile to transfer water horizontally beneath root zone.
(4 )Permavoid Attenuation Units.

(5) Passive Irrigation Cones to transfer water vertically from the Permavoid to the root zone.
(6) Up to 80mm of water stored within the Permavoid raft.

(7) Wicking Geotextile to passively transfer water horizontally beneath the Permavoid. System

(8) Flexible Heavy Duty Impermeable Waterproofing Membrane.

Figure 2. Cross-section of blue green roof used for BGRH water collection (image reproduced with
permission of Jack Shuttleworth, SEL Environmental).

This research was intended to test the effect of using reclaimed blue green roof water on
tomato and ryegrass growth, compared with tap water. Assessment of water composition
and the stimulation or inhibition of growth was performed, and the accumulation of
inorganic chemicals in different plant tissues was determined.

The possibility of beneficial chemical and biological additives coming from roof sources
and the stimulation of plants, via low-tech fertigation, was an area of interest. The longer
term aims to include investigation of the potential for connecting runoff sources to collection
points and then onto horticultural and landscaping uses. Not only would the use of
stored rainwater potentially benefit agriculture, but the reduced runoff and recycling of
water could prevent downstream pollution by nutrients and make a contribution to flood
prevention strategy.

2. Materials and Methods

The experiment was conducted at the Centre for Agroecology, Water and Resilience,
Coventry University, Ryton on Dunsmore, between 2018 and 2020. The blue green roofs
were retrofitted onto two shipping containers with a structure and arrangement as shown
in Figures 1 and 2 and a total of 59.45 m? of roof space. In the current experiment, the
blue green roof water, directed into two 200-litre water butts, provided a reliable store of
irrigation water and could be described as a passive, low-cost version of fertigation, with
water manually recovered and applied to tomatoes and ryegrass in the adjacent experiment.
Roof water was applied to ryegrass and tomato plants in order to provide an alternative
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water source alongside tap water (chemical composition, Table below) to check whether
effective fertigation was occurring, i.e., if the presence of possible extra dissolved nutrients
from the blue green roof were stimulating plant growth and development during the
experiment, in a similar way to work performed on storm water stored and recovered from
permeable pavements [18].

The roof-harvested water used for this experiment was from the roof that was used in
a Knowledge Transfer Partnership (KTP) project between Coventry University and SEL
Environmental Limited, on construction and biodiversity monitoring of blue green roofs,
that ran between 2017 and 2019.

Roof water was collected from two rainwater butts on the day of watering and trans-
ported to the greenhouse using a barrel. The roof water collected from the water butts
had a similar range for all the elements except for potassium. The average concentration
of potassium in water butt A was 164.0 mg/L (SD = 0.66), and rainwater butt B, it was
55.76 mg/L (SD = 0.32). The management of water on blue green roofs is similar to the
management of water butts in other stored water systems but with some differences. Whilst
it is important that space is maintained in the primary storage volume to prevent runoff
during storm events, the blue green roof also maintains sufficient water in the sub-surface
layer, to allow its capillary water recycling system to operate in low-rainfall periods. Any
excess of blue green roof water can be utilised for irrigation, making use of otherwise
wasted nutrients.

2.1. Available Water Volumes

A justifiable question in relation to using roof water from the blue green roof used to
supply water in this experiment is whether a sufficient volume of irrigation water would
be available to make the water harvesting effort worthwhile. The first part of the answer
relates to the fact that it is always necessary to keep a storage volume in the sub-surface
structure of the blue green roof to function as part of an SuDS system.

Such a system as used in this work was installed as a roof park at Orlyplein in
Amsterdam; this work was described in a paper by one of the authors [19] and was subject
to a modelling exercise based on several years of data. The model used was simple and was
superseded by a more sophisticated version [20]; the original model tended to overestimate
the demand by plants, and as such, the original model offers a more pessimistic view. Using
data from nearby weather stations and potential evapotranspiration data from the Dutch
meteorological service, it was shown that in the majority of years, 60-80 mm of rain could
be available as a resource, in excess of that that could be used by the roof plants. For an
installation the size of the Orlyplein roof park (around 55 m x 286 m), this could be up to
1.2 million litres. How much this could contribute to demand would depend on the water
requirements of the horticultural operation supported.

2.2. Plant Growth Experiment Trials

Randomised plant growth experiments were carried out with roof-water and tap-
water sources for irrigation. The effectiveness of the alternative source in promoting plant
growth and any potential effects on soil properties were both considered. Experiments
were carried out using the water harvested from the blue-green-roof-harvested water
(BGRHW) described above and compared with growth and development performance
observed when plants were irrigated with locally derived tap water (TW). Two types of
plants were selected, organic tomato and organic ryegrass. Tomato was selected to represent
horticultural growth, and ryegrass was selected to represent landscaping uses. Organic
seeds were used because there was a need to respect the organic agriculture status of the
experimental site.

2.3. Plants for Irrigation Trials

The tomato plant seeds were organic black cherry tomato (Solanum lycopersicum)
from Garden Organic, UK. The ryegrass was organic Lollium multiflorum from Tamar
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Organics, UK. Ryegrass and tomatoes had previously been used in experiments examining
the characteristics and plant irrigation use of water derived from pervious pavement
car parking surfaces [18]. In that experiment, inorganic nutrients had been provided for
the purpose of encouraging growth of oil-degrading bacteria. The essential difference
between the system utilised here and the car parking surface was that the growing medium
presented a means of retaining the released nutrients that would be more effective than
that seen in the parking surface and that the vegetation on the green roof would place a
greater demand on dissolved nutrients. Growing medium for the plants was the technosol
obtained from Boughton Ltd., described above [12].

2.4. Analytical Methods Used

Plant and soil samples were digested in a Milestone Ethos-up microwave using a
method specified in European Commission joint research centre [21] and EPA Method
3051A, for acid digestion of sediments, sludge and soils [22], respectively. Inductively
coupled plasma emission spectroscopy (Perkin Elmer Optima 5300 DV) was used to study
the concentration of sodium, potassium, magnesium, calcium, phosphorous and boron in
soil and water.

In the experiment that used tomato plants, plastic pots, of 4-litre volume, were filled
up to % depth with soil. Saucers were provided to reduce water loss from soil and also
to minimise the loss of nutrients or chemicals of interest. To prevent water escaping, the
volume of water was added to the brim of the pot saucer, controlling the overflow as much
as possible and allowing capillarity to take water back into the pot. The pots were arranged
in a randomised design. The pots were placed in a greenhouse, with the heating system at
16-20 °C during the day and 10-18 °C during the night.

Germination was checked daily and the first tomato seedlings were observed on the
8th day from sowing, with 55.6% germination. The maximum germination was achieved
on the 9th day after sowing and was 72.2%. Thereafter, there was no further germination.

As in the tomato plant experiment, 4 L plant pots were used for the ryegrass experi-
ment in a randomised design. Ryegrass plant heights were recorded at the start and the
end of each working week (Monday-Friday). Since it was not viable to measure the heights
of all the grass plants in each pot, five grass shoots in each pot were selected for height
measurements. The first plant was the one with the highest height in the pot, the second
one was the one with the lowest height in the pot, and the heights of last three plants
were in the intermediate range, as they had heights between the highest and the lowest,
chosen randomly. Ryegrasses were harvested on the dates/days shown in Table 1. The
harvest dates were determined when most of the pots recorded heights of more than 30 cm.
Percentage germination was estimated for the first two weeks for ryegrass plants. There
was little difference in germination between water-source-irrigated seedlings. But there
was approximately a 7-10% increase in germination in the second week compared with
the first week. The wet weights of the tomato plant parts and ryegrass plant parts (all
5 harvests) were recorded soon after the harvest, after storage in aluminium foil. The plant
parts in the aluminium foil trays were placed in an oven at 70 °C, until there was no further
weight change.

Table 1. Characteristics of irrigation water in plant experiment: Range of recorded concentrations.

™W BGRHW
Sodium (mg/L) 16.2-27.9 39.7-45.38
Magnesium (mg/L) 5.23-8.35 8.89-12.65
Phosphorous (mg/L) 0.67-1.33 1.28-1.62
Potassium (mg/L) 10.9-12.8 55.11-165.55

Calcium (mg/L) 22.9-36.6 51.93-66.13
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3. Results

Table 1 shows the range of concentrations of important elements introduced in irriga-
tion by both tap and roof water (results obtained by ICP-OES).

Germination rates were compared between the water sources. A total of 70.6% was
achieved by rainwater-irrigated plants and 33.3% by tap-water plants.

Figure 3 below shows the average growth of tomato plants that were irrigated with
the two types of water sources. During the initial stage, BGRHW and TW plants showed
almost the same amount of growth up to 16 July. After 16 July, BGRHW-irrigated plants
increased in length.

140
120

[EY
o
o

80
60
40
20

0
5/28/2019 6/28/2019 7/28/2019 8/28/2019

Tomato stem length (cm)

=f-Tap mean =@=Roof mean

Figure 3. Growth of tomato plants. n = 5 for tap water, n = 12 for BGRH water. Error bars show
standard error values.

In Figure 3, there appeared to be a sudden large increase (approximately 30 cm) in the
length of BGRHW plants between 9 July and 12 July, but this step in the data is partially an
artefact, which is a function of the way in which stem length was defined in the experiment.
When measuring stem length, the length of the main stem alone was measured, until
separate side branches could be distinguished from the leaf petioles. The apparent sudden
spurt in the growth of the roof-water-irrigated plants was due to the near-simultaneous
appearance of confirmed lateral branches in the stem structure for both treatments, showing
more pronounced and rapid branching within the BGRHW treatment. The side branch
growth on the TW-irrigated plants was much less pronounced (limited to 10 cm). If a
different definition of a “clearly identified” side shoot had been utilised, the graph would
have reached the same maximum level, but the “step” in growth might have started earlier
and had been less steep.

The distribution of the wet and dry weight of tomato plant leaves is shown in Figure 4
below, and that of the wet and dry weight of tomato plant fruits is shown in Figure 5. The
weight of plants (stems and roots) is shown in Figures 6 and 7, respectively.
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Figure 4. Box-and-whisker plot of wet and dry weight of tomato plant leaves. n = 5 for tap water,
n =12 for BGRH water.
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Figure 5. Box-and-whisker plot of wet and dry weight of tomato plant fruits. n = 5 for tap water,
n =12 for BGRH water.
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Fresh Wt and Dry Wt of Tomato Plant Stems
40

Wet Weights I:l Roofwater

35
—‘7 I:l Tapwater

30

25

20

15 -

4
10

Fresh or Dry Wt/g

Dry Weights

=

Figure 6. Fresh and dry weight of tomato plant stems with tap and roof water. n = 5 for tap water,
n =12 for BGRH water.

0

Mean Fresh Weight of Tomato

. Roots

7

e, %\*

i
Tapwater Roofwater

Figure 7. Fresh weight of tomato plant roots with tap and roof water. n = 5 for tap water, n = 12 for
BGRH water.

As shown in Figure 8 below, the ryegrass plants showed a greater growth difference
at the start of the second week compared with the first week, but their growth differences
(current height compared with previous height) decreased as the weeks elapsed. The
growth difference was 7.5 cm for RT1 from week 1 to week 2, from week 2 to 3, the
difference was 3.3 cm, and from week 3 to 4, it was 2 cm. This pattern continued after each
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harvest, where all the plants had height differences after the harvest. As the weeks passed,
the height differences reduced.

Blade Height

o

Height in mm
= =2 NN W
o O

O O O O,

Final

3rd
Harvest

B Tapwater BRoofwater

Figure 8. Average height of ryegrass plants. n = 5 for tap water, n = 12 for BGRH water.

As shown in Figure 8, in the first two harvests, the highest peak mean heights were
achieved by BGRH-irrigated plants, after which tap-watered grass heights were greater.

As shown in Figure 9, BGRHW plants had the highest mean wet weight during the
first two harvests and the fourth harvest; tap-water-irrigated plants had the highest mean
weight in the third and final harvest.

Ryegrass Fresh Weight

30
=20
c
D
()
= 10
1st 2nd 3rd 4th Final
Harvest

BTapwater BRoofwater
Figure 9. Average wet weight of ryegrass shoots. n = 5 for tap water, n = 12 for BGRH water.

There was some relationship between the wet weight and height in the first, second
and fourth harvests, where the plants that reached the highest height had the highest mean
wet weight and mean dry weight (Figure 10) and the plants that had the lowest height
had the lowest mean wet weight and lowest mean dry weight. The roots of the tap-water-
irrigated plants had the highest mean wet weight, and those of the roof-water-irrigated
plants had the lowest wet weight, as shown in Figure 10.
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Dry Wt & Fresh Wt of Grass Roots After Final Harvest
140

120

100

80

60

Dry or Fresh Weight /g

40

20

0 ==

Figure 10. Average wet and dry weight of ryegrass roots. n = 5 for tap water, n = 12 for BGRH water.

Element Accumulation in Ryegrass Shoots

The average concentrations of different elements found in the ryegrass at each harvest
are shown in Table 2. The sodium concentration in ryegrass shoots from both water sources
increased at each harvest and the final harvest. For TW, the sodium concentration at final
harvest was 30 times the initial harvest, and for BGRHW water, it was 14.7 times the initial
harvest. This was due to sodium accumulation in the shoots.

Table 2. Concentrated nitric acid extractable (mg/kg)—element concentration in ryegrass shoot at
different harvest events.

Analyte/Units Na/mg/kg Mg/mg/kg B/mg/kg P/mg/kg K/mg/kg Ca/mg/kg

HARVEST 1 Irrigation Water Roof Tap Roof Tap Roof Tap Roof Tap Roof Tap Roof  Tap
31 days Mean 257 178 1637 1803 35 39 4456 4281 50,336 45,725 4447 4728
SE 33 36 91 214 3 4 206 422 1403 3810 442 463
2 Mean 440 649 3019 3542 43 49 3832 4044 59,201 44,711 5160 6377

56 days SE 15 78 35 303 6 10 118 508 2954 5994 102 462

3 Mean 534 983 3207 4221 43 41 4464 4833 54,140 45985 4609 7046

77 days SE 140 967 377 242 3 4 158 311 4251 3643 923 455
FINAL Mean 3778 5399 2897 3950 26 22 4726 5084 50,994 38,401 5032 8544
131 days SE 1108 818 311 88 2 3 135 344 4613 2689 608 610

Unpaired ¢-test performed on tap and roof water samples. Significant values, at the 0.05 level, are shown in bold
underlined figures.

Sodium was higher in most tap-water samples as were magnesium and calcium. In
each harvest, magnesium and phosphorous concentrations in the shoot were similar with
both water types. Boron concentration in shoots irrigated with both water sources was
approximately the same. Potassium concentration was high in BGRHW-irrigated shoots
compared with tap-water-irrigated shoots.
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As shown above in Table 3, sodium and calcium were higher in tomato tissues irri-
gated by tap water, magnesium and boron differences were largely non-significant, and
phosphorus and potassium were higher in roof-water-irrigated plant parts. It is noteworthy
that although sodium was higher in roof water than tap water, it was tap-water tomatoes
that contained more sodium in all plant tissues. The concentration of sodium was also
variable between the different plant tissues in both roof and tap water.

Table 3. Concentrated nitric acid extractable (mg/kg)—element concentration in tomato plant fruits,
leaves, stems and roots.

Na mg/kg Mg mg/kg B mg/kg P mg/kg K mg/kg Ca mg/kg
I;;?{I;g Ir;iog:rti:n Roof  Tap Roof  Tap Roof  Tap Roof  Tap Roof Tap Roof Tap
Leaves Mean 135 150 3748 3839 62 73 3618 3072 24,806 13,981 28,291 47,593
SE 59 71 385 243 15 2 251 243 3843 114 2623 3169
Fruits Mean 285 636 2024 2464 9 10 4488 3195 33,688 33,000 2321 4115
SE 24 122 110 367 3 3 93 1397 3735 1493 343 807
Roots Mean 456 2115 2146 3087 3 6 1681 2027 14,681 10,372 7606 9090
SE 178 988 576 508 1 0.3 624 338 5723 2372 2303 1603
Stems Mean 708 1654 2893 3874 14 14 3812 2834 56,709 30,156 12,373 19,365
SE 127 361 368 474 1 2 429 82 6247 2055 2475 1602

Unpaired t-test performed on tap and roof water samples. Significant values, at the 0.05 level, are shown in bold
underlined figures.

4. Discussion

It can be seen from the results (growth and weight of plant parts) that BGRHW water
could be a promising fertigation water source. At the very least, roof water was not
inhibitory of tomato or ryegrass growth, and the results for tomatoes show that there are
clear benefits to the application of the roof water rather than tap water, as shown by the
tomato growth and production metrics given in Figures 3-7 above. The higher sodium
levels in BGRHW irrigation feed, which could be problematic in soils in the longer term
(Table 1), are compensated by the likely benefits of higher phosphorus and potassium.
Tomato feed is high in potassium, and potassium is an essential macronutrient for plants
that helps in the movement of water, nutrients and carbohydrates, and it activates enzymes
that affect protein, starch and adenosine triphosphate production (ATP). ATP regulates the
rate of photosynthesis, and potassium helps to regulate the opening and closing of stomata,
regulating the exchange of water vapour, oxygen and carbon dioxide [23]. Fertigation
with reclaimed wastewater has been shown to have beneficial effects on tomato growth
(Lycopersicon esculentum) with more leaves and taller plants than a control with 114.9%
higher yields, a higher content of macroelements NPK and Mg, Ca and Na in leaves, roots
and fruits [24].

Tomato plants require more total and frequent fertiliser application than ryegrass,
which could account for the lack of extra growth of ryegrass with the higher levels of
beneficial elements in BGHRW. If the ryegrass nutrients were at the required levels and
no further fertiliser was required, it is likely that, with the same volume of water addition
and favourable temperatures and light, growth would be similar with both water sources.
Although the extra nutrients in BGHRW were not harmful to ryegrass growth or develop-
ment, there is a slight concern that nutrients would be wasted if the irrigation of ryegrass
with BGHRW was taking place, as the nutrients could be exported elsewhere.

High levels of sodium in fertigation could affect the permeability of soil and could
cause infiltration problems. This is due to sodium presence in the soil that would be
in an exchangeable form and would replace magnesium and calcium adsorbed on the
soil, causing soil structure disruption, dispersion of soil particles and breakdown of soil
aggregate. The soil could become hard and compact when dry, reducing the infiltration of
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water and air into the soil. This would also prevent calcium ions from reaching the plants.
These issues have been part of the decision-making process for fertigation and sodium
addition to the soil from reclaimed water in fertigation schemes, including from ethanol
production with reclaimed stillage water redirected to sugar cane. In a critical review, this
revealed a risk to soil and soil microbes from sodium, salinisation and possible mobilisation
of metals due to a soil pH of 4.5 [25]. The levels of sodium in BGHRW in this study were
at concentrations lower than those of concern cited by Swistok [26], identifying an added
concentration of 50 mg/L as a level that might cause negative results in irrigation. Although
BGHRW sodium concentrations never reached 50 mg/L, results here were between 39.7 and
45.38 mg/L, an ongoing addition of these levels could pose a longer-term problem. It is
also possible that the applied sodium levels in water would be variable throughout the
year and frequently lower than recorded in this work.

Flowering in TW and BGRHW was similar for tomatoes, and germination was much
more successful in BGRHW; 70.6% was achieved by rainwater-irrigated plants, and 33.3%
was achieved by tap-water plants. In an experiment by Brown et al. [27], 35% of con-
ventional and 63% of organic seeds germinated within the first 7 days from sowing. The
germination rate obtained in this experiment was similar to the germination rate obtained
by Brown et al. [27].

The initially nutrient-poor substrate could be seen as the ideal recipient for testing
fertigation, with the relatively nutrient-poor material being an appropriate medium for
ongoing fertilisation by the beneficial compounds in BGRHW. An estimate of any saving
from reduced needs for fertiliser should be made, and it was noteworthy that there was no
obvious nutrient stress observed in plants throughout the experiment. It was also highly
likely that the tomatoes and ryegrass were fertilised by organic compounds and microbes
from the developing blue green roof. The original green roof substrate had nutrients at the
time of construction and also had almost two years to develop to a fully plant-colonised
biodiverse surface [11]. Collecting BGRHW and adding it to growing plants was likely
to transfer microbes and their beneficial products, root exudates, chelating agents and
dissolved organic matter. Another encouraging outcome from the results on tomato growth
in BGRHW was the concentration of sodium in tomato fruits at the end of the harvesting.
At less than half the sodium found in the tap-water fruit, it may be that there is a specific
benefit from this kind of fertigation that might be capable of providing a low-sodium food
as a public health good.

As well as the production benefits of blue green roofs, there are also recorded social
advantages from BGR systems used in publicly accessible spaces. One such benefit which
was illustrated by the Orlyplein roof park in Amsterdam (described above) was a reduction
in crime occurrence. A reduced crime level is one of the benefits that the Orlyplein green
roof was claimed to have added to the area. This was reported in a local newspaper
article [28] entitled “Amsterdam wint twee prijzen voor natuur op straat”, or “Amsterdam
wins two prizes for nature in the street”.

This was also supported by information gathered by [29] from the police department
in Amsterdam (Politie, Amsterdam, Regionaal Service Centrum). The police force stated
that the crime level decreased in the project area, starting from the first operational year
of the roof. Abdullah [29] also highlighted a report by the Medical Centre in Berkeley CA
that presented a case study focused on the benefits of a green roof on patients and staff.
Investigating the type of activities held on the green roof, the responses were relaxing,
talking, eating, strolling and “outdoor therapy” [30].

5. Conclusions

After it was utilised by the vegetation planted on the blue green roof, the experiments
showed that excess blue green roof water could be used as a fertigation water source for
plant irrigation, whether for horticultural or landscape purposes. It was clearly shown that
BGRHW can provide magnesium, potassium and phosphorus for plant growth. However,
the volume of water collected can be a limiting factor due to dry seasons or low-rainfall
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periods, particularly since much water would be transpired by growing plants. From a
productivity perspective, using BGRHW does bring some benefit to the growth of tomatoes
and can be seen as a viable low-cost and simple fertigation method, with considerable
potential to attenuate rainwater, add nutrients in situ and then pass the enriched water on
for improved plant growth. In order to accomplish the retention of sufficient water, the
sizing of storage tanks must be considered. Research should also focus on the quality of
stored roof water. Because the rainfall supplying the BGRHW is unpredictable in frequency
and volume, it is possible for the water to become deoxygenated, and if there is a sufficient
organic load, anaerobic. Although there was no record of poor-quality water in the current
experiment, it could become a concern in areas of long-term storage or higher temperatures.
The ability to obtain the information on quantity and quality of stored blue green roof
water will assist in estimating the sustainability and full benefits of intercepting rainfall. It
is important that detailed modelling and or experimental work, on a site-specific basis, be
carried out before implementation.
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