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Nina L Bassuk, and Jonathan Russell-Anelli 

13.1  APPROACH

Rooftop farming draws on many specialized fields, each with its own terminology as well as differ-
ent definitions for the same term. As a prime example, one can argue that there is no soil on a roof, 
so why should there be a chapter on rooftop farming in a volume devoted to soil science? A simple 
definition of soil that is universally accepted by agriculturalists, geologists, ecologists, and engineers 
is a perennial challenge, yet by calling the material placed on a roof in order to grow plants a soil, it 
is appropriate to follow Jenny’s (1941) wise choice of leaving the definition open and inclusive.

Among the many subject areas informing rooftop farming are soil science, biogeochemistry, 
horticultural science, green roof design and management, and potting soils (Figure 13.1). In the bio-
physical sciences, soil science provides the foundation for understanding the physics and chemistry 
of water and nutrient movement in a rooftop soil while biogeochemistry treats these fluxes at the 
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ecosystem scale. In the realm of applied science, production horticulture has historically dealt 
primarily with crops grown in ground in native soils. In contrast, roofs lack native soil, are dis-
connected from the underlying subsoil and parent material, and are disconnected from upland 
watersheds. A rooftop farm resembles a green roof yet would probably require deeper soil and 
supplemental irrigation to achieve acceptable yield and quality. A rooftop farm devoted to vegetable 
production also draws on the technologies developed for greenhouse production, including supple-
mental irrigation and nutrients and the use of artificial soilless or potting mixes. Since the 1950s, 
an extensive literature has dealt with synthetic soil mixes for greenhouse and nursery production, 
which provides information that could be used to develop soil for extensive outdoor landscapes like 
green roofs (Baker 1957; Dasberg 1999; Jozwik 2000; Newman 2008). Finally, urban planning 
and design lends understanding of how rooftop farming both drives and responds to the complex, 
coupled human and natural systems of modern cities. This literature is large and expanding rapidly. 
A  recent search of bibliographic databases found over 1,000 peer-reviewed papers relevant to 
growing plants on roofs, while the intersection of the disciplines contains roughly 100 papers.

This chapter is intended for a wide audience, not just for soil scientists. After a review of the context 
for rooftop farming, the focus is on the influence of soil composition and depth on the water and nutrient 
budgets of rooftop farms and concludes with a case study from New York City (Figures 13.1 and 13.2).

FIGURE 13.1  Related fields of rooftop farming.
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FIGURE 13.2  Topic groups in green roof and rooftop farming research.

Runoff
quantity

Agriculture
Runoff quality

Irrigation
Hydrology

1,049 articles*
(as of January 2016)

Material

Depth

Microbial
Fauna

Meta-analysisPlant
science

*Based on the Web of Science entry
*Each article can be categorized into multiple topic groups

Thermal
properties

148

191 29 26

31

148

40

118

7524

383

102

66
13

Green roof
&

Rooftop farming

Soil

Soil water
tension

Other
(e.g., ET,

drainage layer)

Other
(e.g., lifecycle assessment, 
urban planning scenario, 

project report, cultural 
studies)



277Biogeochemistry of Rooftop Farm Soils

K29336_C013.indd  Page 277� 17/08/17  2:34 AM

13.2  BACKGROUND

Cities are hotspots for biogeochemical cycles, making them ideal locations for developing and testing 
novel ecosystems to enhance sustainability (Palmer et al. 2004; Grimm et al. 2008). Among these 
are a wide variety of green infrastructure projects intended to manage stormwater, save energy, and 
manage waste. Social dimensions to these practices include environmental education, investment, 
green job employment, eco-justice, food security, and building more cohesive communities.

Urban rooftop farms could potentially integrate many ecosystem services. These perceived 
services necessarily involve regulatory and investment sectors as well as public preferences 
(Plakias 2016). In this regard, urban rooftop farming could be viewed as one of the most creative 
components of twenty-first century planning for sustainable cities. The “combining” and “stacking” 
of multiple ecosystem services presents a unique opportunity for cross-disciplinary research (Felson 
and Pickett 2005; Lovell 2010; Robertson et al. 2014).

In New York City, green infrastructure projects are supported by a 20-year $1.5-billion 
capital initiative to fund community-based projects across the city (New York City Department 
of Environmental Protection 2010; Bloomberg 2011; De Blasio 2015). In April 2012, a new zon-
ing code allowed retrofitting rooftops to include vegetable farms (New York City Department of 
City Planning 2012), prompting an influx of public and private funds into rooftop farms. A promi-
nent example is the Brooklyn Grange, a 70,000-square-foot (0.65 ha) commercial rooftop farm 
(Figure  13.3), constructed in 2012 with a $592,730 grant from the Community-Based Green 
Infrastructure Program of the New York City Department of Environmental Protection (2011). This 
grant was partly based on the expectation that the farm would reduce stormwater runoff and the 
resulting N pollution caused by combined sewer discharges into surface waters.

Since its inception, the Grange has linked to the local community through businesses, schools, 
nonprofit organizations, and underrepresented populations by providing organic vegetables, collecting 
food wastes for composting, and offering educational and green job training programs (Plakias 2016). 
However, the functional environmental performance of rooftop farms has received little attention from 
the scientific community and there is little quantitative information on the design and operation of roof-
top farms from a resource subsidies perspective. Understanding the water and nutrient budgets could lay 
the foundation for optimizing the environmental, yield, and economic return of the farm.

13.2.1  Opportunities

A rooftop is a simple watershed system analogous to the Hubbard Brook experimental water-
shed. Inputs and outflows of water and nutrients are easiest to measure in watersheds with clear 
boundaries and topographic gradients, shallow soil overlying impervious rock, and a centralized 
stream network (Likens 2013). This approach provides a foundation for science to inform policy 

FIGURE 13.3  The Brooklyn Grange Farm at Brooklyn Navy Yard, Summer 2015.
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and practice across cities, thereby allowing comparisons of water and nutrient budgets across 
geographic locations and with varying degrees of human influence (Howarth et al. 1996). The 
extended community of scientists involved in the Long-Term Ecological Research (LTER) pro-
gram supported by the US National Science Foundation (NSF) affords an ideal opportunity for 
generalizing the state of knowledge of urban biogeochemistry and applying this to practice (Fahey 
et al. 2015).

13.2.2  Challenges

Although the biogeochemical processes of rooftop farms resemble those of forested and agricultural 
ecosystems, because many components of in-ground ecosystems are either absent (e.g., ground 
water recharge), simplified (e.g., soil horizonation), or replaced with artificial materials (e.g., soilless 
media), it is difficult to apply knowledge from other systems directly to rooftops.

Even among the horticultural disciplines that contribute to the emerging practice of rooftop 
farming, the existing scientific understanding of system performance may not translate directly. 
For example, extensive green roofs typically use soil media that are designed to be lightweight 
and drain rapidly to minimize roof loads. Nutrient supply after establishment is also relatively 
unimportant. While these soils may supply adequate water for slow growing, drought-tolerant 
Sedum species typically used on extensive green roofs, they are not optimal for a vegetable 
production system where yield and quality are important. In order to increase the nutrient and 
water holding capacity for vegetable cropping, green roof soil is amended with peat, coconut coir, 
biochar, and spent mushroom media, which are typical components used in greenhouse potting 
mixes managed for a single crop cycles. In contrast, rooftop farms use the same soil indefinitely 
under outdoor conditions with diurnal and seasonal cycles of temperature and moisture. Soils 
in rooftop farms are further amended with organic fertilizers for vegetable production (kelp 
meal, blood meal) and food-waste compost, which is low in many essential nutrients found in the 
native soil.

Ideally, each ingredient of a rooftop soil would contribute to optimizing the water and nutrient 
budgets. Optimum management of existing farms could aim at the steady state of nutrient budget 
in the traditional sense of biogeochemistry (Likens 2013), while “enhanced” steady state could 
be achieved by applying scientific understanding of site characteristics (e.g., substrates, irrigation 
systems) to improve the performance (Fahey et al. 2015). Beyond rooftop farms, similar challenges 
confront all green infrastructure projects, including green roofs, bioswales, rain gardens, and 
reclaimed urban parcels.

13.2.3  Environmental Quality

New York City alone has about 8,600 ha of flat rooftop surface (Acks 2006), about 25 times the 
size of the Central Park. Converting even a small fraction of this space to agriculture raises con-
cern about increased N load to surface water bodies draining the city. The appearance of “dead 
zones” resulting from low oxygen concentration in the Chesapeake Bay and Gulf of Mexico are 
the legacy of fertilizer runoff from farming practices intended to maximize crop yield (Rabalais 
et al. 2002; Kemp et al. 2005). In the United States, the passage of the Clean Water Act in 1970 
and its subsequent amendments reflects a growing recognition that management practices can 
have a profound influence on downstream water quality. The establishment of total maximum 
daily loads (TMDLs) for each governmental jurisdiction in a watershed is intended to eliminate 
downstream pollution (New York State Department of Environmental Conservation 2000). The 
need to comply with increasingly stringent regulations has led to the development of best man-
agement practices (BMPs) to reduce both concentration and runoff volume from all land uses 
(Meals et al. 2010). Because urban rooftop farming is in its infancy, there exists an unprecedented 



279Biogeochemistry of Rooftop Farm Soils

K29336_C013.indd  Page 279� 17/08/17  2:34 AM

opportunity to develop and implement BMPs before problems arise. Soil science is central to 
engineering soils that satisfy both the concerns of roof bearing capacity and nutrient and water 
retention. Among the most important soil properties affecting these are depth, composition, and 
pore-size distribution.

13.3  SOIL DESIGN

13.3.1  Overview

Over the past decade, reviews of the green roof literature report a wide range of water reten-
tion and nutrient loss (Mentens et al. 2006; Berndtsson 2010; Rowe 2011; Li and Babcock 2014; 
Driscoll et al. 2015). Reviews of green roof performance include both soilless (Ampim et al. 2010) 
and soil-based media (Best et al. 2015) and irrigation (Van Mechelen et al. 2015). The physical, 
chemical, and biological properties of the soil are the key factors, which relate the design and 
management to water retention and nutrient leaching from green roofs (Berndtsson 2010; Rowe 
2011; Buffam and Mitchell 2015). It has proven difficult to develop standard specifications for 
rooftop soil that meet the competing demands of vegetable yield and quality, water retention, and 
nutrient leaching while keeping weight to a minimum. Green roofs with similar design and man-
agement vary widely in performance, yet the key information needed to explain such difference is 
often unknown or unreported. Studies often do not include statistics for both runoff quantity and 
quality, while coupled studies often lack details of soil composition. Insufficient detail stems in 
part from the difficulties of defining each component of green roof soil mixes. Even the standard-
ized industrial-grade products like expanded shale would require laboratory testing to quantify 
their physical characteristics (e.g., pore-size distribution), and there are many components that 
are too variable for exact specification (e.g., composts), especially as their properties change over 
time in response to field conditions and the management history. Those factors present a chal-
lenge to synthesize the knowledge from different studies across disparate climactic zones and 
cultural contexts.

13.3.2  Soil Composition

Rooftop farms use a variety of soils, including commercial potting mixes (e.g., planter mixes, 
garden mixes), commercial green roof mixes, experimental mixes using common/novel ingredients 
for a green roof, and commercial rooftop farming mixes (Table 13.1). Both commercial potting and 
green roof mixes use organic (e.g., compost, peat) and mineral (e.g., vermiculite, perlite) soilless 
materials, and both have been used in the studies on rooftop farming, while expanded shale, clay, 
and slate (ESCS) is the main mineral component typically used in commercial green roof mixes in 
order to meet the drainage guidelines and weight limitations (Ampim et al. 2010). Naturally sourced 
soils (e.g., sand, loam) are sometimes used for green roofs with or without being blended with soil-
less materials (Best et al. 2015). The review of available literature indicated only one commercial 
formulation specified for the rooftop farming, Rooflite®, which is reported in the feasibility review 
of rooftop farming by the New York State Energy Research and Development Authority (2013). It is 
a blend of heat-treated shale, spent mushroom media, and composts (Kong et al. 2015), and is used 
in the Brooklyn Grange, a rooftop farm in New York City, that is the subject of the “Case Study” 
later in this chapter. Given the variety of soils by rooftop farms, it is important to define the compo-
nents in each study in order to obtain generalizable interpretations of the results.

In a broad sense, interest in rooftop farming is an outgrowth of ecological awareness, including 
adaptive reuse of waste products. Of 24 rooftop farming studies identified in this review, Grard 
et al. (2015) studied a rooftop farm in Paris, France that used locally sourced yard waste com-
post, crushed wood, and coffee grounds in its soil, growing lettuce (Lactuca sativa) and tomatoes 
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TABLE 13.1
Soil Type, Depth, and Plant Growth in Rooftop Farming Research

Soil Type Soil Detail Crops Yielda Irrigationb

Soil 
Depth 
(mm) Location References

Commercial 
potting mix

Sunshine Mix #4, 
Sun-Gro Horticulture 
(55%–65% peat, 
35%–45% perlite)

Lettuce 
chicoryc

S Y 50, 100, 
200

Korea
(rooftop)

Cho (2008)

Commercial 
potting mix

Sunshine Mix #4, 
Sun-Gro Horticulture 
(55%–65% peat, 
35%–45% perlite)

Lettuce 
chicoryd

S Y 150 Korea
(rooftop)

Cho et al. 
(2010)

Commercial 
potting mix

Sunshine Mix Fisons 
(composition 
unspecified)

Kalee S Y 102 VA, USA
(rooftop)

Elstein et al. 
(2006)

Commercial 
potting mix

	 1.	Terre à planter, 
Brun brand 
(topsoil, blond 
sphagnum peat 
moss, composted 
bark, brown peat, 
horse manure and 
composted 
seaweed, ratio 
unspecified)

Lettuce 
tomatoes

S Y 300
Paris, 
France

(rooftop)

Grard et al. 
(2015)

Experimental 
mix

	 2.	 100% yard waste 
compost, 
underlain by 
100% crushed 
wood

Experimental 
mix

	 3.	 100% yard waste 
compost, 
underlain by 
100% coffee 
ground layer, 
100% crushed 
wood layer

Experimental 
mix

	 4.	 50% yard waste 
compost, 50% 
crushed wood

Commercial 
green roof 
mix

Renewed Earth (50% 
expanded shale, 35% 
sand, 15% leaf 
compost)

Tomatoesf 
beansg 
cucumbersh 
peppers 
chivesi 
basilj

S (except 
pepper)

Y 105 MI, USA
(rooftop)

Whittinghill 
et al. 
(2013)

Experimental 
mix

Expanded shale, sand 
+ 0, 20, 40, 60, 80, 
100% yard waste 
compost

Cucumbersh 
peppers

S Y 125 MI, USA
(rooftop)

Eksi et al. 
(2015)

(Continued)
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(Lycopersicum esculentum var. cherry) with irrigation. This study reports satisfactory yields of 
both crops and heavy metal levels lower than the European standard. However, the original soil 
depth of 300 mm soil decreased to 100–150 mm after the first growing season due to settling and 
decomposition of organic matter (OM). The volume reduction and consumption of urban wastes is 
an important ecosystem service, yet the changes in soil depth complicate management and point to 
the need to replenish OM frequently.

In green roof research, Ampim et al. (2010) reviewed the physical and chemical characteristics 
of recycled soil ingredients and emphasize the need of combining soil material research with obser-
vations of plant response, and runoff quantity and quality. More recently, an increasing number 
of studies have reported satisfactory growth of grass, sedum, and wildflowers in soils made from 
recycled construction materials (e.g., bricks, tiles) (Bates et al. 2015; Molineux et al. 2015), paper 
ash, and bark (Young et al. 2014; Molineux et al. 2015).

Biochar (Cao et al. 2014) and hydrogel products (Olszewski et al. 2010; Savi et al. 2014) have 
also been tested for their ability to increase the plant available water. Biochar could also improve 
the water and nutrient retention of soil (Beck et al. 2011), while the effects of hydrogel were 
species-dependent (Farrell et al. 2013). Unlike typical green roofs, which do not produce food, 
recycled materials used for rooftop farms would need to be tested for toxic residues to ensure 
public health.

Soil Type Soil Detail Crops Yielda Irrigationb

Soil 
Depth 
(mm) Location References

Commercial 
rooftop 
farming 
mix

Rooflite, Skyland 
(lightweight mineral 
aggregates, 
mushroom compost, 
unspecified organic 
composted 
component, ratio 
unspecified) + (1) 
yard waste compost, 
(2) composted 
poultry manure, (3) 
vermicompost, (4) 
controlled-release 
fertilizer

Swiss chard S Y 110 NY, USA
(green-
house)

Kong et al. 
(2015)

aS, satisfactory yield.
bY, irrigated.
cCichorium intybus var. folisum.
dCichorium endivia var. endivia.
eBrassica oleracea var. acephala.
fSolanum lycopersicum.
gPhaseolus vulgaris.
hCucumis sativus.
iAllium schoenoprasum.
jOcimum basilicum.

TABLE 13.1 (Continued )
Soil Type, Depth, and Plant Growth in Rooftop Farming Research
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13.3.3  Plant Growth Effects

Across a variety of soils, all seven studies of rooftop farms (Table 13.1) report satisfactory yield in 
all species except pepper (Capsicum annuum) (Whittinghill et al. 2013). All studies used irrigation 
yet none reported the effect of soil composition on irrigation requirements, although Kong et al. 
(2015) reported that the addition of composted yard waste to Rooflite® resulted in higher yields of 
Swiss chard (Beta vulgaris) and reduced leaching loss of nitrogen.

13.3.4  Soil Depth

Among the studies on rooftop farming summarized in Table 13.1, soil depth varied between 
50–300 mm. Only Cho (2008) specifically tested different soil depths and reported positive but 
nonsignificant growth response to deeper soil. It is noteworthy that the manufacturer of Rooflite® 
specifies a minimum depth of 8 inches (≈200 mm) (Skyland USA LLC 2016), yet six of seven stud-
ies report satisfactory yields with soil less than 200 mm deep.

In addition to the studies of rooftop farms, green roof research includes an additional 60+ studies 
addressing the effect of soil depth both with and without irrigation. Standard extensive and intensive 
green roofs typically use drought-tolerant plants, which require much less water and nutrients in 
comparison to vegetable crops; hence, soils designed for green roofs may not be optimal for veg-
etable production. However, these studies still report important information on soil properties which 
could reduce the evaporative loss while maintaining plant available water (see “Soil Moisture and 
Evapotranspiration”). Ten studies using soil depths ranging between 20 and 400 mm reported that 
increasing depth increased available water and biomass across a wide range of species including 
succulents (VanWoert et al. 2005; Getter and Rowe 2009), dry grassland species (Dunnett et al. 
2008), turf grass species (Nektarios et al. 2010; Ntoulas et al. 2012; Ntoulas et al. 2013), drought-
adapted shrubs (Nektarios et al. 2011; Kotsiris et al. 2012; Savi et al. 2015), and olive trees (Kotsiris 
et al. 2013).

13.3.5  Soil Moisture and Evapotranspiration

In terms of the water budget of a rooftop farm, the ideal soil reduces runoff volume and mini-
mizes the irrigation demand while achieving commercially viable yield and quality of crops. To 
this goal, it is important to balance evapotranspiration (ET) demand and soil water holding capacity. 
In a Mediterranean climate, Nektarios et al. (2011) grew Dianthus fruticosus in either 750 mm or 
150  mm of pumice-based soil with irrigation. In this field experiment, shallow soil had higher 
evaporative losses presumably because the zone of capillary rise was closer to the soil surface, 
therefore both the diffusive resistance of the soil was less and the temperature gradient between 
the soil surface and capillary water was steeper. Pore-size distribution and soil depth are the key to 
controlling evaporative losses.

In a controlled greenhouse simulation of spring and summer conditions (Sheffield UK, average 
temperature 7.1 and 16.7°C, respectively; Poë et al. 2015), ET was positively correlated with the 
water holding capacity of the soil and was greatest in the soil with the highest OM and fine mineral 
fractions whose volumetric water content (VWC) was 25% at 33 kPa.

In a greenhouse simulation of summer conditions (Subtropical, New Zealand, average air tem-
perature 22°C), Voyde et al. (2010) monitored ET of Sedum mexicanum and Disphyma australe, 
two drought hardy succulents, grown in 70 mm of pumice, zeolite, and compost. Over the first 
9 days of the experiment, ET from planted treatments was consistently higher than the evaporative 
loss from bare soil. After day 17 when ET essentially ceased due to the drought stress, both treat-
ments lost equal amounts of water. In a rooftop farm, transpiration in the absence of water stress 
could be much higher because of the large leaf area and could decline more rapidly as vegetables 
close their stomates in response to drought.
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13.3.6  Water Retention

Soil water tension (SWT) plays important roles in the water retention characteristics of a soil, 
including the field capacity, plant available water, and the effects of porosity and self-mulching. 
Compared to greenhouse cropping systems, management of water is more important outdoors 
because of diurnal and seasonal variation in water supply and demand experienced in the field. 
Therefore, SWT of green roof and rooftop faming mixes are much less articulated or understood, 
containing large amount of soilless mixes typical to greenhouse cropping system. In addition, the 
low range of tension (<10 kPa) is particularly important for rooftop systems, because the soil depth 
is much shallower (<500 mm) than the in-ground systems (>1000 mm). Also, meta-analysis on 
SWT-based irrigation criteria reports 6–10 kPa for mustard greens, collard, and leaf lettuce in 
sandy loam (Shock and Wang 2011), and such leaf greens are important crops for rooftop farming. 
Therefore, for the effective management of water in rooftop farming, it is important to understand 
the water of soilless mixes in low range of tension (<10 kPa).

SWT is sensitive to the composition of soil mixes, and it is difficult to characterize the SWT of soil 
mixes solely based on SWT of each ingredient, yet the key effect of each material could be general-
ized to some extent. Within the tension range between 2 and 10 kPa, mixes of pumice and thermally 
treated clay showed 2%–7% VWC, in comparison to the mixes of crushed tile and pumice, which 
showed VWC between 15% and 20% (Ntoulas et al. 2015). Organic soilless materials and naturally 
sourced soil could also change VWC. Below 10 kPa, peat often holds more water than compost at the 
volumetric addition of 15% and 20% (Ntoulas et al. 2012, 2013, 2015), yet compost was more effec-
tive at the increased addition rates of 30% (Kotsiris et al. 2012, 2013). The type of compost also has 
an influence on the moisture contents (Ntoulas et al. 2015). In the mixture of pumice, compost, and 
zeolite, the 15% volumetric addition of sandy loam increased the VWC above 6.5 kPa tension, while 
mixes without sandy loam had higher VWC below 2 kPa (Nektarios et al. 2011). Adding 30% sandy 
loam to peat or compost treatments reduced the VWC above 3 kPa tension (Ntoulas et al. 2013). In 
order to design the SWT, it is important to establish the critical composition of each material.

13.4  RUNOFF VOLUME

The effect of particle size distribution on water retention and drainage is well understood and 
relatively easy to take for granted in native mineral soils, as are their effects on plant growth. Soils 
retain the maximum amount of available water in the texture class known as silt loam, where par-
ticle size classes, and hence pore sizes, are more or less evenly distributed. However, soils intended 
for rooftop farms often lack the familiar sand, silt, and clay size fractions and when organic materi-
als (e.g., compost, biochar, highly modified skeletal components like expanded shale) are substi-
tuted for these mineral components, designing an optimal soil for rooftop farming becomes quite 
challenging.

In rooftop farms, surface runoff would not occur under normal conditions, and “runoff” as used 
in this context indicates the export of drainage water following the lateral flow through the soil 
and underlying drainage layer and along the impervious roof membrane. Rooftop farms are irri-
gated and it is important to differentiate “volumetric runoff reduction” from “water budget,” which 
includes all fluxes of water including irrigation, while runoff reduction only compares precipitation 
to runoff. Irrigation can produce discharge. In green roofs and rooftop farms, irrigation could pro-
duce base flow if it is frequent and maintains water content near field capacity. Elstein et al. (2006) 
report the volumetric runoff reduction of a rooftop farm of 69.2%, while Whittinghill et al. (2015) 
report a reduction over 85% for 0–10 mm of precipitation, and below 60% for precipitation events 
over 10 mm. The study does not report the overall volumetric reduction based on the cumulative 
precipitation and drainage during the entire study period.

In studies of nonproduction green roofs, over 100 studies report volumetric runoff reduction, 
and five reviews show large variation across individual studies between 12%–85% (Figure 13.4). 
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(Carson et al. 2013; Gregoir and Clausen 2011; Mentens et al. 2006; Nawaz et al. 2015; Driscoll 
et  al. 2015) This wide variation defies simple generalizations applicable across climate zones, soils, 
and plant cover types, but the average reduction is around 50%.

13.5  RUNOFF QUALITY

13.5.1  Overview

Through industry, agriculture, and urbanization, human activity is a major driver of the global N cycle, 
affecting the form and function of ecosystems across diverse scales (Howarth et al. 1996; Vitousek et al. 
1997). It is useful to put N leaching from urban rooftop farming in the context of other land uses (Figure 
13.5). Among 11 studies reporting N loss, including the NSF LTER projects in agricultural, forested, 
and urban watersheds (Berndtsson et al. 2006; Cameron et al. 2013; Campbell et al. 2004; Fenn et al. 
1998; Gregoir and Clausen 2011; Groffman et al. 2004; Goulding et al. 2013; Likens 2013; Min et al. 
2012; Pärn et al. 2012; Syswerda et al. 2012), N losses vary from <0.1 kg N ha−1 y−1 from a forested 
watershed (Fenn et al. 1998), to 277 kg N ha−1 y−1 from a vegetable farm (Min et al. 2012). Green roof 
losses average between 4 and 5 kg N ha−1 y−1 (Berndtsson et al. 2006; Gregoire and Clausen 2011). 
Although two studies report the N concentration in leachate from rooftop farms, as of January 2016, 
there have been no field observations on mass N leaching. Rooftop vegetable production could result 
in substantial N loss due to rapid soil drainage rates and fertility. Both urban design and policy need to 
consider N losses in order to quantify the environmental costs and benefits from urban rooftop farms.

13.5.2  N Concentration

N concentration is a key metric used by environmental regulators to gauge surface water quality 
(Groffman et al. 2004); hence, N concentration in runoff is a useful indicator of N loading from roof-
top farms and green roofs. Two studies report the N concentration relevant to the runoff from rooftop 
farming. Whittinghill et al. (2015) reported average runoff nitrate concentration of 0.22 mg L−1 from 
a field experiment while in a greenhouse experiment, Kong et al. (2015) reported maximum nitrate N 
concentrations of 12.8 mg L−1 from vermicompost and 165.8 mg L−1 using a controlled-release fertilizer. 
Different nitrate N concentrations between Whittinghill et al. (2015) and Kong et al. (2015) reflect nitrate 
levels present in the soil products (65 vs. 118 mg L−1), and N addition rates (35 vs. 126–189 kg N ha−1).

Figure 13.6 includes the runoff nitrate N concentrations from these studies as well as the pre-
liminary results from the Brooklyn Grange farm at the Brooklyn Navy Yard in New York City 
that uses the same soil used by Kong et al. (2015). The results from the Brooklyn Grange farm 
(2–12 mg L−1) fall between the values from other two studies. With the oversight of the United States 
Environmental Protection Agency (2016), New York State sets the standard for nitrate N in rivers 

FIGURE 13.4  Runoff volumetric reduction of extensive and intensive green roofs.
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and streams at 10 mg L−1 (6 NYCRR Part 703) (New York State Department of Environmental 
Conservation 2016). Note that roof drains are not directly subject to regulation.

Among 10 studies of nonproduction green roofs summarized in Figure 13.6 (Aitkenhead et al. 2011; 
Beecham and Razzaghmanesh 2015; Carpenter and Kaluvakolanu 2010; Gregoir and Clausen 2011; 
Monterusso et al. 2002; Razzaghmanesh et al. 2014; Teemusk and Mander 2007, 2011; Van Seters et al. 
2009; Whittinghill et al. 2015), nitrate N concentration in runoff ranges from below 0.2 (Van Seters 
et al. 2009; Whittinghill et al. 2015) to 100 mg L−1 (Beecham et al. 2015). Teemusk et al. (2011) report 
higher N concentration in runoff from their fertilized green roof yet this is not reflected in the rank-
ing of maximum nitrate concentrations across all of the studies. The study conducted by Gregoire and 
Clausen (2011) reported low N concentration in runoff despite using twice the rate of N application 
used in studies that yielded higher concentrations (Monterusso et al. 2002; Razzaghmanesh et al. 2014).

Composts are another potential source of N leached from green roofs (Hathaway et al. 2008; 
Toland et al. 2012). In Figure 13.6, the two highest nitrate concentrations were observed in 

FIGURE 13.5  Nitrogen leaching loss from forested, agricultural, and urban watershed.
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unfertilized treatments that used compost (Beecham and Razzaghmanesh 2015). Most commercial 
green roof mixes contain sources of organic N, including manure, blood meal, biosolids, and kelp 
even if it is not reported. In order to make meaningful comparisons among studies it is important 
for each study to define the levels and sources of soil nutrient, in order to understand how fertilizer 
and compost contribute to the high N concentration in runoff.

13.5.3  N Sink

Urban green infrastructure is intended to be the N sink, reducing the N load to surface waters. Driscoll 
et al. (2015) reviewed the seven types of green infrastructure projects (Bioretention, Media Filter, 
Detention Pond, Swale, Wetland, Green Roof), and report only green roofs behave as an N source due 
to fertilizer application, while rooftop farming was not within the scope of the review. As of January 
2016, among 24 studies of rooftop farming, none report the N source/sink relationship. In green roof 
literature, most studies on N source/sink are based on observations of runoff N concentrations alone.

Table 13.2 compares N concentration of green roof runoff to that of precipitation or runoff from a 
control roof without vegetation (Aitkenhead-Peterson et al. 2011; Beecham and Razzaghmanesh 2015; 
Berndtsson et al.2006, 2009; Gregoire and Clausen 2011; Teemusk and Mander 2007; Toland et al. 
2012; Van Seters et al. 2009). Results varied across the ranges of soil depths, vegetation, and geographic 
locations. The first four studies reported lower nitrate and ammonia N concentrations in green roof 

TABLE 13.2
Comparison of N Concentration of Green Roof Runoff and Reference Stormwater

Green Roof 
Runoffa

Reference 
Stormwaterb

Runoff 
Volume 

Reported
Soil Depth 

(mm) Plants Location ReferencesNO3 NH4

Low Low Rain N 30 Sedum Sweden Berndtsson et al. 
(2009)Low Low Rain N 400 Shrub, tree Japan

Low Low Rain Y 30–40 Sedum Sweden Berndtsson et al. 
(2006)

Low Low Roof runoff Y 140 Wildflower Toronto Van Seters et al. 
(2009)

Similar Low Rain Y 102 Sedum CT, USA Gregoire and 
Clausen (2011)

Similar Similar Roof runoff N Unspecified Sedum, moss AR, USA Toland et al. 
(2012)

Similar High Rain Yc 100–300 Brachyscome, 
Chrysocephalum, 
Disphyma spp

South 
Australia

Beecham and 
Razzaghmanesh 
(2015)

Varies Similar Rain N 71 Sedum, 
Delosperma, 
Talinum spp

TX, USA Aitkenhead-
Peterson et al. 
(2011)

High High Rain Yd 100 Sedum, Thymus, 
Dianthus, 
Cerastium spp

Estonia Teemusk and
Mander (2007)

aComparison of green roof runoff N concentration to reference stormwater (precipitation or runoff from unvegetated roof).
bPrecipitation is used as a reference stormwater if runoff from unvegetated roof is also reported.
cOnly retention rates reported.
dRainfall events not specified in concentration.
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runoff compared to precipitation or unvegetated roofs, hence green roofs are most likely an N sink. 
Among the remaining five studies, only Gregoire and Clausen (2011) compared mass N loading, report-
ing that the green roof was a net sink for N. The other four studies do not report runoff volume in terms 
that can be used to calculate loading rates. Because rooftop farms are likely sources of N due to the high 
soil infiltration and the application of irrigation and N fertilizer, it is necessary to measure both runoff 
volume and N concentration in order to calculate total load to downstream water bodies.

13.6  CASE STUDY

The literature review presented herein reveals that the water and N budgets of green roofs and 
rooftop farms varies widely in relation to soil composition, depth, vegetation, management regime, 
and regional climate. In an effort to disentangle these variables, a multiyear study was initiated at 
the Brooklyn Grange, a 70,000-square-foot (0.65 ha) commercial rooftop farm in New York City. 
The Grange uses Rooflite®, presently the only commercial soil available for rooftop farming in 
the United States. Observation included monitoring irrigation, ET, VWC, and runoff volume and 
quality and experimentation with a variety of soil mixes in an effort to optimize the use of water 
and nutrient subsidies. Even though the farm is irrigated multiple times each day using a combina-
tion of drip tape and overhead sprinklers in order to maintain VWC between 25%–35%, during the 
dry periods, VWC drops to 15%–25%. Irrigation consistently produces base flow even below 25% 
VWC, suggesting that opportunities exist for optimizing the water and nutrient budgets of the farm 
by modifying the soil mix currently in use.

13.6.1  Soil Water Retention

Biogeochemical performance is not the only criterion for rooftop soils. They must also meet con-
struction material guidelines for weight, wind, and fire set by the American National Standards 
Institute (ANSI). Also, decisions about including reused waste products in soil mixes would ideally 
be informed by comprehensive life-cycle assessments, including the energy and carbon (C) emis-
sion by the transportation and manufacturing processes. The approach adopted in this study is to 
first narrow down the biogeochemically superior soil design through a controlled laboratory experi-
ment, followed by field experiments, then consider regulatory and life-cycle perspectives.

Figure 13.7 compares the VWC of 26 potential rooftop soils and amendments obtained from rep-
licated tension table experiments. Among 26 mixes, including eight Rooflite® and nine potting mixes, 
VWC at 0.93 kPa varied from <30% for expanded shale to 80% for coconut coir. The lowest VWC of 
both unused and spent Rooflite® is ca 35%, exceeding field observations during rainless summer peri-
ods. This could be due to nonuniform field conditions caused by preferential flows and hysteresis or by 
variation in irrigation. Amending Rooflite® with biochar, coir and compost increased maximum VWC 
up to 60%–70%, while six of nine potting mix treatments had maximum VWM > 70%, which indicates 
the potential for designing lightweight rooftop soil by substituting organic amendments for expanded 
shale. Based on these lab results, we are field testing new soils that include coir and biochar.

13.6.2  Yield

Despite the anticipated advantages afforded by local food production systems, if crop yield does 
equal or exceed conventional agriculture, rooftop farming may do little to advance urban sus-
tainability. A comparison of yields for four of the many vegetable crops grown at the Grange 
with California, New York, and New Jersey shows that the Grange outperforms statewide aver-
ages for  conventional  farms. On a per hectare basis, the Grange yielded 1.2 times more lettuce 
than California in 2015 and five times more tomatoes than NY in 2014. Note that California was 
experiencing a multiyear drought during this period, which could have depressed yields and skewed 
the data in favor of the Grange. In any case, it appears that rooftop vegetable production can produce 
high yields with appropriate inputs of water and nutrients.
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13.6.3  Water and N Budget

Field monitoring of the farm's water budget indicates that 38% of the water supplied is lost to drain-
age (Table 13.4). Because irrigation relies on potable water from Upstate New York reservoirs, it 
would be desirable to reduce drainage losses. This could be accomplished by varying the soil mix 
and depth to maximize water retention in the range of plant available soil moisture.

Mass N input to the Grange through the fertilizer application and atmospheric N deposition 
(Table 13.5) is about 120 kg N ha−1 y−1, while mass N contained in vegetables leaving the farm as food 
crops is over 60% of N input. However, the sampled N loss by soil leachate (Table 13.5) is 10 times 
the initial estimation by this N balance model (Fertilizer application + Atmospheric deposition – 
Vegetable harvest ≈ 40 kg N ha−1 y−1). Organic N in soil imported in the original soil mix could 
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account for these high leaching losses. Further research will examine the accuracy of the sampling 
method, and denitrification potential of soil leachate in the drainage layer of the Grange.

13.7  CONCLUSION

Rooftop farming requires the synthesis of knowledge from many fields, including soil science, 
biogeochemistry, horticulture, and urban planning and design, among which soil science is central 

TABLE 13.3
Vegetable Yield of the Brooklyn Grange and In-Ground Agriculture

Crop Year

Yield(metric ton/ha)

Brooklyn 
Grange New Yorkb New Jerseyb Californiab

Snap beans 2014 20.40 7.07 3.70 12.35
2015 19.79 7.30 3.59 13.47

Tomatoes 2014 68.58 13.47 24.14 35.36
2015 47.62 14.59 25.26 34.80

Leaf lettuce 2014 34.22a NA NA 26.94

2015 35.52a NA NA 29.19
Bell peppers 2014 128.26 NA 38.17 54.45

2015 70.78 NA 34.24 51.08

aBased on the yield of leafy greens mix.
bBased on the National Agricultural Statistics Service, USDA.

TABLE 13.4
Water Budget of the Brooklyn Grange

Water Flux Type
Water Flux
(106 L y−1) Method

Irrigation input ≈1.5 Flow meter
Precipitation input >5 Rain gauge
ET loss >4 Penman–Monteith equation
Drainage loss ≈2.5 Water Balance Model (Irrigation + Precipitation – ET)

Note:	 Preliminary data on the water budget of the Brooklyn Grange, a rooftop farm at Brooklyn Navy Yard, NYC 2014–2015.

TABLE 13.5
Nitrogen Budget of the Brooklyn Grange

N Flux Type
N Flux

(kg N ha−1 y−1) N Form Method

Fertilizer application >110 Total N Inventory analysis (farming record)
Atmospheric deposition <10 Dissolved inorganic N Bulk collector

(with ion-exchange resin)
Soil leachate >400 Dissolved inorganic N Soil mesh bag

(with ion-exchange resin)
Vegetable harvest >80 Total N Inventory analysis (farming record)

Note:	 Preliminary data on the N budget of the Brooklyn Grange, a rooftop farm at Brooklyn Navy Yard, NYC 2014–2015.
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to both understanding and improving practices. This chapter reviewed the intersection of those 
fields with an emphasis on their relevance to rooftop farming. The perspective of soil science is 
central to both understanding and improving rooftop farming.

13.8  LIMITATIONS OF CURRENT RESEARCH

As of January 2016, more than 1,000 papers relevant to green roof design and rooftop ecosystems 
have been published. Of these studies, the bulk are focused on hydrologic responses, media and 
plant performance as well as climate effects. Green roof practices have been driven by the perceived 
need to reduce weight, drain rapidly, and contribute to building insulation. Few even attempt com-
prehensive integration of the many topics shown in Figure 13.2. As of yet, only 24 studies address 
rooftop agriculture. This review has identified these key gaps in knowledge:

•	 Commercial/custom potting mixes, conventional roofing ballast, and mineral soil could be 
important functional components roof infrastructure, but are not systematically studied in 
green roof or rooftop vegetable cropping systems.

•	 While there is increasing interest in soil composition, depth, and moisture, key factors 
are often unreported, preventing understanding of what is actually driving soil water and 
nutrient dynamics.

•	 Even when studies include both soil performance and plant growth, they do not include 
inputs and losses, or runoff volume, quality, and variation necessary to calculate loading 
rates and other ecosystem-level responses.

13.9  FUTURE WORK

Rooftop farms are ideal for investigating urban biogeochemical processes because they are simple 
enough to be studied in detail but complex enough to yield insights into the way cities function in the 
global context for food security, environmental quality, and waste management. Studies like the one 
at the Brooklyn Grange reveal how variables like soil composition, physical characteristics, depth, 
and application of fertilizer and irrigation subsidies affect the ability of a roof to deliver ecosystem 
services while at the same time actively informing daily management practices to improve the rapid 
development of BMPs. Future research should include:

•	 Detailed studies of engineered soils to conserve water, reduce leachate, and optimize 
partitioning of water into transpiration

•	 Systematic analysis of novel/different soil components, including repurposed waste and 
native soil

•	 Optimizing plant growth and quality along with ecosystem-level responses
•	 Applying the small science approach to studying individual farms and expanding to a 

research network including cities in different climate zones in order to develop a compre-
hensive framework of BMPs

REFERENCES

Acks, K. (2006). A framework for cost-benefit analysis of green roofs: Initial estimates. Green Roofs in the 
Metropolitan Region: Research Report. Columbia University Center for Climate Systems Research.

Aitkenhead-Peterson, J. A., B. D. Dvorak, A. Volder and N. C. Stanley (2011). Chemistry of growth medium 
and leachate from green roof systems in south-central Texas. Urban Ecosystems 14(1): 17–33.

Ampim, P. A., J. J. Sloan, R. I. Cabrera, D. A. Harp and F. H. Jaber (2010). Green roof growing substrates: 
Types, ingredients, composition and properties. Journal of Environmental Horticulture 28(4): 244.



291Biogeochemistry of Rooftop Farm Soils

K29336_C013.indd  Page 291� 17/08/17  2:34 AM

Baker, K. F. 1957 (ed). The U. C. System for Producting Healthy Container-Grown Plants. California, CA: 
University of California Division of Agricultural Sciences.

Bates, A. J., J. P. Sadler, R. B. Greswell and R. Mackay (2015). Effects of recycled aggregate growth substrate 
on green roof vegetation development: A six year experiment. Landscape and Urban Planning 135: 
22–31.

Beck, D. A., G. R. Johnson and G. A. Spolek (2011). Amending greenroof soil with biochar to affect runoff 
water quantity and quality. Environmental Pollution 159(8–9): 2111–2118.

Beecham, S. and M. Razzaghmanesh (2015). Water quality and quantity investigation of green roofs in a dry 
climate. Water Research 70: 370–384.

Berndtsson, J. C. (2010). Green roof performance towards management of runoff water quantity and quality:  
A review. Ecological Engineering 36(4): 351–360.

Berndtsson, J. C., L. Bengtsson and K. Jinno (2009). Runoff water quality from intensive and extensive  
vegetated roofs. Ecological Engineering 35(3): 369–380.

Berndtsson, J. C., T. Emilsson and L. Bengtsson (2006). The influence of extensive vegetated roofs on runoff 
water quality. Science of the Total Environment 355(1): 48–63.

Best, B. B., K. R. Swadek and L. T. Burgess (2015). Soil-based green roofs. In K. R. Sutton (ed) Green Roof 
Ecosystems. Cham, Switzerland: Springer International Publishing, 139–174.

Bloomberg, M. (2011). PlaNYC: A Greener, Greater New York. New York, NY: City of New York.
Buffam, A. P. D. I. and M. E. Mitchell (2015). Nutrient cycling in green roof ecosystems. Green Roof Ecosys-

tems. Cham, Switzerland: Springer International Publishing, 107–137.
Cameron, K., H. Di and J. Moir (2013). Nitrogen losses from the soil/plant system: A review. Annals of Applied 

Biology 162(2): 145–173.
Campbell, J. L., J. W. Hornbeck, M. J. Mitchell, M. B. Adams, M. S. Castro, C. T. Driscoll, J. S. Kahl, 

J.  N.  Kochenderfer, G. E. Likens, J. A. Lynch, P. S. Murdoch, S. J. Nelson and J. B. Shanley (2004). 
Input-output budgets of inorganic nitrogen for 24 forest watersheds in the northeastern United States:  
A review. Water Air and Soil Pollution 151(1–4): 373–396.

Cao, C. T., C. Farrell, P. E. Kristiansen and J. P. Rayner (2014). Biochar makes green roof substrates lighter and 
improves water supply to plants. Ecological Engineering 71: 368–374.

Carpenter, D. D. and P. Kaluvakolanu (2010). Effect of roof surface type on storm-water runoff from full-scale 
roofs in a temperate climate. Journal of Irrigation and Drainage Engineering 137(3): 161–169.

Carson, T., D. Marasco, P. Culligan and W. McGillis (2013). Hydrological performance of extensive green 
roofs in New York City: Observations and multi-year modeling of three full-scale systems. Environmen-
tal Research Letters 8(2): 024036.

Cho, Y. Y. (2008). Soil depth affects the growth of lettuce and chicory in extensive green roofs. Horticulture 
Environment and Biotechnology 49(6): 434–438.

Cho, Y. Y., K. Y. Choi and Y.-B. Lee (2010). Effects of irrigation methods on the growth, water holding capacity 
of substrate and nutrient uptake of lettuce, chicory and endive grown in an extensive green roof system. 
Horticulture Environment and Biotechnology 51(4): 348–354.

Dasberg, S. (1999). The root medium. In Stanhill, G. and H. Z. Enoch (eds) Greenhouse Ecosystems. 
Netherlands: Elsevier Science Publishers.

De Blasio, W. W. (2015). One New York: The Plan for a Strong and Just City [Online]. New York City, NY. 
Accessed on 3 April 2016. <http://www.nyc.gov/html/onenyc/downloads/pdf/publications/OneNYC 
.pdf>.

Driscoll, C. T., C. G. Eger, D. G. Chandler, C. I. Davidson, B. K. Roodsari, C. D. Flynn, K. F. Lambert, N. D. 
Bettez and P. M. Groffman (2015). Green Infrastructure: Lessons From Science and Practice. A publi-
cation of the Science Policy Exchange. 32. Accessed on 3 April 2016. <https://projects.iq.harvard.edu/
science-policy/gi-report>.

Dunnett, N., A. Nagase and A. Hallam (2008). The dynamics of planted and colonising species on a green roof 
over six growing seasons 2001–2006: Influence of substrate depth. Urban Ecosystems 11(4): 373–384.

Eksi, M., D. B. Rowe, R. Fernández-Cañero and B. M. Cregg (2015). Effect of substrate compost percentage 
on green roof vegetable production. Urban Forestry and Urban Greening 14(2): 315–322.

Elstein, J., G. E. Welbaum, D. A. Stewart and D. R. Borys (2006). Evaluating growing media for a shallow-
rooted vegetable crop production system on a green roof. IV International Symposium on Seed, Trans-
plant and Stand Establishment of Horticultural Crops; Translating Seed and Seedling 782.

Fahey, T. J., P. H. Templer, B. T. Anderson, J. J. Battles, J. L. Campbell, C. T. Driscoll, A. R. Fusco, M. B.  Green, 
K.-A. S. Kassam and N. L. Rodenhouse (2015). The promise and peril of intensive site based ecological 
research: Insights from the Hubbard Brook ecosystem study. Ecology 96(4): 885–901.



292 Urban Soils

K29336_C013.indd  Page 292� 17/08/17  2:34 AM

Farrell, C., X. Q. Ang and J. P. Rayner (2013). Water-retention additives increase plant available water in green 
roof substrates. Ecological Engineering 52: 112–118.

Felson, A. J. and S. T. Pickett (2005). Designed experiments: New approaches to studying urban ecosystems. 
Frontiers in Ecology and the Environment 3(10): 549–556.

Fenn, M. E., M. A. Poth, J. D. Aber, J. S. Baron, B. T. Bormann, D. W. Johnson, A. D. Lemly, S. G. McNulty, 
D. F. Ryan and R. Stottlemyer (1998). Nitrogen excess in North American ecosystems: Predisposing 
factors, ecosystem responses, and management strategies. Ecological Applications 8(3): 706–733.

Getter, K. L. and D. B. Rowe (2009). Substrate depth influences sedum plant community on a green roof. 
HortScience 44(2): 401–407.

Goulding, K. W. T., Poulton, P. R., Webster, C. P., and Howe, M. T. (2000). Nitrate leaching from the Broadbalk 
Wheat Experiment, Rothamsted, UK, as influenced by fertilizer and manure inputs and the weather. Soil 
Use and Management 16(4): 244–250.

Grard, B. J.-P., N. Bel, N. Marchal, F. Madre, J.-F. Castell, P. Cambier, S. Houot, N. Manouchehri, S. Besancon 
and J.-C. Michel (2015). Recycling urban waste as possible use for rooftop vegetable garden. Future of 
Food: Journal on Food, Agriculture and Society 3(1): 21–34.

Gregoire, B. G. and J. C. Clausen (2011). Effect of a modular extensive green roof on stormwater runoff and 
water quality. Ecological Engineering 37(6): 963–969.

Grimm, N. B., S. H. Faeth, N. E. Golubiewski, C. L. Redman, J. Wu, X. Bai and J. M. Briggs (2008). Global 
change and the ecology of cities. Science 319(5864): 756–760.

Groffman, P. M., N. L. Law, K. T. Belt, L. E. Band and G. T. Fisher (2004). Nitrogen fluxes and retention in 
urban watershed ecosystems. Ecosystems 7(4): 393–403.

Hathaway, A. M., W. F. Hunt and G. D. Jennings (2008). A field study of green roof hydrologic and water qual-
ity performance. Transactions of the ASABE 51(1): 37–44.

Howarth, R. W., G. Billen, D. Swaney, A. Townsend, N. Jaworski, K. Lajtha, J. Downing, R. Elmgren, 
N. Caraco and T. Jordan (1996). Regional nitrogen budgets and riverine N & P fluxes for the drainages to 
the North Atlantic Ocean: Natural and human influences. Nitrogen Cycling in the North Atlantic Ocean 
and its Watersheds. Netherlands: Springer, 75–139.

Jenny, H. (1941). Factors of Soil Formationm. New York, NY: McGraw-Hil.
Jozwik, F. X. (2000). The Greenhouse and Nursery Handbook. Mill, Wyoming: Andmar Press.
Kemp, W. M., W. R. Boynton, J. E. Adolf, D. F. Boesch, W. C. Boicourt, G. Brush, J. C. Cornwell, T. R. Fisher, 

P. M. Glibert and J. D. Hagy (2005). Eutrophication of Chesapeake Bay: Historical trends and ecological 
interactions. Marine Ecology Progress Series 303(21): 1–29.

Kong, A. Y., C. Rosenzweig and J. Arky (2015). Nitrogen dynamics associated with organic and inorganic 
inputs to substrate commonly used on rooftop farms. HortScience 50(6): 806–813.

Kotsiris, G., P. A. Nektarios and A. T. Paraskevopoulou (2012). Lavandula angustifolia growth and physiol-
ogy is affected by substrate type and depth when grown under Mediterranean semi-intensive green roof 
conditions. HortScience 47(2): 311–317.

Kotsiris, G., P. A. Nektarios, N. Ntoulas and G. Kargas (2013). An adaptive approach to intensive green roofs in 
the Mediterranean climatic region. Urban Forestry and Urban Greening 12(3): 380–392.

Li, Y. and R. W. Babcock Jr (2014). Green roofs against pollution and climate change. A review. Agronomy for 
Sustainable Development 34(4): 695–705.

Likens, G. E. (2013). Biogeochemistry of a Forested Ecosystem. New York: Springer Science & Business Media.
Lovell, S. T. (2010). Multifunctional urban agriculture for sustainable land use planning in the United States. 

Sustainability 2(8): 2499–2522.
Meals, D. W., S. A. Dressing and T. E. Davenport (2010). Lag time in water quality response to best manage-

ment practices: A review. Journal of Environmental Quality 39(1): 85–96.
Mentens, J., D. Raes and M. Hermy (2006). Green roofs as a tool for solving the rainwater runoff problem in 

the urbanized 21st century? Landscape and Urban Planning 77(3): 217–226.
Min, J., H. Zhang and W. Shi (2012). Optimizing nitrogen input to reduce nitrate leaching loss in greenhouse 

vegetable production. Agricultural Water Management 111: 53–59.
Molineux, C. J., A. C. Gange, S. P. Connop and D. J. Newport (2015). Using recycled aggregates in green roof 

substrates for plant diversity. Ecological Engineering 82: 596–604.
Monterusso, M., D. Rowe, C. Rugh and D. Russell (2002). Runoff water quantity and quality from green roof 

systems. XXVI International Horticultural Congress: Expanding Roles for Horticulture in Improving 
Human Well-Being and Life Quality 639.

Nawaz, R., A. McDonald and S. Postoyko (2015). Hydrological performance of a full-scale extensive green 
roof located in a temperate climate. Ecological Engineering 82: 66–80.



293Biogeochemistry of Rooftop Farm Soils

K29336_C013.indd  Page 293� 17/08/17  2:34 AM

Nektarios, P. A., I. Amountzias, I. Kokkinou and N. Ntoulas (2011). Green roof substrate type and depth affect 
the growth of the native species Dianthus fruticosus under reduced irrigation regimens. HortScience 
46(8): 1208–1216.

Nektarios, P., N. Ntoulas and E. Nydrioti (2010). Turfgrass use on intensive and extensive green roofs. XXVIII 
International Horticultural Congress on Science and Horticulture for People (IHC2010): International 
Symposium on 938.

Newman, J. 2008. Protecting water quality. In Newman, J. (ed) Greenhouse and Nursery Management Practices 
to Protect Water Quality. California, CA: University of California Publication, 3508.

New York City Department of City Planning (2012). Zone Green Text Amendment [Online]. New York City, 
NY. Accessed on 3 April 2016. <http://www1.nyc.gov/assets/planning/download/pdf/plans/zone-green/
zone_green.pdf>.

New York City Department of Environmental Protection (2010). NYC Green Infrastructure Plan: A Sustainable 
Strategy for Clean Waterways [Online]. New York City, NY. Accessed on 3 April 2016. <http://www.nyc 
.gov/html/dep/html/stormwater/nyc_green_infrastructure_plan.shtml>.

New York City Department of Environmental Protection (2011). DEP Awards $3.8 Million in Grants for Com-
munity-Based Green Infrastructure Program Projects [Online]. New York City, NY. Accessed on 3 April 
2016. <http://www.nyc.gov/html/dep/html/press_releases/11-46pr.shtml#.VvIn6fkrKUk>.

New York State Department of Environmental Conservation, Connecticut Department of Environmental Pro-
tection (2000). A total maximum daily load analysis to achieve water quality standards for dissolved 
oxygen in Long Island Sound. Connecticut Department of Environmental Protection, Hartford.

New York State Department of Environmental Conservation (2016). Water Quality Standards and Classifica-
tions [Online]. Accessed on 25 June 2016. <http://www.dec.ny.gov/chemical/23853.html>.

New York State Energy Research and Development Authority (2013). Sustainable Urban Agriculture: Con-
firming Viable Scenarios for Production, Final Report [Online]. Accessed on 3 April 2016. <http://
urbandesignlab.columbia.edu/files/2015/04/2_Sustainable-Urban-Agriculture_NYSERDA.pdf>.

Ntoulas, N., P. A. Nektarios, E. Charalambous and A. Psaroulis (2013). Zoysia matrella cover rate and 
drought tolerance in adaptive extensive green roof systems. Urban Forestry and Urban Greening 12(4):  
522–531.

Ntoulas, N., P. A. Nektarios, T.-E. Kapsali, M.-P. Kaltsidi, L. Han and S. Yin (2015). Determination of the 
physical, chemical, and hydraulic characteristics of locally available materials for formulating extensive 
green roof substrates. HortTechnology 25(6): 774–784.

Ntoulas, N., P. A. Nektarios and E. Nydrioti (2013). Performance of Zoysia matrella ‘Zeon’ in shallow green 
roof substrates under moisture deficit conditions. HortScience 48(7): 929–937.

Ntoulas, N., P. A. Nektarios, K. Spaneas and N. Kadoglou (2012). Semi-extensive green roof substrate type and 
depth effects on Zoysia matrella ‘Zeon’ growth and drought tolerance under different irrigation regimes. 
Acta Agriculturae Scandinavica, Section B-Soil and Plant Science 62(Suppl. 1): 165–173.

Olszewski, M. W., M. H. Holmes and C. A. Young (2010). Assessment of physical properties and 
stonecrop growth in green roof substrates amended with compost and hydrogel. HortTechnology 20(2): 
438–444.

Palmer, M., E. Bernhardt, E. Chornesky, S. Collins, A. Dobson, C. Duke, B. Gold, R. Jacobson, S. King-
sland, R. Kranz, M. Mappin, M. L. Martinez, F. Micheli, J. Morse, M. Pace, M. Pascual, S. Palumbi, 
O. J. Reichman, A. Simons, A. Townsend and M. Turner (2004). Ecology for a crowded planet. Science 
304(5675): 1251–1252.

Pärn, J., G. Pinay and Ü. Mander (2012). Indicators of nutrients transport from agricultural catchments under 
temperate climate: A review. Ecological Indicators 22: 4–15.

Plakias, A. C. (2016). The Farm on the Roof: What Brooklyn Grange Taught Us about Entrepreneurship, Com-
munity, and Growing a Sustainable Business. New York: Penguin Publishing Group.

Poë, S., V. Stovin and C. Berretta (2015). Parameters influencing the regeneration of a green roof's retention 
capacity via evapotranspiration. Journal of Hydrology 523: 356–367.

Rabalais, N. N., R. E. Turner and W. J. Wiseman Jr (2002). Gulf of Mexico hypoxia, AKA the dead zone. 
Annual Review of Ecology and Systematics 33: 235–263.

Razzaghmanesh, M., S. Beecham and F. Kazemi (2014). Impact of green roofs on stormwater quality in a South 
Australian urban environment. Science of the Total Environment 470: 651–659.

Robertson, M., T. K. BenDor, R. Lave, A. Riggsbee, J. Ruhl and M. Doyle (2014). Stacking ecosystem services. 
Frontiers in Ecology and the Environment 12(3): 186–193.

Rowe, D. B. (2011). Green roofs as a means of pollution abatement. Environmental Pollution 159(8): 
2100–2110.



294 Urban Soils

K29336_C013.indd  Page 294� 17/08/17  2:34 AM

Savi, T., D. Boldrin, M. Marin, V. L. Love, S. Andri, M. Tretiach and A. Nardini (2015). Does shallow substrate 
improve water status of plants growing on green roofs? Testing the paradox in two sub-Mediterranean 
shrubs. Ecological Engineering 84: 292–300.

Savi, T., M. Marin, D. Boldrin, G. Incerti, S. Andri and A. Nardini (2014). Green roofs for a drier world: 
Effects of hydrogel amendment on substrate and plant water status. Science of the Total Environment 
490: 467–476.

Shock, C. C. and F.-X. Wang (2011). Soil water tension, a powerful measurement for productivity and steward-
ship. HortScience 46(2): 178–185.

Skyland USA LLC (2016). Rooflite Intensive Ag [Online]. Accessed on 3 April 2016. <http://www.rooflitesoil 
.com/products/intensive-ag>.

Syswerda, S., B. Basso, S. Hamilton, J. Tausig and G. Robertson (2012). Long-term nitrate loss along an agri-
cultural intensity gradient in the Upper Midwest USA. Agriculture, Ecosystems and Environment 149: 
10–19.

Teemusk, A. and Ü. Mander (2007). Rainwater runoff quantity and quality performance from a greenroof: The 
effects of short-term events. Ecological Engineering 30(3): 271–277.

Teemusk, A. and Ü. Mander (2011). The influence of green roofs on runoff water quality: A case study from 
Estonia. Water Resources Management 25(14): 3699–3713.

Toland, D., B. Haggard and M. Boyer (2012). Evaluation of nutrient concentrations in runoff water from green 
roofs, conventional roofs, and urban streams. Transactions of the ASABE 55(1): 99–106.

United States Environmental Protection Agency (2016). Clean Water Act (CWA) Compliance Monitoring 
[Online]. Accessed on 3 April 2016. <https://www.epa.gov/compliance/clean-water-act-cwa-compliance-
monitoring>.

Van Mechelen, C., T. Dutoit and M. Hermy (2015). Vegetation development on different extensive green roof 
types in a Mediterranean and temperate maritime climate. Ecological Engineering 82: 571–582.

Van Seters, T., L. Rocha, D. Smith and G. MacMillan (2009). Evaluation of green roofs for runoff retention, 
runoff quality, and leachability. Water Quality Research Journal of Canada 44(1): 33.

VanWoert, N. D., D. B. Rowe, J. A. Andresen, C. L. Rugh and L. Xiao (2005). Watering regime and green roof 
substrate design affect Sedum plant growth. HortScience 40(3): 659–664.

Vitousek, P. M., J. D. Aber, R. W. Howarth, G. E. Likens, P. A. Matson, D. W. Schindler, W. H. Schlesinger and 
D. G. Tilman (1997). Human alteration of the global nitrogen cycle: Sources and consequences. Ecologi-
cal Applications 7(3): 737–750.

Voyde, E., E. Fassman, R. Simcock and J. Wells (2010). Quantifying evapotranspiration rates for New Zealand 
green roofs. Journal of Hydrologic Engineering 15(6): 395–403.

Whittinghill, L. J., D. B. Rowe, J. A. Andresen and B. M. Cregg (2015). Comparison of stormwater runoff from 
sedum, native prairie, and vegetable producing green roofs. Urban Ecosystems 18(1): 13–29.

Whittinghill, L. J., D. B. Rowe and B. M. Cregg (2013). Evaluation of vegetable production on extensive green 
roofs. Agroecology and Sustainable Food Systems 37(4): 465–484.

Young, T., D. D. Cameron, J. Sorrill, T. Edwards and G. K. Phoenix (2014). Importance of different compo-
nents of green roof substrate on plant growth and physiological performance. Urban Forestry and Urban 
Greening 13(3): 507–516.




