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Abstract: Ornamental production worldwide has changed dramatically in the past 20 years.
A globalized scene has shifted production to new countries from Africa, Asia, and South America.
Sustainability is the major challenge for ornamental production, and the life cycle assessment (LCA)
provides insights on environmental contributions from production to handling and transportation
and highlights the problematic issues that need improvement. For example, greenhouse gas
(GHG) emissions and the production costs of roses in different parts of the world may vary
dramatically between different production processes (e.g., heated or non-heated greenhouses, with or
without air transportation, etc.). On the other hand, the production of landscape plants has the
lowest environmental impact of all floricultural products. Their long production period offers
carbon sequestrations that reduce the total GHG emissions. Sustainability is achieved via critical
adjustments on cultivation by minimizing fuel and electricity use, adopting integrated nutrient
management (INM) and integrated pest and disease management (IPDM), and using recyclable
materials and peat-alternative growing compounds. In this review, two possible scenarios were
proposed for ornamental production. Scenario I suggests conventional, protected cultivation under
controlled environments (i.e., greenhouses), which can be sustainable after implementing appropriate
adjustments to reduce environmental outputs. Scenario II suggests the cultivation of native and
specialty ornamental crops, which may serve as eco-friendly alternatives. Combinations between
the two scenarios are also possible in view to implement sustainable practices and meet future
consumer needs.

Keywords: life cycle assessment; environmental impact; CO2 footprint; global warming; greenhouse
gas emissions; floriculture; roses; phalaenopsis

1. Global Cut Flower and Pot-Plant Production

Global ornamental production and consumption has overcome serious challenges in the past
20 years. The EU holds the first place in cut flower and ornamental pot-plant sales with 31.0% of
the global value, with China and USA in second and third place at 18.6 and 12.5%, respectively [1].
Within the EU, in the year 2016, the Netherlands had the most cut flower and ornamental pot-plant
sales, with France and Italy being second and third [1]. Cut flower and ornamental pot-plant sales in
the EU from 2006 to 2016 increased by 7% (approximately 1.4 billion euros), indicating a slow but steady
increase, which was not dependent on the global economic status [1]. On the contrary, the number
of cut flower producers in the USA was reduced significantly during the years from 2007 to 2015.
These reductions recorded by the US department of Agriculture (USDA) reached 30% [2], indicating
that cut flower production has been shifted to new worldwide players such as China [3]. In 2017,
China came second in cut flowers and pot-plant sales. The USA, Japan, Brazil, Colombia, Canada,
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Ecuador, and Kenya completed the top-10 list of production countries in 2017 [3]. Kenya came first in
pot-plant and cut flower imports to the EU, holding a share of 27.5%. Ethiopia, Ecuador, Colombia,
Israel, USA, Costa Rica, China, and Uganda complete the top-10 list of countries exporting floricultural
products to the EU [3]. Nonetheless, the consumption of cut flowers and pot plants was higher in the
EU, USA, and Japan [4].

The world trading system is now based on three marketing channels that connect production
with major consumption spots. The three channels are Europe–Africa, South–North America,
and Asia–Pacific [4]. Within the Europe–Africa channel, products imported to Europe from Kenya,
Ethiopia, and Uganda increased by up to 40% [3]. However, cut flowers from Asia (e.g., Israel and
China) and American continents (e.g., USA, Colombia, Ecuador and Costa Rica) were also imported to
the EU. The South–North America channel operates via production in South America and import to
North America. Although the USA is the third production country in the world, in the past 20 years,
cut flower production declined and imports increased [5]. For example, the number of year-round
cut flower producers was reduced by 21% from 2013 to 2014 [5]. However, specialty cut flower
production in the USA and Canada increased due to a significant increase in consumer demand [6].
This favored imports of the well-known commercial cut flower species such as roses, chrysanthemum,
carnations, alstroemeria, etc., from South to North America. The Asia–Pacific channel follows the
pattern of production in China, Japan, Thailand, India, and Australia and import to the Japanese
and the Chinese markets [4]. The majority of the Chinese and Japanese ornamental production was
consumed domestically.

Based on the 2019 figures presented by the largest trader in the world, sales of pot- and garden
plants increased by 3.3 and 2.7%, respectively [7]. An interesting fact shows that sales of pot- and garden
plants from the traditional auction systems at Floraholland declined by 1.8 and 7.2%, respectively,
showing a significant turn of buyers to the direct wholesale channels [7]. Significant increases in direct
sales of pot- and garden plants were recorded the last 3 years (e.g., from 2017 to 2019) ranging from
6.4 (2017) to 1.8 (2019) and from 10.4 (2017) to 7.2 (2019), respectively [7,8]. The top-5 pot-plants sold
in Floraholland auctions in 2019 were, in ascending order, phalaenopsis, mixed plants, kalanchoe,
anthurium, and pot-rose [7]. Likewise, the top-5 garden plants were hellebore, lavandula, hydrangea,
other bedding plants, and other trees/shrubs.

The objective of this review was to outline ways to achieve sustainability in commercial floriculture
production. Restrictions in CO2 footprints and global warming potential (GWP) on agricultural
production have been legislated in the EU and globally since 1995. The differences in CO2 footprints
and overall environmental impact is substantial; therefore, the floriculture industry need to seek
dynamic modifications for future production and sale. The present review outlines the implementation
of sustainable practices and proper adjustments to reduce CO2 footprints and the overall environmental
impact of the floricultural products (Figure 1).
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Figure 1. Review structure showing the implementation of life cycle assessment (LCA) to floricultural
products (i.e., cut flowers, pot-plants, and landscape plants). LCA aids the application of appropriate
adjustments to achieve sustainability, low CO2 footprint, and low cost.

2. Life Cycle Assessment (LCA) of Floricultural Products

Life cycle assessment (LCA) is an important tool for evaluation of the environmental impact of
horticultural products from production to handling and transportation. It is based on calculating
inputs (energy and materials) and outputs (releases to air, water, soil, etc.) allocated at every step of the
production chain (Tables 1 and 2). It has an international acceptance from the scientific community, it is
governed by international standards, and it is applied to many fields, including agriculture [9]. GWP and
other environmental impacts such as abiotic depletion (AD), air acidification (AA), eutrophication
(EU), photochemical oxidation (PO), ozone depletion (OD), human toxicity (HT), freshwater aquatic
ecotoxicity (FAET), marine ecotoxicity (MAET), terrestrial ecotoxicity (TE), CO2 footprint, and water
footprint can be estimated by the LCA. The systemic approach of LCA measures the environmental
impact of materials and processes giving substantial insights to scientists, managers, producers,
and sellers around the world [10].
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Table 1. CO2 outputs (kg CO2 eq kg−1) and contribution to CO2 output (%) for different cultivation procedures (i.e., protected or field cultivation) applied to
floricultural products (i.e., cut flowers, pot-plants, landscape plants). Contributions were calculated based on processes (heating, cooling, packing, transport, planting)
and materials (propagation materials, growing substrates, packing materials, irrigation materials, fertilizers, pesticides) used in the production and supply chain.

Type of Cultivation or Process * CO2 Output (kg CO2 eq kg−1) Contribution to CO2 Output (%)

>20% 5–20% <5%

Protected, heated with air transport 3–32 Energy use in the greenhouse;
Peat substrate; Air transport

Substrate materials; Packaging materials;
Transport; Cooling and storage;

Propagating material
Pesticides; Fertilizers

Protected, heated without air
transport 1–32 Energy use in the greenhouse;

Peat substrate

Substrate materials (non-peat);
packing materials; Transport; cooling and

storage; Propagation material
Pesticides; Fertilizers

Field with land transport 0.1–27
Substrate materials (peat and

non-peat); Transport; Propagation
material

Pesticides; Fertilizers Liner; irrigation;
Preparation and planting

Protected, unheated in soil, with air
transport 0.1–2.5 Peat substrate;

Propagation material; Air transport;
Packaging; Energy use on farm;
Transport; Cooling and storage Pesticides; Fertilizers

Protected, unheated in soil, without
air transport 0.2–2.5 Cooling and storage; Peat substrate;

Packaging materials; Energy; Transport;
Propagation materials; Pesticides;

Fertilizers
Field, without air transport,
processed 0.1–0.3 Transport; Energy use on farm Packaging materials; Cooling and

storage; Pesticides; Fertilizers

* Protected (greenhouse) or field cultivation of pot-plants, cut flowers, and landscape plants. Transportation was involved in the cultivation process and included in CO2 contribution.
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Table 2. Major input and output categories of LCA contributions in every step of the process from
production and delivery to cultivation, postharvest handling, and transportation of cut flowers.

Plant Material Production Stage Inputs Outputs *

1. Cut flowers Production and Delivery
Construction materials, fertilizers,

agrochemicals, substrates,
propagation materials

AD, AA, EU, GW, PO

Cultivation Fuel, electricity, water, fertilizers,
agrochemicals AD, AA, EU, GW, PO

Postharvest Handling Water, electricity,
packaging materials AD, GW, PO

Transportation Fuel AA, GW, PO

2. Pot-plants Production and Delivery
Construction materials, fertilizers,

agrochemicals, substrates,
propagation materials

AD, AA, EU, GW, PO

Cultivation Fuel, electricity, water, fertilizers,
agrochemicals AD, AA, EU, GW, PO

Packaging and Handling Packaging materials, fuel AD, GW, PO
Transportation Fuel AA, GW, PO

3. Landscape plants Production and delivery
Construction materials, fertilizers,
agrochemicals, growing materials,

propagation materials
AD, AA, EU, GW, PO

Cultivation Electricity, water, fertilizers,
agrochemicals AD, AA, EU, GW, PO

Transportation Fuel AA, GW, PO

* AD: abiotic depletion, AA: air acidification, EU: eutrophication, GW: global warming, PO: photochemical oxidation.

2.1. LCA of Cut Flowers and Foliage

The LCA of cut flower production was linked to the following categories (Table 2): (a) production
and delivery of greenhouse construction materials, chemicals, and fertilizers, compost or hydroponic
substrates and propagation material, (b) energy (e.g., fuel, electricity), water (e.g., irrigation,
fog systems), pesticides and fertilizers used in cultivation, (c) energy (e.g., water, electricity for
cold- and packaging-room operation) and materials consumed at handling and packaging (e.g.,
cardboard boxes or water buckets), (d) energy (e.g., fuel) used for transportation the wholesale
(cradle-to-gate scenario) or to the final destination at retail (florist shop, garden center, supermarket,
etc.) or to consumer (extended cradle-to-gate).

Within the production and handling chain of cut flowers, the main outputs were associated
with AD, AA, EU, global warming (GW), and PO (Table 2). While the production and delivery of
materials and cultivation contribute to all of the above-mentioned categories, postharvest handling and
transportation contribute to AD, GW, AA, and PO (Table 2). Published research in LCA of cut flowers
present data on output contributions. For example, greenhouse grown carnations in Greece had very
low CO2 emissions (e.g., 0.316 kg CO2 eq) and variable contributions in main output categories [11].
The highest contributions ranged between 60.8 and 82.2% and were recorded for flower preservation
and handling, whereas the EU was highest (88.3%) at fertilization [11]. On the contrary, greenhouse
grown roses in the Netherlands showed a completely different environmental output profile [12].
The climate control system contributed to AD, AA, EU, GW, and PO by up to 93.9–98.6%. An LCA
analysis presented by Sahle and Potting [13] for roses produced in Ethiopia showed that the major
contributions to AD, AA, EU, GW, OD, HT, FAET, MAET, TE, and PO were recorded at plant growth
management and ranged from 75 to 90%. Postharvest handling and transportation had a small to
medium contribution to environmental outputs ranging from 1 to 30% [13]. Fertilization contributed the
highest emissions (25% for ET to 79% for MAET) during plant growth management followed by the use
of pesticides. The work by Sahle and Potting [13] presented the differences in environmental impacts
by different inputs for rose flower production in Ethiopia compared to that presented by Torrellas
et al. [12] for roses produced in the Netherlands. A comparative environmental analysis for roses
cultivated in Ecuador and the Netherlands were presented by Franze and Giroth [14]. The comparison
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showed that Dutch roses exceeded all environmental outputs when compared to the Ecuadorian,
with OD being the only exception. The LCA analysis revealed that energy consumption in the Dutch
greenhouses was the main factor for this negative environmental impact [14]. Energy consumption
at cultivation dominated the GWP by 98.9%, while the Ecuadorian roses contributed a modest 35%.
Roses grown in the Netherlands contributed more than 90% in AD, FAET, MAET, and TE [14].

The differences in environmental outputs (AD, AA, EU, GW, PO, OD, HT, FAET, MAET, and TE)
can be dramatic when the same species is cultivated under different conditions (e.g., heated or
non-heated greenhouses, with or without air transportation, etc.) [14–17] (Table 3). For example,
energy consumption (e.g., fuel and electricity) during cut rose cultivation in the Netherlands
contributed 95% to the total greenhouse gas (GHG) emissions, while in Kenya, it contributed 2% [16].
Roses produced in Ecuador contributed 20% to GW, while those produced in the Netherlands
contributed 80% [14]. In Colombia, the total amount of energy needed for cut rose production was
14.51 and 14.38 MJ stem−1 year−1 in non-heated and heated greenhouses, respectively, while in Kenya
and the Netherlands, it was 2.4 and 20.2 MJ stem−1 year−1 [17]. The differences were associated to
transport (Colombia to England = 12.25 MJ stem−1 year−1, Kenya to England = 0.3 MJ stem−1 year−1)
and heating (19.9 MJ stem−1 year−1 for the greenhouses in the Netherlands and 0.51 MJ stem−1 year−1

for the greenhouses in Colombia) [17]. Wandl and Haberl [18] tested 17 floriculture products (pot-plants
and cut flowers) on their emissions at different stages of the production chain. Heating energy was,
by far, the major influence factor accounting for more than 87% of the total emissions for calla, hyacinth,
iris, and amaryllis production [18] (Table 3). A minor contribution for heating was recorded for
chrysanthemum and summer cut flower production. The lowest total emissions were recorded for
summer and spring flowers, followed by chrysanthemum, freesia, and ranunculus. Total GWP for
roses, iris, lillium, and calla ranged from 1.3 to 2.6 kg CO2 eq (Table 3) [18].

2.2. LCA of Ornamental Pot-Plants

LCA of ornamental pot-plant production was associated with the following categories (Table 2):
(a) production and delivery of greenhouse construction materials, chemicals, and fertilizers, compost or
other growing materials (peat, vermiculite, perlite, etc.), propagation material (seeds, plugs, rooted cuttings,
bulbs, etc.), (b) energy (e.g., heat, electricity), water (e.g., irrigation, fog systems), pesticides and fertilizers
consumed during cultivation, and (c) packaging materials (e.g., sleeve-packaged), especially for tropical
species such as phalaenopsis, anthurium, poinsettias, and energy (e.g., fuel) for transportation to the
wholesale, or to the final destination at retail (garden centre, florist shop, supermarket, etc.).

Total GWP associated to materials and equipment used in greenhouse production of Begonia x
semperflorens-culturum was measured to be 0.1396 kg CO2 eq [19] (Table 3). The major contribution to
the total environmental outputs was 30.8% and 12.3% for container use and electricity, respectively.
Similarly, the total GWP of potted chrysanthemums was 0.5552 kg CO2 eq [20] (Table 3). Of this,
44.8% was contributed by the substrate (60/40, peat/wood fiber) and 26.4% was from the containers.
The production of potted cyclamen in two different greenhouses in Italy gave similar GWP contributions
of 61.5% and 64.2 kg CO2 eq at the propagation and at the plantlet growing stages [15] (Table 3).
The second most important contribution factor was farm electricity. Environmental burdens associated
with energy consumption such as electricity could be reduced by the use of renewable energy sources
(RES) such as solar panels and wind generators [15].

The LCA of poinsettia plants showed that electricity used at the growing stage was the highest
contributor in GHG emissions [21]. It was suggested that when woodchips (e.g., a renewable source)
were used as a heating source, the output contributions to the GWP were reduced by up to 80%,
compared to that of using non-renewable energy sources such as fossil fuels. Managing GHG
emissions and GWP associated with heat-demanding cultivations could be achieved by the use of
alternative energy sources. For example, poinsettia cultivated with conventional energy sources
produced up to 21 kg CO2 eq [16], but only 0.59 kg CO2 eq when woodchips were used as the heating
source [21]. By far, phalaenopsis were the most energy demanding pot ornamental plant cultivated
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in the Netherlands [16]. Nearly all (96.4%) of the CO2 production was associated to energy inputs at
cultivation. Ficus plants grown in the Netherlands had a CO2 footprint ranging from 11 to 16 kg CO2

eq depending on the growth stage of the plants [16]. Wandl and Heberl [18] measured the GWP of
nine ornamental pot-plants. Cyclamens had the highest CO2 footprint followed by amaryllis, azalea,
poinsettia, hyacinths, pelargonium, primula, bedding plants, and viola. Cyclamens produced 5.5 kg
CO2 eq, which was well above the average values of the study (e.g. 1.8 kg CO2 eq) [18].

2.3. LCA of Landscape Plants

The LCA of landscape plants depended on the species, on cultivation types (in field or
container-based), and on nursery structures and equipment, but generally, it was associated with the
following categories (Table 2): (a) the production and delivery of materials (irrigation, construction, etc.),
chemicals and fertilizers, soil or other growing material (peat, vermiculite, perlite etc.), and propagation
material (seeds, rooted cuttings etc.), (b) the energy (e.g., electricity), water (e.g., irrigation, fog systems),
pesticides, and fertilizers consumed at cultivation, and (c) energy (e.g., fuel) for transportation to the
wholesale or to the final destination at retail (e.g., garden center).

The production of landscape plants takes place at nurseries in a field or under protected areas
(e.g., nettings, greenhouses) in containers or field soil. LCA is an important tool for calculating their
production cost and GWP. The knowledge of the CO2 footprint of field-grown trees may help nursery
managers understand their system and apply potential modifications to reduce GHG emissions and
costs [22]. Furthermore, during their life cycle, shrubs and trees usually have positive contributions in
GWP and GHG emissions, as their post-production life (on the landscape) subtracts CO2. For example,
the life cycle GWP of the Cercis canadensis tree produced in the Midlands of the USA during production,
transport, transplanting, take down, and disposal would be −63 kg CO2 eq [22].

LCA has been used to analyze GHG emissions at the production of landscape plants in the
nurseries [23,24]. Several analyses revealed that the total CO2 emissions for container-based cultivation
were higher compared to the in-field production. For example, emissions for container-based cultivation
ranged between 26.1 and 34.7 Mg ha−1 year−1, while in-field production ranged between 2.3 and
6.6 Mg ha−1 year−1 [23]. Major contribution differences between the two production types were for
fertilization, plastic, and peat use. Lazzerini et al. [24] showed that the container-based cultivation
of ornamental shrubs and trees produced up to 100-fold higher kg CO2 m−2 year−1, compared to the
in-field cultivation. Approximately 92% of this difference was associated with cultivation inputs such as
fertilizers and agrochemicals, peat and other potting mixes, plastic pots, and energy consumption [24].

The production of landscape plants has a relatively low GWP and GHG contribution (Table 3).
Their long cultivation period offers carbon sequestrations that reduce their total GHG emissions.
Unlike all industrial products, plants take up CO2 during their production. The larger the plant (e.g.,
tree), the larger the sequestration. For example, the total GWP for Viburnum x juddi shrubs grown in
nursery fields was 1.621 kg CO2 eq, which was contributed by materials (66%) and equipment use
(16%) [25]. An estimate of 0.916 kg CO2 could be subtracted during propagation-to-gate production to
a total input of 0.705 kg CO2 eq. The seed-to-landscape CO2 footprint of Picea pungens trees cultivated
for 5 years at nurseries in the US was estimated to be 13.558 kg CO2 eq, including the sequestration of
9.14 kg CO2 eq [26].
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Table 3. Total CO2 production (kg CO2 eq), contribution in global warming potential (GWP) (%), and CO2 sequestration (kg CO2 eq) at cultivation, handling, and
transportation of selected cut flowers, pot-plants, and landscape plants.

Ornamental Species
(Production Country)

Total CO2 Production
(kg CO2 eq) Contribution to GWP (%) CO2 Sequestration

(kg CO2 eq) Reference

Cultivation Handling Transportation

1. Cut flowers

Roses (the Netherlands) 24 96 3 0 na [14]
Roses (Austria) 1.7 100 ns ns na [16]
Roses (Ethiopia) ns 72 22 6 na [11]
Roses (Germany) 0.6–21 25–92 ns 7–21 na [19]

Chrysanthemum (Austria) 0.4 100 ns ns na [16]
Calla (Austria) 2.5 100 ns ns na [16]
Iris (Austria) 1.9 100 ns ns na [16]

Lilium (Austria) 1.6 100 ns ns na [16]
Spring flowers (Austria) >0.1 100 ns ns na [16]

Summer flowers (Austria) >0.1 100 ns ns na [16]
Carnations (Greece) 0.316 19.4 65.6 15.0 na [9]

2. Pot-plants

Phalaenopsis (the
Netherlands) 32.0 95 4 1 na [14]

Ficus (the Netherlands) 11.5 49 49 2 na [14]
Poinsettia (the Netherlands) 21.5 82 16 2 na [14]

Poinsetia (Austria) 2.8 100 ns ns na [16]
Cyclamen (Italy) ns 100 ns ns na [13]

Cycalmen (Austria) 5.7 100 ns ns na [16]
Begonia x seperflorens (USA) 0.14 98.6 ns 1.4 na [17]

Chrysanthemum (USA) 0.56 99.9 ns >0.1 na [17]
Orchids (Germany) 4.2 18–98 ns >1 na [19]

Azalea (Austria) 3.6 100 ns ns na [16]
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Table 3. Cont.

Ornamental Species
(Production Country)

Total CO2 Production
(kg CO2 eq) Contribution to GWP (%) CO2 Sequestration

(kg CO2 eq) Reference

Cultivation Handling Transportation

3. Landscape plants

a. Field production

Acer rubrum “October
glory” 8.98 ns 901 [27]

Cercis canadensis 13.71 165 [20]
Picea glauca globosa 1.01 ns ns [22]

Taxus x media
“Densiformis” 0.28 2.45 12.55 [25]

Viburnum x juddi 1.62 0.916 [23]
Picea pungens 13.56 9.14 [24]
Ilex aquifolium 0.77 ns ns [22]

Acer rubrum (Italy) 0.61 ns ns [22]
Robinia umbrellifera 0.78 ns ns [22]

b. Container production

Ilex crenata 2.92 2.14 [22]
Quercus fellus 26.49 ns ns [22]

Wisteria floribunda 10.40 ns ns [22]
Nandina domestica 19.26 ns ns [22]
Magnolia stellata 10.26 ns ns [22]

Cupressocyparis leylandii 7.44 ns ns [22]
Photinia x fraseri “Red

robin” 7.52 ns ns [22]

Pinus pinea 8.48 ns [22]

ns: not shown; na: not applicable.
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When P. pungens was cultivated for another year, the added contribution to the total GWP was
less than 3%, and the estimated positive impact of carbon sequestration during a 50-year life was
593 kg CO2 eq [24]. The GWP of materials and equipment used for rooting cuttings of Taxus x media
‘Densiformis’ was 0.0097 and 0.2762 kg CO2 eq, respectively [27]. The post-farm to gate stage gave
a total GWP of 2.45 kg CO2 eq, but the shrub’s lifetime in the landscape offered a sequestration
of 12.55 kg CO2 eq. This left a positive GWP of −8.18 kg CO2 eq [27]. The GHG emissions during
production (cutting-to-gate) of the evergreen shrub Ilex crenata ‘Bennett’s Compacta’ was recorded to
be 2.918 kg CO2 eq [28]. The major categories contributed to the GHG emissions were fertilization
and irrigation during production followed by the container and liner stages (the first 7–9 months of
growing).

LCA analysis revealed that a reduction of fertilization by up to 10% could reduce GW by up to
3% [28]. Thus, modifications in cultivation may reduce environmental impacts considerably. LCA for
Acer rubrum trees revealed that the CO2 footprint associated with materials and equipment inputs
during nursery production was 12.1 kg CO2 eq [29]. The estimated CO2 sequestered by the 4-year field
cultivation was 1.32, 2.92, 3.83, and 5.01 kg CO2 eq, respectively for the 1st, 2nd, 3rd, and 4th year,
giving a total of 11.88 kg CO2 eq [29]. Among all material and equipment inputs, harvesting had the
largest contribution of 7.134 kg CO2 eq (54%). Based on the standard 100-year assessment model of
PAS 2050, the sequestered CO2 by A. rubrum was 901 kg during its 60-year potential life [29].

3. Sustainable Ornamental Production and Trade Worldwide

3.1. Current Status in Certification and Legislation

Intensive greenhouse ornamental plant cultivation usually requires high volumes of energy
and material inputs resulting in significant environmental outputs associated with the increase in
GHG emissions and contributions to the global climate change (CC). CC in particular affects growing
conditions by the appearance of extreme meteorological phenomena such as severe heat waves and
droughts, storms and hurricanes, fires, floods, etc. Growers deal with these extremes, and, at the
same time, they have to implement eco-friendly cultivation strategies. Eco-friendly strategies may
include the adoption of RES to cover energy and electricity demands, the use of recycled materials in
cultivation, the implementation of integrated pest and disease management (IPDM) and integrated
nutrient management (INM), and the introduction of new species or varieties that adapt better to
new conditions (Figure 2). Adaptation to new legislation might affect cultivation costs in the short
term, but eventually, it will help growers reduce them. LCA has long been used for the evaluation
of sustainable practices and calculation of costs in the production chain, helping growers decide on
operational and structural modifications (Figure 2).

The recognition of floricultural products as sustainable is complex and demanding. Sustainable
production is achieved via the implementation of strict environmental and social protocols as defined
by the national and international directives [30]. For example, the GLOBALGAP certification for cut
flowers and ornamental plants was released in 2003 by a coalition of British supermarkets. It was
a protocol that described strict specifications on good agricultural practices, worker health, safety,
and welfare [30]. The Milieu Programma Sierteelt (MPS) was introduced by Dutch growers and auctions
in Holland in 1995. It set the standards for environmental management, with social qualifications and
good agricultural practices. The Veriflora certification was founded in 2005 by American growers and
sellers who set standards to environmental and social issues [30]. In traditional cut flower production
countries such as Kenya, Colombia, and Ecuador, there are different certifications established by grower
associations, wholesalers, and exporters all related to environmental and social standards and good
agricultural practices [30].
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3.2. Sustainability and Adaptation to Climate Change (CC)

Changes in global climate have affected considerably open field and protected cultivations [31,32].
In the last 30 years, significant changes have been recorded in atmospheric CO2, in precipitation patterns
and in extreme temperature increases. Increases in average temperature levels and summer heat waves
in many parts of the southern hemisphere challenge cultivation practices and plants’ adaptation to new
conditions [31]. Problematic issues include the introduction of invasive plant species, new pests and
diseases, and increases in water, electricity, and agrochemical requirements. The flower association of
Queensland (Australia) has made a list of issues associated with CC in their region [33]. The most important
issues for the floriculture industry were as follows: the increased risk of soil erosion by temperature extremes
and fewer rainfalls, changes in plant growth and productivity, changes in abundance and severity of pests
and diseases, changes in the suitability of traditionally grown crops and varieties, changes in the optimum
locations for cultivation, and changes in crop selection [33]. Adaptation to new cultivation techniques
implemented for CC would probably increase production costs. At the same time, growers would have to
follow government legislations and standards for good, environmentally friendly agricultural practices to
decrease CO2 footprints and environmental impacts [33].

Furthermore, CC associated with temperature extremes (high or low), drought, and salinity
are considered stressful factors for plants [32]. Plants have various adaptation responses to
overcome such extremes; however, the level of adaptation is genotype-dependent [34]. The effect of
increased temperature on the photosynthetic activity and flowering of ornamental plants is crucial.
Increasing temperatures from 20 to 40 ◦C resulted in significant reductions in photosynthetic activity
of Agastache urticifolia, Petunia x hybrida, Capsicum annum, Plumbago auriculata, and Catharanthus
roseus plants [35]. Although temperature increases from 14 to 26 ◦C significantly reduced time to
anthesis of the annuals Tagetes erecta, Antirrhinum majus, Nemesia foetans, Heliotropium arborescens,
Nicotiana alata, Diascia barberae, Matthiola incana, and Osteorpermum ecklonis [36], elevated night
temperatures negatively affected the flower yield of Gypsophila paniculata [37]. The flower production
of G. paniculata was hastened at 28 ◦C, but yield was significantly lower compared to production
at 12 ◦C [37]. The number of flowering buds and flower diameters were significantly decreased in
Antirrhinum majus, Calendula officinalis, Impatiens walleriana, Torenia fournieri, and Mimulus x hybridus
plants grown at 32 ◦C compared to those grown at 20 ◦C [38]. For a large number of annual ornamental
species, optimum temperatures ranged from 19.1 to 28 ◦C [39]. Temperatures during plant growth
affect pigment production and, as a result, flower color [40]. Anthocyanins are better regulated at
low to medium temperatures, while at extreme highs (>40 ◦C), their production, and therefore color
intensity, is significantly reduced [40]. Precise climate control in greenhouse environments may affect
production costs and increase GHG emissions and CO2 footprints. This leads to a compromise between
cost, quality, and eco-friendly adaptation.

CC may directly affect the development and survival of pathogens and herbivorous insects,
natural enemies, and competitors, and it may also indirectly modify the physiological responses in
host plants associated to defense mechanisms [41,42]. Changes in temperature and humidity may
affect pathogens’ and pests’ reproductive potential, their ability to disperse, and their interactions
with competitors [41]. In a complex micro-environment, plant–disease interactions will favor the
species most capable to adapt to new equilibrium states. Future research will have to consider CC as a
significant factor affecting plant–pathogen and plant–pest interactions.

3.3. Renewable Energy Sources (RES) and Other Innovative Automation Used in Ornamental Production

Climate control inside the greenhouse is the single most important factor that regulates the growth
and development of protected crops. Temperature and humidity management during winter and
summer is essential for the production of high-quality ornamental plants and cut flowers. Heating and
cooling systems operating in winter and summer consume large amounts of energy by the means of
fuel and electricity. In most of cases, energy consumption for heating was by far the most demanding
factor in cut flower production in the Northern European countries [15,16,21]. Energy for heating
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phalaenopsis, roses, and poinsettias contributed >80% of the total CO2 footprint (kg CO2 eq) [15].
In warmer countries such as Colombia, Kenya, Greece, and Ecuador, energy for crop heating was
minimum compared to that used in the northern countries such as Austria, Germany, and the
Netherlands. The search for alternative energy sources for greenhouse ornamental plant production
may be the key to lower CO2 footprints and achieve sustainability [43,44]. For example, the closed
greenhouse model proposed by Vadiee and Martin [44] is a system that improves energy efficiency,
water conservation, production rate, and pesticide usage, and it also reduces cultivation and handling
costs. The closed greenhouse system stores excess heat and humidity in a thermal energy storage (TES)
system, a heat pump, and a heat exchanger, and returns it inside the greenhouse in the format of heat
or cooling when needed. Such systems may be efficient in appropriate climates with mild temperature
fluctuations and adequate solar radiation. As data on the replacement of traditional energy sources
are very limited, more research is required to evaluate the efficiency of the RES and the innovative
automation systems used in ornamental plant production.

Innovative cultivation practices include cultivation in soilless media [15,45,46]. LCA evaluations have
shown that the environmental impact of the soil-grown roses was worse compared to that of the soilless
cultivation [45,46]. This was attributed mainly to the lower amounts of fertilizers and pesticides used in
hydroponics [45]. When 22 rose farms in Italy were studied, the results showed that soil cultivation contributed
more than 40% in AD, GWP, EU, and AA, compared to the hydroponic cultivation [46]. These studies provide
a clear indication that new technologies may positively affect cultivation procedures.

3.4. The Use of Recycled or Alternative Materials in Ornamental Production

Agricultural waste such as tobacco dust, cotton gin trash, olive mill and green waste have been used in
combination with peat for the cultivation of ornamental plants [47–50]. Papafotiou et al. [47] showed that
olive-mill waste composts (OWC) could partially replace peat for the production of Euphorbia pulcherrima
(poinsettia), although, at concentration of >12.5%, it delayed growth compared to plants cultivated in the
peat/perlite medium. Tropical potted plants such as Syngonium podophyllum, Ficus benjamina and Codiaeum
variegatum could be grown in 75% OWC without showing symptoms of toxicity or other negative effects on
growth and development [46]. Cotton gin trash compost and rice hulls were tested as peat replacements
for the production of Nerium oleander, Pelargonium zonale, Dedranthema grandiflora, and Lantana camara [51].
The use of green waste and sewage sludge compost at 80%–20% (v:v) as a white peat replacement had
positive effects on the growth and flowering of Begonia semperflorens, Mimulus hybridus, Tagetes patula x
erecta and Salvia splendens [49]. Tobacco dust is a potent agricultural by-product that could be used in
concentrations of 5–10% without any negative effects in the growth and flowering of P. zonale plants [50].
GHG emissions from ornamental production nurseries in Italy were significantly greater for container-based
production (26.1–34.7 Mg ha−1 year−1) compared with field cultivation (2.3–6.6 Mg ha−1 year−1) [23].
The use of peat contributed 33.8 to 52.4 kg CO2 eq/m2/year in six different ornamental nurseries in Italy.
The reduction of GHG emissions could be achieved by applying alternative compost materials to reduce
peat usage [23]. Using peat as a potting substrate resulted in >50% of the total input emissions (kg CO2

eq m−2 year−1) for the container-based cultivation of Quercus fellus, Wisteria floribunda, Nandina domestica,
Magnolia stellata, Cupressocyparis leylandii, Photinia x fraseri and Pinus pinea plants [24].

Sewage and recycled water were found to be appropriate for Cyperus alternifolius, Euonymus
japonicus, and Cordyline terminalis irrigation providing increased Fe, Cu, and Pb content in roots and
leaves [52]. Using recycled water in other water-demanding ornamental plants might minimize
environmental inputs. For example, irrigation had a high contribution in CO2 production at the
seedling and liner stages of Cercis canadensis cultivation [24]. Irrigation of Euphorbia pulcherrima,
Pelargonium x hortorum, and Cyclamen persicum had an increased contribution in GWP [53].

3.5. Integrated Pest and Disease Management (IPDM)

Pesticide residue levels on commercially grown cut flowers such as roses, gerberas,
and chrysanthemums highly concern authorities and consumers in the EU. In a study conducted
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in Belgium, 107 active ingredients were detected on harvested rose, gerbera, and chrysanthemum
bunches [54]. Among them, roses were the most contaminated flowers with 14 distinct substances
detected per sample and a total concentration of 26 mg kg−1 for a single rose sample. Substances such
as acephate, methiocarb, monocrotophos, methomyl, deltamethrin, etc. could generate direct toxic
effects to the nervous system of florists and consumers [54].

Decision analysis for the best possible disease management scenario to ornamental plant nurseries
in Germany were carried out by Ruett et al. [55]. They found that a reduction of fungicide use
without substantial monitoring in the nurseries may result in >76% of product losses. Intensified plant
monitoring may benefit production by up to 68% by allowing earlier detection of the diseases and
more precise application [55].

In the past 50 years, research on the biological control of pests and diseases has shown that
within the complex host–pathogen, host–pest interactions, biological agents may provide alternative
solutions for IPDM [56–58]. Host–pathogen interactions include antibiosis, antagonism for space and
nutrients, induction of the host’s defense responses, and many more [58–60]. Microbes that provide
antagonism may restrict plant pathogens by up to 100% in vitro. However, application in vivo is more
complex and rarely ends up with complete protection against pathogens. This was associated with
the environment conditions, which significantly affect both the pathogen and the biological agent.
In addition, abiotic elicitor treatments such as acibenzolar-S-methyl (ASM), methyl jasmonate (MeJA),
and ultraviolet-C (UV-C) irradiation, as alternatives to fungicides, have been used to induce defense
responses in cut flower and pot plant cultivation [58,61].

3.6. Cultivation of Climate-Adopted or Native Ornamental Species

How exactly are native or climate-adopted plants associated with sustainability? In most cases,
wild plants can be adopted and successfully cultivated in diverse environments under extreme
conditions with minimum energy, water, agrochemical, and nutrient requirements. There are several
examples to indicate that using wild species as new ornamental products has been successful [62–67].
For example, there is the paradigm of the native South African ornamental species that have
been commercially popular worldwide. Freesia, gerbera, gladiolus, protea, nerine, leucadendron,
zanthedeschia, agapanthus, strelitzia, kalanchoe, and ornithogalum are some of the most recognized
ornamental pot plants and cut flowers sold in the Dutch auctions [66]. Several species native to
the Australian continent have been cultivated in different parts of the world with success [65].
Production involved a wide range of native species dominated by the waxflower (Chamelaucium
uncinatum), the kangaroo paw (Anigozanthos spp.), the thryptomene (Thryptomene spp.), the acacia
(Acacia sp.), and the eucalyptus (Eucalyptus sp.) [68,69]. At least 64 other countries produce endemic
Australian cut flowers with the major ones being Israel, the USA (California), South Africa, Ecuador,
and Colombia. Wild plants originating from the Mediterranean region have shown great potential for
use as ornamental plants in gardens or as cut flowers [64,67,70–73]. The Mediterranean region is one
of the most important spots for plant diversity with over 10% of the world’s species (approximately
25,000) and about half of them being native [67]. There is a big list of potential Mediterranean plants
suitable for cut flower and pot-plant production [67]. However, special attention must be given to
the introduction of wild species to the commercial floriculture chain [70,71]. Wild species should
meet specific criteria of quality. The most important are the propagation and cultivation potential
(e.g., regulation of growing and flowering), their ornamental characteristics, and their postharvest
life (for cut flowers). Considering sustainability issues, the LCA of ornamental pot plants and cut
flowers has shown that wild species and specialty cut flowers differ considerably to traditionally grown
commercial ornamental plants such as poinsettias, phalaenopsis, and cut roses [18]. For example,
the CO2 footprint at cultivation of phalaenopsis, roses, and poinsettia grown in the Netherlands
ranged from 17 to 41 kg CO2 eq/kg of product [16]. On the contrary, cultivating spring and summer cut
flowers in Austria had a significantly lower CO2 contribution (e.g., >0.2 kg CO2 eq/kg) [18]. Therefore,
sustainability may be achieved via the commercialization of wild, native, or specialty ornamental crops.
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3.7. Sustainability within the Handling and Transport Chain

Handling and transportation can sometimes contribute significantly to GHG emissions and GWP.
Within different floricultural products (e.g., cut flowers, pot plants, landscape plants), package, handling and
transportation differs dramatically. For example, cut flowers and foliage are sleeve- or carton-packaged, held in
cold rooms, and transported by land or by air to markets around the world. Pot plants sometimes acquire
sleeve packages, no cold rooms, and are mainly transported by land. Landscape plants are not packaged;
they are maintained in garden centers for longer periods and are transported by land. The transportation and
transplant of landscape plants is a process that significantly contributes to their total GWP when entering the
“use” phase (i.e., transplanted to their final site) [29]. The air transportation of cut roses from Colombia to
possible markets contributed 84.4% of the total energy used [17]. However, air transportation from Kenya or
Ethiopia to England or the Netherlands had a minimum contribution to the total GWP [13,21]. Within the cut
flower and cut foliage handling chain, auctions in the Netherlands play a key role in worldwide distribution.
FloraHolland auctions in the Netherlands have established a Floriculture Sustainability Initiative (FSI) to help
in achieving lower environmental footprints within the sector by applying policy engagements to internal
processes, facilities, and employees [73]. A specialized department and an advisory board have been formed
to implement these sustainability policies and monitor their impact.

3.8. Sustainability Perception of Growers, Sellers, and Consumers

In the past 20 years, consumers’ perception on sustainable floricultural products has enhanced.
This attitude forces growers and sellers to shift to sustainable ornamental production under strict
eco-friendly protocols. Growers and sellers may perceive these changes as the development of new,
innovative products for the markets. Based on the results of recent surveys, consumers were willing
to pay more (≈15% more) for sustainable floricultural products, although clear and precise labeling
was necessary for discrimination [74–76]. Evaluating the sustainability and the quality criteria for
German consumers, it was indicated that both cut rose quality parameters such as blossom uniformity
and flower scent were as important as sustainable practices (e.g., choice of packaging) [76]. With so
many different types of labeling, consumers might be misled and lose trust in firms and products.
By realizing that, growers may turn to sustainable production but need appropriate guidance and
training [77]. Examples of sustainable practices include but are not limited to recycling irrigation water
and plastic, implementing biological control for pest and diseases, using alternative energy sources
and cultivation substrates, supporting local production, etc.

4. Implications for Sustainable Production—Two Possible Scenarios

Data provided by recent research have shown that effective management via the implementation
of LCA can aid the sustainable production of floricultural products. Figure 3 shows two possible
scenarios to achieve low CO2 footprint and GHG emissions adopting an eco-friendly approach. The first
scenario describes a production model for the traditionally grown, commercial but energy-demanding
ornamental plants such as roses, poinsettias, and phalaenopsis. The second scenario represents an
alternative model of native or specialty ornamental crops cultivated at lower energy demands and, as a
result, at lower CO2 footprints. For products such as roses, phalaenopsis, and other tropical indoor
plant species, the use of RES, IPDM, and INM is necessary to minimize CO2 footprints. However,
increased costs in production in the northern European countries remains an issue [12]. A basic
SWOT (strengths, weaknesses, opportunities and threats) analysis indicates the major advantages
in cultivating these best-selling ornamental plants (Figure 3). On the other hand, the native plants
may provide alternative solutions to producers with new, low-cost products, which can implicate the
rise of new trends in the floriculture industry (Figure 3). However, more work needs to be done on
the marketing and promotion of these new products to be attractive for consumers [8]. Furthermore,
combined practices may offer alternative choices to growers and sellers by adopting environmentally
friendly policies from both scenarios to their production systems.
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Figure 3. Two possible scenarios for low CO2 footprint production of floricultural products based on adopting alternative energy sources, integrated pest and disease
management (IPDM) and integrated nutrient management (INM) (Scenario 1) or implementing the “least energy demanding” cultivation of native plants (Scenario 2).
SWOT analysis presents the strengths, the weaknesses, the opportunities, and the threats of both scenarios.
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5. Concluding Remarks

This was the first attempt to present a critical review on the factors affecting the sustainable
production of ornamental plants and cut flowers. New, strict regulations are applied to the
global agricultural systems forcing the floriculture industry to adopt eco-friendly practices.
The implementation of LCA will help growers and managers reduce environmental impact and
production costs. Analysis of the LCA will lead to the development of appropriate protocols and
methodologies to achieve the production of eco-friendly floricultural products.
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Abbreviations

LCA
USDA

life cycle assessment
US department of Agriculture

AD abiotic depletion
AA air acidification
EU eutrophication
GW global warming
GWP global warming potential
PO photochemical oxidation
GHG greenhouse gas
OD ozone depletion
HT human toxicity
FAET freshwater aquatic ecotoxicity
MAET marine ecotoxicity
TE terrestrial ecotoxicity
RES renewable energy sources
CC climate change
INM integrated nutrient management
IPDM integrated pest and disease management
TES: thermal energy storage
MPS Milieu Programma Sierteelt
OWC olive waste compost
ASM Acibenzolar-S-methyl
MeJA
UV-C

methyl jasmonate
ultraviolet-C
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