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Abstract
Current thinking about circularity and sustainability is used to identify i)
recirculation of drainage water, ii) circular fertilisers, and iii) resilience control as
growing media related areas with a wider societal meaning. The objectives are to find
to which extent circularity can be realized and how growing media and compost
research can serve transition to a more circular horticulture. Recirculation of drainage
water increases water use efficiency by 50%, nutrient use efficiency by 60% and
eliminates the emission of water borne chemical agents. The challenge remains as still
90% of the global area of growing media systems does not yet use available techniques
to realize full recirculation. The global use of more circular fertilisers, including plant,
animal and human wastes, can stop depletion of natural reserves and diffuse emission
of nutrients. It is argued that the combination of irrigation techniques and the use of
growing media offer horticulture both opportunity and reasons to lead in the
production of circular fertilisers, being either soluble or slow release. Resilient
growing media facilitate cultivation without chemical agents, without disinfection
before reuse and without continuous disinfection of recirculating water. We identify
methodological improvements still needed to safely progress on this road. The
importance of growing media based cultivation is put in perspective of the global
production of food and ornamentals.
Keywords: nutrient reuse, organic fertilisers, plant improvers, plant protection, resource use
efficiency

INTRODUCTION
At present the economy is embracing the concepts of circularity and sustainability
(OECD-FAO, 2021; OECD, 2021). Apart from reacting to the societal demands originating from
circularity and sustainability, growing media research can help to focus on applications which
hold the largest potential benefits for society and horticultural industry alike (Zhou et al.,
2021). At the beginning of this article we will explore the field and select the most promising
applications. Selected applications will then be discussed in more depth. Finally, in a general
discussion, the importance of growing media based, and circular cultivation will be discussed
in perspective of the global production of food and ornamentals.

Circularity
For circular agriculture one definition reads: “a) Production of agricultural commodities
using a minimal amount of external inputs, b) Closing nutrient loops and reducing negative
discharges to the environment, and c) Valorising agri-food wastes” (Ward, 2017). Circularity
in the realm of horticulture in the Netherlands came into focus with introduction of the new
research agenda of the Ministry of Agriculture, Nature and Food Quality (LNV, 2019). Circular
agriculture being described as “a paradigm shift from growth in production volumes and cost
price reductions towards optimisation in resource use and food production in harmony with
nature”. This is in line with global trends (Raworth, 2017; Attenborough, 2020; IPBES, 2019).
Although much attention in the ministry document is focused on animal husbandry and openfield agriculture, the ministry also ordered a pilot study to identify and rank priorities for the
horticultural industry. In reaction an important stakeholder group within the horticultural
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supply industry ordered additional research to identify possibilities to improve their services
(Figure 1). In these studies the main areas of interest were identified as: 1) reducing the use
of fossil energy sources; 2) reducing the emission of fossil carbon dioxide; 3) increasing water
use efficiency and decreasing waterborne emissions; 4) decreasing the use of non-circular
fertilisers; 5) decreasing the use of non-circular growing media; 6) decreasing the use of oil
based persistent materials e.g. plastics.

Figure 1. Artist impression of circular horticulture dealing with various transitions. From left
to right on the gray outer circle: Carbon dioxide from fossil energy sources; energy
from fossil energy sources; plastics from fossil energy sources; fertilisers from noncircular sources and by using fossil energy; growing media using fossil carbon
sources. Solutions are in the inner circle. The second circle, right hand top, shows
how horticulture can use waste materials from other societal segments to create
value (Verkerke and Boedijn, 2020).

The reduction in the use of fossil energy for horticultural production is already a focus
of research in the Netherlands for decades (Van der Velden et al., 2018; Van der Velden and
Smit, 2019, 2020). For tomato, this resulted in a reduction in the use of fossil fuel from 50 to
12 m3 m-2, expressed as gas equivalents in which 1 m3 gas equals 32 MJ. The reduction leans
partly on the increased input of green electricity. As this article focuses on a relation with
growing media and compost, circular energy will not be further discussed.
The reduction in the use of fossil carbon dioxide has, at least in the Netherlands, been
pursued by using carbon dioxide from industrial sources (Van der Velden and Smit, 2019) of
which 50% is circular carbon dioxide, and by reducing the amounts dosed from 140 to 20 kg
m-2 year-1 by tuning application to the demand (De Gelder et al., 2019). An indirect
relationship with growing media lies in the use of bioreactors and compost facilities to co190

produce carbon dioxide. Said bioreactors also produce circular nutrients especially for
horticultural purposes. As this article focuses on a relation with growing media and compost,
circular carbon dioxide will not be further discussed.
The obligatory application of recirculation of drainage water in Dutch horticulture
reduced emissions from at least 50% of the supplied volume in 1980 to less than 10% in 2020
(Beerling et al., 2017). The need to increase water use efficiency has also been subject of
world-wide studies for over 20 years (OECD-FAO, 2014; Stanghellini, 2014; Stanghellini et al.,
2019). The single most effective way to increase water use efficiency was shown to be the
collection and re-use of the drainage water. As a total reuse of drainage water automatically
recirculates all water borne fertilizers and crop protection agents, this strategy conveniently
takes care of the emission of nutrients and crop protection agents (Gruda, 2020).
The use of nutrients in glasshouse horticulture on a national scale is 100.000 t year-1 on
just 10,000 ha in the Netherlands, which is 10 t of fertilizer ha-1 year-1 (Beerling et al., 2017;
Van Os et al., 2019). Although the use of circular fertilisers is increasing, we estimate less than
10% of the total fertiliser use in Dutch horticulture is circular. We define circular fertilisers as
fertilisers from renewable sources, not resulting in substantial accumulation in the
environment. We describe the opposite of circular fertilisers as “noncircular fertilisers”
because alternative terms as linear, chemical, synthetic, and non-renewable all have
unintended exceptions. As just one example, the production of nitrogen fertilisers from air
with solar energy is renewable but not circular. The conversion from non-circular to circular
fertilizers in Dutch horticulture is realized by large base dressings and repeated maintenance
dressings of solid organic fertiliser (Gonani et al., 2011; Viaene et al., 2017), by preparing solid
circular fertilizers with slow release properties (Van Staalduinen and Verhagen, 2020) and by
preparing a liquid organic fertilizer mix (Blok et al., 2017b, c). The development of liquid
circular fertiliser will facilitate the continued use of drip irrigation systems. Drip irrigation
systems are deemed essential to realize yield advantages related to high frequency supply of
water and nutrients (Xu et al., 2004; Silber et al., 2005). Globally the conversion from noncircular to a more circular nutrient supply is perceived as a huge challenge for agriculture
(Foley et al., 2005; Dogliotti et al., 2014). To date the emphasis lays on the conversion from
non-circular to circular fertilizers in arable cropping rather than in horticulture, but we will
argue there are reasons to deem the development of circular fertilisers for growing media and
composts especially relevant.
The decrease in the use of fossil growing media at present focuses on finding peat
alternatives (Gruda, 2020). Arguments are peat is a finite, natural resource and peat use
results in carbon dioxide emission upon oxidation in air. In the Netherlands the percentage of
peat used in professional horticultural media decreased from 75% of the total in 1990 to 65%
in 2017 (Blok and Verhagen, 2009; Blok et al., 2021). The decrease of percentage of peat in
consumer growing media from about 70% to about 50% was even larger. Even so, the import
of peat in absolute quantity hardly decreased. As peat is by far the most versatile and
qualitatively most convenient growing media, finding alternatives still poses a major
challenge, of which the industry is well aware (Schmilewski, 2009; Carlile and Waller, 2013;
Barrett et al., 2016; Vandecasteele et al., 2021). Large scale alternatives at present are coir
products, wood fiber products, bark, perlite and to a lesser extent woody compost. Although
this article focuses on a relation with growing media and compost, finding peat alternatives
will not be further discussed. The reason is that “peat free” will not highlight the unique
potential of growing media systems.
The reduction in the use of synthetic supporting materials (clips, foils, wires,
containers), serves two environmental purposes: 1) avoiding the use of fossil sources for
production reduces the release of carbon dioxide and its role in climate change; 2) the physical
and microbial degradation takes a very long time. The consequence of this poor microbial
degradability is a dispersion of plastics in the environment, known as, among others, “plastic
soup” for larger particles and “micro plastics”, when broken down in very small particles. Both
problems interfere negatively with fauna on earth. The solution is to produce alternative
materials with similar essential properties in use but with a biobased source material
(Eveleens and Blok, 2020), and with a reliable biological degradability (EN-13432, 2017; EN191

17033, 2018). Scientists studying horticultural growing media and composts may adapt
existing methods to measure biological degradability of such novel materials. Alternatives for
oil based poorly degradable pot plant containers, crop wires, crop clips and packaging foil are
on the market, but are by no means leading products yet in the Netherlands. As this article
focuses on a more direct relation with growing media and compost, this issue will not be
further discussed.

Sustainability and resilience
Sustainable cultivation defined as “cultivation capable of maintaining productivity
indefinitely” (OECD, 2021) overlaps considerably with “circular agriculture”. The terms
“sustainable” and “circular” however, do not include resilience. Something which is
sustainable does not have to be resilient even though resilience is, in many cases, an important
characteristic of a sustainable system. Resilience contributes to sustainable cultivation when
the level of resilience is sufficient to maintain crop health over the cultivation cycle via a
growing medium which is suppressive to plant pests and diseases. This definition puts the
focus on both, biocontrol agents for disease suppression and biostimulants for improved plant
health by a substance or a microorganism (Du Jardin, 2015). The field of this type of growing
media mediated resilience is vast and as yet still not explored to a level of understanding
which allows for large scale applications (Raviv, 2009; Grunert et al., 2016a; Debode et al.,
2018; Grunert et al., 2019). However, the example of the success of above ground control of
pests with integrated pest management (IPM) motivates research to broaden this concept to
include above and below ground microorganisms (Alabouvette and Steinberg, 2006;
Termorshuizen et al., 2006; Khalil et al., 2011; Vestberg et al., 2011). As this research field is
vast, relations are complex and studies are conducted by researchers with widely differing
backgrounds, there is still room for overviews with a focus on application in commercial
growing media based horticulture (Lugtenberg, 2015; Joos et al., 2020).

Selection and objective
We conclude this introduction by selecting from the topics regarding circularity and
sustainability just 3 subjects; recirculation of water and nutrients, the use of circular
fertilisers and the management of microbiology in growing media. Our reason to select these
topics is we think these topics can best put horticulture in the center of innovating world food
production. Arguments for this choice, however arbitrarily, are: 1) growing media based
systems have a unique possibility for total recirculation i.e. zero discharge, of water, fertilisers
and, when these are applied, water borne plant protection agents; 2) the development of
circular fertilisers puts pressure on the use of drip irrigation. Drip irrigation is such a valuable
tool for horticulture, it is worthwhile to invest in adapting the circular fertilisers and such
adaptions are relevant for outdoor drip irrigation applications too; 3) the management and
study of microbial resilience in growing media can surpass that dedicated to arable soils as
the control over climate and abiotic factors in most horticultural systems is easier. Other
aspects of circularity as energy, carbon dioxide, growing media choice and substitution of
plastics are left out as these aspects do not in our opinion offer a unique possibility for
growing media research and development to develop solutions of global relevance.
The objective of this article is to better define to which extent circularity in growing
media can be reached in the areas of emission, circular fertiliser and resilience control and
how the study of growing media and composts can serve the conversion of current
horticulture to a more circular horticulture. To do the above, the importance of growing media
based cultivation will be put in perspective of the much larger global production of food and
ornamentals.
STATE OF THE ART

The recirculation of drainage water
The worldwide irrigated land area is 3.4 Mkm2 (FAO, 2017) or 19% of the total cropland
area or 18 Mkm2 (FAO, 2020). The production on irrigated land is 45% of the world production
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of arable crops (FAO, 2017) which means average production per unit area on irrigated land
is almost 3.5 times the production on non-irrigated land. To supply enough food for the
anticipated 10 B people in 2050 (UN, 2021), the area of irrigated land is supposed to further
increase (OECD-FAO, 2021). However, irrigation is in many cases inherently unsustainable
and the amount of water available is becoming limiting. The element load of most water is
high enough to lead to accumulation of such elements in the topsoil. To prevent yield
reduction because of too high levels of individual elements, over-irrigation, with an average
50% of water, is common (Stanghellini, 2014). Inevitably the result is emission of fertilisers,
notably N and P, as well as crop protection agents. Nutrient emission thus also applies for
irrigated organic production systems. Irrigated agriculture is already using a hotly debated
70% of the world’s fresh water sources making a further substantial increase of the irrigated
area unlikely (UNESCO, 2019). Options to increase irrigation efficiency by pre-treating
irrigation water with e.g. reverse osmosis (RO) techniques or reusing municipal or industrial
wastewater seem to offer some room. Such adaptations however come with a price tag of 0.53 Euro m-3. Our argument here is that such higher prices and technological requirements favor
horticultural applications.
In growing media based systems, the full recirculation of drainage water is technically
possible and, at least in the Netherlands, feasible. With or without recirculation, drainage is a
prerequisite. Individual differences between plants/crops, and between supply via e.g.
drippers, create differences which are evened out with about 15% drainage water. In practise
the required 15% translates into 30% drainage water for crops with a very uniform plant
development such as tomato and 50% for less homogeneous crops such as roses. Furthermore
the nutrient level expressed as electrical conductivity (EC) around roots and in drainage water
needs to be 25-50% higher than the level in the plant supply (Blok et al., 2017a). The
consequence is that 30% drainage of water means 50-60% of nutrient loss if drainage water
is not recirculated. Based on a supply of 10 mmol L-1 NO3 and 1 mmol L-1 PO4, this results in N
and P emissions of about 3 t nitrate ha-1 year-1 and 0.5 t of phosphate ha-1 year-1 if the drainage
water is not recirculated.
Horticultural systems with growing media and recirculation of drainage solution can be
effectively realized only if there is a) high quality water and b) an ample supply. High quality
meaning an EC <0.5 dS m-1, no problems with pH<5.0 or >6.5 and all element levels below the
plant uptake levels, i.e., below levels resulting in accumulation, which is especially relevant for
sodium levels (Sonneveld and Voogt, 2009). If the available water does not meet these
requirements, pre-treating the water with various techniques is necessary. Standard, and
recently improved AI (Artificial Intelligence) controlled, RO systems meet such demands for
most places in the world (HortiDaily, 2020). Areas with high levels of fluoride (e.g. areas in
Kenya, Colombia) or boron (e.g. areas in the Middle east) require additional pre-treatments.
An ample supply means ideally the supply of rain, well, and/or RO water is enough to cover
the daily crop demand over a whole cultivation cycle. In practise this usually includes a water
storage such as a basin or silo, to cover yearly crop demand with a reliability for at least 9 out
of 10 years for that site. Models to calculate storage capacity for any crop/climate/water price
combination exist (Van Os et al., 2009). An important advantage here may be that crop
demand for water per unit product in growing media based systems can be up to ten times
lower than in irrigated open field situations. This is caused by a combination of the higher
yield and the lower evaporation and transpiration in a greenhouse environment (Zhou et al.,
2021).
The use of more circular fertilisers
The reason to reintroduce more circular fertilisers is based on both depletion of scarce
resources and decrease in biodiversity. The depletion of scarce resources is relevant for
phosphorous, potassium and molybdenum (Sonneveld and Voogt, 2009; Withers et al., 2014).
Furthermore, although most mineral fertilisers are excavated from geological deposits, nitrate
and ammonia are produced from nitrogen in the air by using 25 GJ t-1 ammonia (IFA, 2014).
The amount is so huge, about 1.2% of the world’s energy budget is currently used to produce
nitrogen fertilisers (IFA, 2014). The second argument, the decrease in biodiversity, is the
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result of the eventually diffuse emission of any non-circular fertiliser element. Any element
supplied to a plant will eventually be released into the environment, be it by drainage
emission, plant waste, animal waste or human waste after consumption. Because non-circular
fertilisers are freshly dug or produced each year, the amounts of diffuse emissions are
cumulative. Accumulation of non-destructible elements would, after another 1000 years of
the present-day fertiliser application, lead to over-fertilisation of every biotope. We can
already see the results in the rapid decline of biodiversity. Numbers of species of
microorganisms in non-circularly fertilised arable land are 10-1000 times lower than in
circularly fertilised lands. Insects species in Western Europe have decreased by 70% and this
is attributed in a large degree to fertiliser use (Erisman et al., 2016; WallisDeVries and van
Swaay, 2017).
Circular fertilisers solve the problems stated above by a clear shift in sources. The
sources of the future are by nature the opposite of the emission routes mentioned: they allow
the recirculation of drainage water, re-use of plant waste, animal waste and human waste after
consumption. Circular fertilisers do need specific adaptations when used in growing media
cultivation. In growing media with recirculation, the required amount of fertilizers prohibits
the application of all nutrients already as base dressing before the plants are introduced. The
amount required (10 t ha-1 year-1) is just too high to put in a volume of 10-40 L m-2. Applying
all fertilizers at once would result in 1 kg 40 L-1 for example which would give an EC of about
25 dS m-1; ample to kill the plant. This means circular fertilizers need to be offered as base
dressing of slow release fertiliser and/or as a frequently applied maintenance dressing. The
only practical way to frequently apply fertilizers to all containers or slabs in a nursery is to
add the fertilizers to water and to fertigate.
Slow release fertilizers with polymer coatings release microplastics from the coating
which is hardly circular. This means a lot of effort should be and actually is put into production
of biobased and biodegradable coatings. Furthermore, the volume per unit element of nonchemical fertiliser sources is often much larger than for chemical fertilisers. Circular slow
release fertilisers are thus often compressed to reduce volume and at the same time to slow
down the release of elements into a growing medium. As most circular growing fertilisers are
hygroscopic, expand when moistened, and then release a lot of ions in solution, there is still
ample room for technological advances in creating circular slow release fertilisers by any
combination of compressing, coating, impregnating or binding.
Circular water-soluble fertilisers are another option already in the market. Animal or
plant wastes are processed into a concentrated multi-element liquid system. An example is
Viscotec blue, a plant-based mix with potassium amino acids, offered as a water-soluble
powder (DCM, Grobbendonk, Belgium). In experiments with one particular set of circular
liquid fertilisers the pH dropped quite fast from 5.5 to below 4.0 as bacteria take in large
amount of ammonium (Blok et al., 2017c). The conversion from ammonium to nitrite is the
second bacterial conversion step, and in growing media systems it takes days to weeks before
there are enough bacteria to provide this service. A typical increase in nitrite level is then
followed by an equally typical increase in nitrate coupled with a drop in nitrite as the
conversion nitrite-nitrate is many times faster than the supply by the ammonium-nitrite
conversion. At the same time carbon in the fertiliser is converted into carbon dioxide. The
production of carbon dioxide in the experiment resulted in bicarbonate levels as high as 15
mmol L-1 and decreased the level of available oxygen in the growing medium. In the
experiment described, this resulted in lower growth in peat slabs with organic nutrient supply
but not in peat slabs with a chemical nutrient supply. The situation was remedied by allowing
slabs to become fractionally drier. Practical and theoretical evidence of small changes in water
content influencing the rate of oxygen supply enough to influence production in practical
circumstances exists (Verhagen, 2013; Blok et al., 2017a, c). Another way to rework organic
waste into a solution fit to distribute with drip irrigation is to use a bioreactor to pre-treat a
solution with a high level of organic nitrogen and thus convert a large part of organic nitrogen
into nitrate before sending the solution to the crop (Blok et al., 2017b). The use of bioreactors
to prepare a nutrient solution at a nursery is now commercially exploited (van der Knaap
Group, Kwintsheul, The Netherlands; Biota, Bleiswijk, The Netherlands).
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1. The co-production of carbon dioxide.
The bioreactor described above produces a steady flow of nutrient solution at an EC of
4.5 mS m-1, which is the reason it operates on site at the nursery rather than transport such a
diluted fertiliser solution. Using bioreactors offers the additional advantage of carbon dioxide,
which is inevitably coproduced, and which may be distributed in the greenhouse as
fertilisation for the crop. Calculations indicate 20-80% of the crops needs for carbon dioxide
may be covered by such systems although experimental proof is still lacking.

The control over resilience in time
All plant production systems (arable crops, trees, horticulture and others) are under
pressure to reduce or even abandon the use of chemical crop protection agents (Leymonie
and Perata, 2013). With the successes in insect control in horticulture, with integrated pest
management (IPM) in mind, similar successes are sought after in growing media. The focus is
on the control of plant pathogenic organisms such as bacteria, fungi and nematodes (Antoniou
et al., 2017; Debode et al., 2018; Tian et al., 2019; Gerrewey et al., 2020). Various ideas on how
to bring this about exist.

1. Hopeful indications.
Postma (2004) describes how suppressiveness of diseases tends to build up over the
years. This observation is supported by the well documented increase of resilience in soil
against Take All in wheat (Raaijmakers in Lugtenberg, 2015). This notion has not found much
follow up, possibly because common practise in rooting media based cultivation is to change
the rooting medium every 1-2 years (as mentioned by Postma 2004). It does however mean
it is possible to improve resilience by growing in the same rooting material for over 4 years.
At the same time, it is possible to infect a new virtually sterile rooting medium with the
population from an old similar rooting medium, without losing the added resilience against
Pythium (Postma, 2004). The suppressiveness found is the result of the evolution of activity
of whole microbiota.
2. Single added microorganism.
Experiments in petri dish are a first step during screening of multiple microorganisms
against a specific plant pathogens (Alabouvette and Steinberg, 2006). Experiments in
greenhouse and field should follow. Almost all biocontrol agents and microbial biostimulants
on the present-day market are based on single microorganism (or even a specific strain).
Problem is that single strains might not always work in different environments. Some require
the presence of helper strains, which might not be present in every soil/substrate. Many single
organisms were tested (Weller et al., 2002; Hultberg et al., 2008).

3. Multiple added microorganisms.
This approach was put into practical use by various companies. To increase the chance
of success, mixes of several species of disease suppressing microorganisms were put together
in a formulation. The reason to do so were the often-disappointing results with the addition
of single microorganisms to a growing medium. This approach works, if the different used
microorganisms interaction is well studied. Using mixes of random isolates of different
species has little chance of success. There are enough potentially disease suppressing
microorganisms which can colonize new environments, but even then, their presence does
not always equal activity against the targeted disease.

4. Carriers.
The next step was to try to find a second growing medium specifically suitable for the
added microbials and then first establish the microbials to be added on the second growing
medium after which it could be mixed with the first growing medium. In this way the second
growing medium acted as a carrier. Soil restoration inoculation shows similarities to using
carrier material in substrate growing (Muter et al., 2017). The difference is, in soil restoration
use is made of natural occurring communities from other soils, while the carriers are pre195

treated with beneficial microbials. Successful specific applications of the carrier approach are
well documented (Glodowska, 2014; Debode et al., 2018). Drawbacks of the carrier approach
may be: a) it is often supposed rather than proven a specific carrier material is a proper host
environment for the microbials added; b) it is often supposed rather than proven the added
microbial(s) on the carrier will improve resilience in a growing medium when mixed into that
growing medium. Some lessons from soil restoration research (Wubs et al., 2018):
a) Low nutrient fertile soils react more positive to inoculation;
b) Mixing various inoculants results in more pronounced growth reactions of plants i.e.
mixing inoculants adds to the effect of the mixing constituents;
c) The mixing ratio matters: 25/75 v/v is not 75/25 v/v.

5. Functional groups fed with specific organic feeds.
At present there is a lot of attention on feeding the naturally present microbials of a
growing medium, rather than introducing new species into a specific environment of
soil/growing substrate. This can be achieved by adding specific, organic amendments, which
is the nutrient source for the specific groups of beneficial microbes (Grunert et al., 2016b).
This is known as stimulating a functional group. Functional groups of microbes are comprised
of different species, which can take part in a specific metabolic process, such as for example
nitrification of degradation of chitin. Examples are the addition of spent mushroom compost
and chitin (Cretoiu et al., 2013; Postma and Schilder, 2015; De Tender et al., 2019). Up to now
most organic amendments are administered only once during the cultivation cycle due to their
insolubility in water and sometimes even on a very restricted spot, i.e. between the
propagation cube and the cultivation slab.
6. The plant.
Because specific exudates influence the functional groups of microbials growing in the
rhizosphere (Grunert et al., 2019), it is no surprise that plant species with different exudation
create soils with different microbiological communities and different susceptibility to
(different) diseases (Ma et al., 2017). Ma et al. (2017) showed how soil from plots with grasses
positively influence the growth and resilience of plants grown on this soil afterwards i.e. the
plant shapes the microbiome which in turn influences the next plant.
7. Methods to follow and characterize resilience.
It is still quite difficult to characterize resilience of a growing medium with or without
added microorganisms. Present day field methods to estimate the activity of a specific
microorganism include quantitative polymer chain reaction (qPCR) and the phospholipid
fatty acid method (PLFA). Characterizing potential resilience is heavily depending on the
correct application and interpretation of the fast evolving gamma of methods (Joos et al.,
2020; Reinhardt and Sharma, 2019). As an example; success of applying a certain feed to
stimulate a functional group can be measured by a) the rate of disappearance of the substance
applied; b) the rate of appearance of a product out of the substance applied; c) the quantity of
enzyme a functional group uses to convert the feed; d) the quantity of RNA used to code for
the required enzyme; e) the quantity of DNA coding for the RNA which codes the required
enzyme (Figure 2). It is not always possible to use each of these methods as e.g. substance
applied and/or product are not unique; enzymes are not unique or unknown etc. Also, the
absolute quantities of enzymes, RNA or DNA can be misleading. Some enzymes are much more
productive than others, some RNA to enzyme conversions are much more effective and some
DNA may be present but inactive.
DISCUSSION

Growing media proper
The topic of new growing media constituents and peat alternatives was not selected as
objective in the introduction, because growing media choice was assumed not to show a
unique potential inherent in the use of soilless culture systems (SCS). However, several peat
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alternatives in themselves harbour unique properties which could make growing media
cultivation relevant for society. A first example is the re-use of local organic waste materials
as growing medium (Vandecasteele et al., 2018; Vandecasteele et al., 2020). Some examples
are composts, park waste-based wood fibers, and used growing media. A second example is
the use of biochar, which, after use in soilless cultivation, can be added to arable soils and by
increasing the soil organic matter content results in a negative carbon dioxide emission i.e. as
a regenerative product (Fryda et al., 2019). A third example is the use of water as a growing
medium, avoiding the use of growing media all together (Blok et al., 2017a). Another reason
to discuss the circularity of growing media is that spent growing media are not circularly
reused. Most organic growing media end up as soil improver or low-grade potting soil. And
although it can be argued this contributes to wider and more complex circularity it may also
be argued this is an imperfect solution. Obviously inorganic growing media such as perlite or
stone wool are at present even more linear products. The remarks above are given to show
the choice of objectives was not meant to avoid critical thinking about the circularity of
growing media proper.

Figure 2. Schematic representation for one general and three actual bacterial processes in
which a feed (blue), the resulting product (green), the enzyme responsible
(orange), the unique RNA (grey) and DNA (red) involved are given. The rate of
conversion of the feed can be characterized by any of the five methods but
interpretation becomes more challenging from bottom to top. Interpretation may
be difficult when substances similar to feed or product are present.
Recirculation

1. Potential.
Our argument to promote worldwide recirculation of drainage in growing media based
systems is that this solution is both, technically possible and economically feasible. The
advantages are huge: a 50% decrease in water use compared to free draining greenhouse
cultivation and a 60% decrease in nutrient use. Furthermore emission of water borne
chemicals is zero and the production is area efficient (Gruda, 2020).

2. Biodiversity and rewilding.
An overarching advantage of using growing media in which both recirculation and the
use of more circular fertilisers play a significant role is the influence on biodiversity and
rewilding. As we have seen, both recirculation and circular fertilisers reduce the diffuse
emission of nutrients into the environment which benefits biodiversity. Furthermore, the very
high yield levels or related water use efficiency and nutrient use efficiency also result in
growing media systems with drainage water recirculation being area efficient. The area
dedicated to growing media based production worldwide is perhaps 100,000 ha or 1000 km2,
the total production is about 30 Mton fresh product or 1.5 Mton dry weight. Energy wise this
is 12*1015 J (counting 8 MJ kg-1 dry matter). The annual energy intake of the world population
is about 18*1018 J, counting an intake of 7 MJ d-1, (FAO, 2009). Thus, the relevance of growing
media production is modest indeed with slightly less than 0.1% of the total required
production. However, the world’s area in cultivation is 20 Mkm2, of which growing media
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based production is 0.005%. Thus 1 unit area of growing media based production is on
average 20 times more productive than the average unit of cultivated land (Zhou et al., 2021).
This indicates that conversion of arable cropping to substrate based cultivation could free
significant areas for rewilding (Attenborough, 2020), which is another way to restore
biodiversity. It is however fair to point out another 40 M km2 is dedicated to livestock
production, which is perhaps an even easier target for rewilding (FAO, 2020).

3. Knowledge gaps.
Growing media systems with drainage water recirculation are possibly not the best
available area efficient alternative for an emission free production system for global
production of relevant quantities of healthy food. Better alternatives possibly are free ranging
forestry systems from which green mass is harvested for insect or microbial conversion into
food (Van Hofwegen et al., 2009; Huis et al., 2013). In such systems, only parts of the plants
are harvested i.e. the plants remain healthy and functional in their natural habitat. Although
in theory such systems outperform growing media systems with drainage water recirculation,
there is very little knowledge of actual systems. For the decades to come growing media
systems with drainage water recirculation seem a relatively efficient way to free considerable
areas for, hopefully, rewilding.
Growing media systems result in the covering and dehydration of a once living soil.
What value do we attach to this loss of living soil? This question is almost philosophical but
can also be quantified by measuring the loss of soil life (Erisman et al., 2016). To put this
discussion in perspective; this same argument applies to the building of cities, especially cities
in the world’s deltas as such deltas are among the most productive areas. A solution of sorts
is to promote establishing greenhouses with growing media systems with drainage water
recirculation in areas with low level of life and natural productivity (deserts and cities).
A more pressing and actual barrier preventing the adaptation of growing media systems
with drainage water recirculation is the need to frequently adapt the level of single elements
(Beerling et al., 2014; Massa et al., 2020). This is a huge obstacle for growers who are not
trained in the management of complex mixes of chemicals. The process requires calculations
and weighing and even a small mistake can damage a crop beyond hope of recovery. There has
been little progress in decreasing this risk for growers with a poor understanding of
fertilisers, let alone recirculation. Automation and training still leave room for ample
improvements. Automation includes sensor development and decision making software.
Circular fertilisers

1. Potential.
The potential of using circular fertilisers is to replace all the non-circular fertilisers
which go into the crop and still end up as diffuse emission via plant waste, animal waste and
human waste. This is a huge system transition which redefines agriculture and, as discussed,
counters the loss of biodiversity.

2. Knowledge gaps.
The replacement of non-circular fertilizers with circular fertilizers for the total world
food production is in the end perhaps not possible because of inevitable losses of matter from
grower to consumer and vice versa (De Boer and van Ittersum, 2018). For Dutch horticulture
however, it is quite possible to get access to sufficient amounts of circular nutrients.
At present there is no fertiliser recommendation system for organic fertilisers in
horticulture. The difficulty of such a system is that levels of 16 elements will be monitored and
independently adjusted. As most organic fertilisers are compound fertilisers, i.e. contain
several elements, this greatly complicates corrections which are inherent to recirculation
schedules. For corrections a market for either noncircular single fertilisers or circular single
fertilizers will remain. Single fertilisers are a salt of one cation species and one anion species
i.e. the simplest combination of one or two nutrients.
When using organic waste streams as feed to generate plant nutrition containing all
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elements, much attention focuses on the nitrogen content of the feed. This is no accident as in
nature, nitrogen is often the element limiting plant growth. Nitrogen is not only lost from the
natural nutrient cycle as drainage, but also as the gasses ammonia, nitrogen or, more rarely,
NOx. For this reason, natural cycles for nitrogen ultimately depend on the production of
ammonia and nitrate from nitrogen in the air by lightning and by various bacteria, notably the
Rhizobia symbiosis with leguminous plants. Thus, nitrogen in organic waste streams is
relatively scarce. Furthermore, nitrogen in organic waste streams is often bound in organic
molecules as proteins or DNA/RNA molecules. As the plant can only take them in as
ammonium or nitrate, further bacterial conversions are necessary (Grunert et al., 2016b).
There are several reasons why the conversion of N-organic is often rate limiting in growing
media systems (Grunert, 2017). Firstly the growth rates of growing media grown plants are
up to ten times higher than in soil (Stanghellini, 2014). Secondly the volume of growing media
is about 30 times smaller than in soil systems. The combination of these two facts implicate
that the conversion rate of organic nitrogen should be at least 300 times faster in growing
media than in soil, expressed per unit volume of medium. As nitrite oxidising bacteria grow
slow and require a pH of about 6.5, it takes days to weeks for the bacteria to increase their
activity to the required rates (Blok et al., 2017c). Applying (circular) organic growing media
thus requires specific new knowledge on supplying sufficient mineral N through microbial
processes.
Resilience

1. Potential.
The suppression of diseases with microorganisms in the growing medium would
complement the progress made with above ground integrated pest management (IPM). Such
a development would support an already emerging billion dollar industry and would allow
growers to produce without using chemical crop protection agents (Leymonie and Perata,
2013; Lugtenberg, 2015). The impact could hardly be overestimated as the progress made in
horticulture in this field is believed to also lead the way for more general agricultural
applications.
2. Knowledge gaps.

Microbial abundance in growing media.
It is unclear what the “right” general number of microorganisms is in various growing
media because of: a) lack of data on many growing media; b) a lack of knowledge of microbial
abundance and activity in time i.e. in many growing media microbial abundance can greatly
differ over time during cultivation. Once in cultivation, after dry storage, it may take weeks
before the numbers and activities of microorganisms approach equilibrium with the new
circumstances of moisture content, nutrients, pH and temperature. It is often important to
have an idea of microbial activity and abundance in growing media for it influences the
chances of survival of an added biostimulant or biological control agent.
The application method of biostimulants/biological control agents.
It is usually not enough to add a biostimulant or biocontrol agent as a drench at one spot
or as a solid in a thin layer between propagation medium and cultivation medium. Even
though roots have shown they are able to pick up and transport some microorganisms on their
surface when growing through a layer of added biostimulant or biocontrol agent (Hassan et
al., 2019), it looks as if much research on the proper distribution of biostimulants or
biocontrol agents is still to be done.

One-time application versus continuous application.
Many biostimulants and biocontrol agents or their feed are added only once or at a low
interval, without any measured indicator to decide when to re-apply. Especially
biostimulants/biocontrol agents/feeds which can be fertigated can be applied more
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frequently. It may be more effective to supply regularly in small quantities, preferably via the
already existing drip irrigation system. Alternatively, it may also be effective to offer slow
releasing formulations and distribute these evenly through the propagation and cultivation
media.
Functional groups.
Functional groups are an appealing idea and the present-day knowledge of useful
functional groups is vast, although perhaps not yet complete. What is sometimes lacking are
the means to control the natural communities enough to maintain a lasting disease
suppression. Such means include a supply of feed, temperature, moisture content, oxygen
supply and pH.

Bioassays.
To study the means to control natural communities, biostimulants and biocontrol agents
in order to maintain a lasting disease suppression, fast and cost economic bioassays may offer
a systematic framework. At present we lack knowledge on dose and method of application, a
standard to compare and evaluate effects and duration of effects on microorganisms and on
the suppression of diseases. Such bioassays are likely to be very specific for the growing
medium used and the crop, even variety, grown on it. Growing media researchers could help
develop such bioassays to more systematically improve our understanding of the
management of resilience.
Selected methods and their usefulness.
We now have methods to find number of DNA copies, though this may include dead and
inactive DNA. We can also measure RNA copies which are short lived so a good measure of
DNA activity which is not the same as the activity of a functional group. We can measure many
but not all enzymes as an indicator of potential activity and for some enzymes even actual
activity. And sometimes we can measure either the feed or product of a specific reaction as a
closer indicator of actual activity in a growing medium (Figure 2). When using one or more
specific methods it is helpful to discuss the limits of the method. At present qPCR methods are
often used to measure the number of specific copies present. qPCR needs to be calibrated with
a marker because of the errors, which may be the result of differences in DNA/RNA extraction
efficiency when extracting from different growing substrates. Therefore, a discussion on the
appropriateness and robustness of the methods used is much needed in article discussions.
CONCLUSIONS
The use of growing media in combination with recirculation of drainage water increases
production per unit area, increases water use efficiency by 50%, nutrient use efficiency by
60% and eliminates the emission of water borne chemical agents. Worldwide this may be a
core mission for growing media producers and national authorities. A secondary effect of
increasing importance in the public discussion is the possibility to use growing media based
systems to free a considerable area for rewilding.
Local organic wastes can be used in the fertilisation of growing media systems. The
technical knowledge in horticulture requires valorisation of organic mass into solid slow
release and in liquid fertilisers. Open field agriculture and outdoor irrigated agriculture could
greatly benefit from such developments. Developing and applying such high-quality circular
fertilisers contributes to halting a world-wide loss in biodiversity. It is up to the horticultural
industry and research to convince consumers and authorities to allow horticulture to lead in
this aspect.
Growing media with inherent disease suppression still require massive amounts of
research and a more equal cooperation between university researchers and industry
researchers. The focus however is already shifting toward standardised quality tests, field
monitoring and advice on maintenance applications of biostimulants and specific microbial
feed.
All of the above asks for involvement of growing media producers in the societal debate
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on the merits of growing media systems as well as a much higher transfer of knowledge of
growing media research to users to be able to deal with recirculation, organic fertilisers and
resilient growing media.
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Massa, D., Magá n, J.J., Montesano, F.F., and Tzortzakis, N. (2020). Minimizing water and nutrient losses from soilless
cropping in southern Europe. Agric. Water Manage. 241, 106395 https://doi.org/10.1016/j.agwat.2020.106395.

Muter, O., Grantina-Levina, L., and Makarenkova, G. (2017). Effect of biochar and Trichoderma application on fungal
diversity and growth of Zea mays in a sandy loam soil. Environ. Exp. Biol. 15, 289–296.
OECD. (2021). Making Better Policies. In OECD Report.

OECD-FAO (2014). OECD Compendium of Agri-environmental Indicators.

OECD-FAO. (2021). Agricultural Outlook 2020–2029. In OECD-FAO Agricultural Outlook (OECD-FAO).

Postma, J. (2004). Suppressiveness of root pathogens in closed cultivation systems. Acta Hortic. 644, 503–510
https://doi.org/10.17660/ActaHortic.2004.644.67.

Postma, J., and Schilder, M.T. (2015). Enhancement of soil suppressiveness against Rhizoctonia solani in sugar beet
by organic amendments. Appl. Soil Ecol. 94, 72–79 https://doi.org/10.1016/j.apsoil.2015.05.002.

Raviv, M. (2009). Recent advances in soil-borne disease control using suppressive media. Acta Hortic. 819, 125–
134 https://doi.org/10.17660/ActaHortic.2009.819.11.

Raworth, K. (2017). Doughnut economics: seven ways to think like a 21st century economist (White River Junction,
Vermont: Chelsea Green Publishing).
Reinhardt, D.H., and Sharma, A.K. (2019). Methods in Rhizosphere Biology Research (Singapore: Springer).

Schmilewski, G. (2009). Growing medium constituents used in the EU. Acta Hortic. 819, 33–46
https://doi.org/10.17660/ActaHortic.2009.819.3.

Silber, A., Bruner, M., Kenig, E., Reshef, G., Zohar, H., Posalski, I., Yehezkel, H., Shmuel, D., Cohen, S., Dinar, M., et al.
(2005). High fertigation frequency and phosphorus level: effects on summer-grown bell pepper growth and
blossom-end rot incidence. Plant Soil 270 (1), 135–146 https://doi.org/10.1007/s11104-004-1311-3.
Sonneveld, C., and Voogt, W. (2009). Plant Nutrition of Greenhouse Crops (Springer).

Stanghellini, C. (2014). Horticultural production in greenhouses: efficient use of water. Acta Hortic. 1034, 25–32
https://doi.org/10.17660/ActaHortic.2014.1034.1.

Stanghellini, C., van ’t Ooster, B., and Heuvelink, E. (2019). Greenhouse Horticulture. Technology for optimal crop
production (Wageningen, The Netherlands: Wageningen Academic Publishers).
Termorshuizen, A.J., van Rijn, E., van der Gaag, D.J., Alabouvette, C., Chen, Y., Lagerlö f, J., Malandrakis, A.A.,
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