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1. INTRODUCTION
Nowadays, organic production systems are largely characterized by a “conventionalization” of their
management methods: even if organic farms meet the regulatory requirements of organic production,
they often don’t comply with the basic organic principles. Organic farming has become a modified
version of modern conventional agriculture, replicating the same social, technical and economic
characteristics. This implies intensification of production and generalization of monoculture to the
detriment of biodiversity, and results in an industrialization of the cropping systems, with an increased
reliance on purchased non-farm inputs (machinery, fertilizers, agrichemicals, energy).
(DARNHOFER et al., 2010). In our context of climatic changes and fossil resource depletion,
agriculture must find a compromise between productivity and sustainability. In industrialized
countries, the reduction of agricultural inputs is a stated objective for environmental reasons. In
southern countries, where the cost of these inputs is the main obstacle to their use, this is also an
economic challenge for a self-sufficient agriculture (DUPRAZ, 2005).
“Ecological intensification” has been proposed as an approach to integrate ecological processes into
land management strategies, in order to reduce anthropogenic inputs by enhancing ecosystem service
delivery, while reducing the negative environmental impacts of land use intensification
(BOMMARCO et al., 2013). By applying land “ecological engineering”, that consists in combining
management practices enhancing overall biological diversity, to deliver specific desired functions,
endogenous resources produced at the field scale could partly replace external inputs with minimized
impacts on the yield (BENDER et al., 2016; Figure 1).

Figure 1: Conceptual model showing the contribution of external resource inputs
and natural biological processes to the yield, in dependence of land-use intensity

At low land-use intensity, yield is
low and sustained by natural
biological processes.
With increasing land-use
intensity, dependence on
external resource inputs
increases and the contribution of
natural biological processes
decreases.
Yield is highest under intensive
management with a high level of
external resource inputs.
Soil ecological engineering
complements the contribution of
natural biological processes and
can partly replace external
resource inputs, therefore either
maintaining yields while reducing
external inputs (ecological
replacement) or enhancing yield
without enhancing external
inputs (ecological enhancement)
(BENDER et al. 2016).
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We can hypothesize that introducing or promoting a selected plant biodiversity can be an effective
lever to move towards a low-input agriculture. The idea is to redesign the farming system, breaking
away from the paradigm of cultivated fields towards that of “multidimensional cultivated
ecosystems” (DUPRAZ, 2005). The orchards and vineyards environment, which consists of planted
rows alternating with non-valuated strips, is well-suited to the testing of this innovative concept: we
can thus imagine planting crops on these unused areas, to mimic a natural layering with various
vegetation strata, which could contribute to the performance of the system as a whole.
The work presented here will focus on the use of perennial or temporary herbaceous cover
crops, settled along the tree-rows or on the interrows of orchards or vineyards, and used as
components of a global production system, for the complementary services they can provide:
substitution to the standard weed management practices, internal source of nitrogen supply, or
additional income for the farmer by the use of secondary cash crops. Beside of these three main
objectives, intercropping with a cash crop or a living mulch in the row could combine an increase of
soil fertility and an improvement of biological diversity, leading to a reduction of the risk of pest
infestation (DEPALO et al. 2016) and soil borne diseases when replanting intensive orchards
(POLVERIGIANI et al., 2016).
However, if farming systems using intercropping, which mimic nature, can increase the on-farm
biodiversity and the provision of eco-services (MALÉZIEUX et al., 2009), such systems often lead
to new challenges: constraints for efficient weed control; increased water consumption in living
mulch management, potential competition between main and cover crops (WEZEL et al., 2014). The
choice of the cover crops species is therefore decisive, and the benefit/risk ratio of their use has to be
assessed, including economic aspects.
The challenge represented by weed management has been indicated as one of the mayor constraints
of conversion into organic management (BOND & GRUNDY, 1998). Beside the limitation imposed
in the use of chemical tool, the whole approach in organic weed management should be substantially
different. Full weed eradication shouldn’t be a goal (BLAKE, 1990), there are obviously conflicts
between complete weed eradication and other aims of the organic system (MATTSSON et al., 1990;
COLQUHOUN & BELLINDER, 1996). Despite the initial positive effect of a mechanic weed control
due to organic soil matter mineralization, heavy negative outcomes will be detrimental for soil
physical, chemical and biological fertility.
In the last decades, a more holistic approach, intended to increase the sustainability of the agronomic
practices by increasing the biodiversity, has characterized a rising part of the organic scenario (MIA
et al, 2020a, b). Nowadays, a further challenge for the organic farmers should be to move from the
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goal of a “greater biodiversity” to the setting of a “better biodiversity”, finalized to the achievement
of precise agroecosystem services.
Weed community composition in orchard agroecosystem depends on how the local biodiversity is
selected and promoted by environmental, biotic, and especially management factors, that act as
“environmental filters” (GOTZENBERGER et al., 2012; BORGY et al., 2016). Some of the practices,
like tillage, act more than others as strong filters (BARBERI et al., 1998). For these reasons, an
integrated or ecological weed management requires precise knowledge on the effect of management
practices on the weed population composition (BASTIAANS et al., 2000).
An indiscriminate increase in biodiversity in the ground cover, as well as in the soil, due to the
inclusion of naturally selected species, could induce competition and disequilibrium within the
orchard, hardly tolerable in a productive layout. An innovative approach would manipulate
biodiversity looking for an improvement of services and functions in the agro-ecosystem.
Diversification is recognized as a factor promoting system resilience; nevertheless, a generical
increase in biodiversity is not in itself a guaranty for the improvement of the economical sustainability
of the organic practices (BARBERI et al 2016). However, by developing strategies for a targeted
exploitation of biodiversity, it would be possible to intensify organic agriculture. The challenge
evolves toward the identification of species combination able to provide services to the system and
to maintain competition to a not detrimental level.
Three assumptions were made at the start of this work:
-

The use of living mulches on the rows of orchards or vineyards can be a sustainable alternative to
mechanical weeding, with no significant impact on the crop system performance. This can be
achieved either by choosing species that are not very competitive, or by using crops that can bring
an additional income, while being compatible with the main crop.

-

The use of leguminous crops on the rows and/or the inter-rows can be sufficient to provide the
nitrogen needs of the trees or vines and improve the overall fertility of the soil.

-

The use of cover crops on the orchard rows can modify the root architecture of the trees,
improving the nutrient uptake capacities and the resilience of the crop system to biotic and abiotic
stresses.

2. MATERIALS AND METHODS
2.1. DOMINO network
This work was realized from 2018 to 2021 as part of the Core Organic “DOMINO project”, funded
by the Era-Net Cofund. Six research institutes (UNIVPM, LAIMBURG, FIBL, UHOH, INHORT,
CTIFL), from five European countries (Italy, Switzerland, Germany, Poland, France), were involved
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in this work, with experiments carried out on nine locations, either on experimental sites or on-farm
orchards or vineyards. These locations covered a wide range of climatic conditions (oceanic,
Mediterranean and continental climatic areas) and various topographic situations (plain, low and high
hills).
Depending on the experimental sites, three perennial crops are considered: apple (6 trials), apricot (2
trials) and vine (2 trials). The institutes and sites involved in this work are presented in the Table 1,
with some overall climatic indicators.
Perennial
crop

Research institutes

Location

UNIVPM (Marche, IT)

Gallignano

Apricot

Osimo

Apricot

Castelraimondo
LAIMBURG (South Tyrol, IT)

Total annual
rainfall (1)

Annual sunshine
hours (1)

5°C – 22,7°C

820 mm

2220 h

1°C – 22,5°C

710 mm

1885 h

0,5°C – 18°C

1135 mm

1540 h

-2°C – 19,2°C

530 mm

1620 h

6°C – 21,5°C

985 mm

2035 h

Vine

Vadena

Apple

Vadena

Vine

FIBL (CH)

Frick

Apple

UHOH (DE)

Ravensburg

Apple

INHORT (PL)

Skierniewice

Apple

Biala Rawska

Apple

Prigonrieux

Apple

CTIFL (FR)

Extreme average
monthly
temperatures (1)

Table 1: Experimental sites involved in the work on living mulches
(1): Climatic indicators are based on decennial data as given by public meteorolgic statistics (Source: https://www.climatsetvoyages.com).
They are only indicatives of the climatic areas concerned and do not relate to the exact conditions under which experiments were performed

2.2. Test of living mulches on the tree or vine rows for multiple benefits
In this work, ground covers are planted on the tree or vine rows with a primary goal: to provide a
sustainable alternative to the practice of row weeding by tillage. The species are therefore chosen for
their possible capacity to quickly cover the soil (based on local observations or on literature) and to
avoid the development of the most undesired spontaneous weeds. Besides this common objective,
additional interests could be researched: cash crops to provide a complementary income for the
farmer, low-growing legumes to minimize competition with the main crop, attractive species for
pollinators, species with a potential for soil sanitation (nematicide, phytoremediation).
When considering potential cash crops, officinal plants appeared as an interesting target. Indeed,
aromatic herbs often present allelopathic compounds, which intervene in the regulation of the
herbaceous flora (and can also provide essential oils or phyto-herbicides); by attraction or repulsion
effects, they could also be involved in the control of pests. A strong interest and market opportunities
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are recognized for the organic officinal plants in several European countries. Moreover, discussions
with producers of officinal plants have pointed out that the possibility of growing plants in a shadow
environment, like that of a fruit tree row, is an added value for the market since it increases product
quality.
A total of 44 species were experimented in this work. These plants, which were in some cases selected
from the local flora or because they could have an interesting regional market potential, have been
planted either directly on the rows of the orchard or vineyard, or after a preliminary test phase to
verify their interest; some of them were tested by several partners and thus in diversified pedoclimatic
situations, which allows some interesting comparisons. The list of the species studied in this work is
presented in Appendix.
UNIVPM and UHOH focused on the test of living mulches as cash crops, while for LAIMBURG,
FIBL, and CTIFL, weed control was the main targeted objective; INHORT enlarged the study to
multiple functionalities, including above- and under-ground ecosystem services.
UNIVPM took in charge two experiments: one on a young apricot orchard planted in 2018 in the
UNIVPM farm at Gallignano, on the Adriatic coast; and another in a vineyard of the private Colle
Stefano Winery, located in Castelraimondo in high internal hillside of Marche.
The first one tested i) wild strawberry plants, ii) a white octoploid strawberry cultivar, iii) a pink
diploid strawberry cultivar, and iv) potentilla plants, settled on the tree rows in the first year of
orchard’s planting, and compared to a control. To favor the introduced species, selective manual
weeding was performed in the first year of the trial (elimination of tall and taproot species, of creepers,
and plurennial species).
In Castelraimondo experience, the planting of wild strawberry plants at two densities was compared
(two or four plants per vine). Here, plants are not settled along a strip following the vine rows, but
only around the vines (at 20 cm from the stocks), i.e. on the zone that usually escapes to inter-vine
mechanic weeding. In this on-farm trial, the vine rows are weeded once a year using an inter-vine
blade, so as to suppress taproot weed species, and favor the strawberry plants extension along the
vine rows.
In the two UNIVPM experiences, the wild strawberry used were native from Sibillini Mountains,
collected in their original environment, and then transplanted on the trial sites.
In the experiment managed by UHOH (in collaboration with the Competence Centre for Fruit
Growing (KOB) near Ravensburg), two potential cash crops – Fragaria vesca and Mentha x piperita
– were planted in 2018 on strips along the rows of an apple orchard located in Southern BadenWürttemberg. The strawberry plants didn’t establish well in 2018 and were partly replanted in 2019
with better results. While the mint was developing well, manual weeding was necessary twice in 2019
and once in 2020 to promote the development of the strawberry plants.
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From 2019, Fragaria vesca was also tested by FIBL in an apple orchard in the region of Lake
Constance, as well as five more species: Potentilla reptans; two Hieracium species (H. lactucella and
H. aurantiacum); and two Trifolium reptans cultivars (white clover and micro-clover). The potentilla
that was used in FIBL’s experiment came from a native population taken in the orchard environment,
and then transplanted into the tree rows. H. lactucella and H. aurantiacum were sown in April and
grown in a greenhouse for a few weeks before being planted in the orchard rows in May. To improve
the establishment of these six living mulches, manual weeding was done once a month from June
until September in the first year of the trial, but only once in April in the second year.
Considering that the purchase and planting of perennial plants would be a very significant investment
for the fruit grower, LAIMBURG and CTIFL tested the living mulches as a single weed control
technique: once planted, the ground covers were therefore kept free to develop, and no additional
weed management practice was realized on the rows.
After a pre-test of 16 species, two experiments were performed by LAIMBURG in South Tyrol: one
in an apple orchard, and the other in a vineyard. A total of twelve species, chosen for their ability to
grow spontaneously in the region, were tested on the rows, planted alone or as mixtures: Fragaria
vesca, Potentilla reptans, Portulaca oleracea, Tropaeolum majus, Galium album, Achillea
millefolium, Salvia pratensis, Euphorbia helioscopia, Sanguisorba minor, Glechoma hederacea
Trifolium resupinatum var. resupinatum and Trifolium repens.
In Southern France (Dordogne) a screening of 13 species was first realized in 2018/19 by CTIFL, in
an open field next to the orchard to verify their adaptability to local pedoclimatic conditions: 7
“allelopathic species” (Fragaria vesca, Fragaria moschata, Mentha spicata, Potentilla verna,
Melissa officinalis, Hieracium pilosella, Thymus hirsutus), three carpeting species, proposed as
alternatives to turf mixtures for gardens (Sagina subulata, Soleirolia soleiroli, Scleranthus biflorus),
two dwarf leguminous species (white micro-dwarf clover, dwarf alfalfa), and Tagetes sp. (nematicide
action). Sagina subulata, Soleirolia soleiroli and Scleranthus biflorus couldn’t establish, probably
because of their high shadow requirements.
After this first step, three species or mixtures were chosen and planted on the tree rows of an apple
orchard: white micro-dwarf clover, used alone; Hieracium pilosella and dwarf alfalfa; Mentha spicata
and dwarf alfalfa (as mixtures).
In the same way, INHORT started the study in 2018 with a preliminary trial, which tested 7 species:
Salvia hispanica (chia), Taraxacum officinalis, Nasturtium sp., Mentha sp., Melissa officinalis,
Allium ursinum, Hierochloë australis (used in the fabrication of Vodka Żubrówka); and a mixture
(Petroselinum sp., Calendula officinalis, and Tagetes sp.). The best promising ones were selected and
completed with some others, with possible uses as secondary crops, for plant protection or
phytoremediation. A total of 12 species were thus tested from 2019 to 2021 in several apple orchards
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of the Skierniewice region, on experimental sites or on commercial orchards, and considering two
apple cultivars (Gala and Golden Delicious): 7 officinal plants (Betonica officinalis, Mentha piperita,
Veronica officinalis, Satureja hortensis, Viola odorata, Pulmonaria officinalis, Alchemilla vulgaris),
three species with interests for the food market (Hierochloë australis, Cucurbita pepo, Fragaria
vesca), Tagetes sp. for its potential on nematodes control, and Tropaeolum sp. as an interesting host
species for pollinators. The plots were hand-weeded twice a year to promote the living mulches.
In all these trials, the species that can be easily found as seeds (as leguminous species) were sown,
while the others (as herbal plants) were planted manually (with a much higher cost).

2.3. Test of legume crops for row and inter row management
CTIFL, UHOH, FIBL and INHORT were involved in this work, which goal was to help defining
strategies combining leguminous crops in the row and/or the inter-row to provide the nutrient needs
of apple trees.
In France (CTIFL), a preliminary experience was first realized in 2018/19 in an open field near the
apple orchard, to test the N supply potential of 12 legume species used as mixtures. These legumebased green manures (presented in Table 2) were sown in the fall 2018; they included three mixtures
with some biomass potential, two dwarf leguminous species, and a perennial mixture. These crops
were cut, and mulched, in the 15 days following the first flowering, and all, except the perennial ones,
were then replaced by a soya crop, chosen for its high capacity to produce biomass and therefore even
more nitrogen. This promising soya crop couldn’t establish, due to a strong depredation by birds, and
the plots resulted invaded by summer grasses. Nitrogen measurements were realized before the cut
of the green manures, and then one month later, to quantify their N supply potential in comparison
with a bare soil without mulching. From 2020 to 2021, only the perennial “MULTIFLORE LD”
mixture was tested in the interrows of the apple orchard, in combination with the three already
mentioned living mulches treatments on the rows (see § 2.2). These systems were compared to a
control, fertilized by commercial organic fertilizers and weeded by shallow tillage.
A strategy based on the use of a temporary crop of winter peas on the rows, aimed to supply the
nitrogen needs of the trees in early spring, was tested both by UHOH and FIBL. The winter peas
were sown on the rows in October and then cut and mulched in March (Germany) or sown in March
and cut in June (Switzerland). This pea crop was tested alone or in combination with several green
manure mixtures grown on the interrows.
INHORT experimented three mixtures associating a gramineous species and three legume crops.
These mixtures could be combined with ground covers on the rows in some on-farm trials.
The mixtures experimented in each trial are presented in Table 2.
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CTIFL (France)
Open field trial (2018/19)
“GS PROTEO” mix (1): Avena sativa + Vicia sativa + Trifolium alexandrinum
Lupin + forage winter peas + Vicia sativa
Avena sativa + Vicia faba
“MULTIFLORE LD” mix (1): Micro white clover + Medicago lupulina + Lotus corniculatus + Trifolium incarnatum
(perennial green manure)
Trifolium fragiferum
White micro-dwarf clover
(1): GS PROTEO and MULTIFLORE LD are mixtures provided by Barenbrug
Dwarf alfalfa
Orchard trial (2020/21)
INTERROW
“MULTIFLORE LD” mix

TREE-ROWS
White micro dwarf clover
Hieracium pilosella + dwarf alfalfa
Mentha spicata + dwarf alfalfa

INHORT (Poland)
Gramineous and legume crops for interrow management
Festuca ovina + Kura clover

Festuca ovina + Galega orientalis

Festuca ovina + White clover

UHOH, FIBL & INHORT
Tree-rows

Interrows

Forage winter peas
(from October to March
or from March to June)

UHOH (Germany)

White clover
Micro clover

FIBL (Switzerland)

Micro clover
Micro clover + Orchard grass mixture
White clover

Table 2: Legume-based green manure tested by CTIFL, INHORT, UHOH and FIBL

2.4. Observations made in the tests
A common base of observations was made by each of the partners to assess the capacity of the living
mulches to cover the soil and weeds, to measure the nutritional status of the soil, and to quantify the
impact of living mulches or green manure on the yield of the main crop.
The rate of coverage was evaluated using a 50 x 50 cm frame, always positioned in the same place,
in order to follow the evolution of flora (on several replicates); at least 3 measurements were made
during the year, and in some trials up to 8. An inventory of all the present species was done at the
same time, in order to measure the specific richness.
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The mineral nitrogen (N-NO3 and N-NH4) was quantified on soil samples at least two times in the
season, after a classic extraction process. Some of the partners (LAIMBURG, INHORT) added to
these measures some assessments of leaf nutrient content and leaf chlorophyll index.
Tree yields were recorded, and in the cases where cash crops were also a goal, the production by the
living mulches was quantified (weight per ha).
Some partners (CTIFL, INHORT) added a range of observations on the physical properties of the soil
according to the treatments applied (infiltration rate, soil moisture), on the belowground faunistic
biodiversity (earthworms, nematodes, ground beetles, staphylins), or on above ground pests and
antagonists.
The working times as well as the input costs were recorded, in order to evaluate the economic impact
of each cropping system.

2.5. Impact of living mulching on root growth and belowground interactions
A specific work was made by INHORT (in collaboration with UNIVPM) to assess the impact on the
root architecture (of the trees and of the herbaceous flora) of two living mulches implanted on the
tree rows of an apple orchard.
This study was carried out in 2020 in Skierniewice, on two apple cultivars (Gala and Golden
delicious). The living mulching species tested were Alchemilla vulgaris and Mentha x piperita,
compared to a control (natural vegetation mowed three times). The orchard was drip-irrigated and
fertilized by organic fertilizers.
To determine root density, the soil samples were taken using an auger (length: 20 cm, diameter:
11 cm) at two depths (0-20 cm and 20-40 cm), and three times in the season. The samples were then
washed on a sieve to isolate the roots, which were separated into apple, living mulches or weeds roots.
The WinRhizo software were used to measure the following parameters: root length, root diameter,
root surface area, root volume and tips number. The washed and cleaned roots were dried in an oven
at 60 °C and their weight was measured to calculate the root density (ratio of dry root weight and soil
volume of the core).

3. RESULTS
The results presented here will focus on the cover performance of the living mulches, and, when
relevant, on their capacity to provide nutrients to the trees; in addition, some considerations will be
given on a few direct secondary eco-services. Concerning their potential to serve the production
system in a more comprehensive way, refer to the “D6.5. Final report on economic and environmental
sustainability management practices at farm level” available on http://www.domino-coreorganic.eu.
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3.1. Living mulches for row management
3.1.1. Using living mulches as cash crops for an additional income

o Central Italy (UNIVPM)
The experience on apricot orchard in the low hills of Adriatic coast
In the trial of Gallignano, Potentilla sp. reached a soil cover exceeding the 40% during the first
summer and produced an interesting number of runners and new plantlets. In late winter (February
2020), soil cover exceeded the 70% for the white strawberry cultivar, while a 60% of soil cover was
reached with Potentilla sp., with several soil spots showing a 100% of covering by the mulches
(Figure 2).

Figure 2: White strawberry (left) and Potentilla (right) in February 2019

Wild species of strawberry (native from Sibillini Mountains), rather adapted to shadow condition,
suffered however some summer drought stress in calcareous soil in low hill, in the absence of
complementary irrigation. After an initial soil cover percentage ranging at around 30%, one month
after transplanting, the soil cover decreased during summer and a relevant percent of plantlet failed.
A remaining 10% of soil covered by mulching was recorded during autumn and winter. The recovery
of those species was hard during the following spring, due to a large population of weed development
in the parcel.
The valorization of local biodiversity in soil cover management was the goal of the selective manual
weeding applied on the apricot orchard. The spontaneous weed population was manually selected 2
months after installation, in order to eliminate by uprooting just competitive, tap root and taller
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species. The average and maximum weed height were 50% lower in weeded parcels 8 months after
manual intervention, thus reducing competition and inducing significant advantages in the main crop
development resulting in a 20% higher trunk caliper relative growth rate. A significantly reduced
incidence of highly competitive species was still appreciable after 10 months (Figure 3).

Figure 3: Weed height in control (left) and selectively weeded (right) parcels

The experience in the Colle Stefano winery in high internal hillside of Marche
Three years after strawberry planting, the soil covered by this species and weeds was measured. The
treatments were 0, 2 or 4 strawberry plants per vine (wild strawberry plants collected in Sibillini
Mountains). All treatments were tilled with a horizontal blade that cuts the soil to a depth from 5 to
15 cm, in order to cut the roots of the weeds that spread in depth with taproot.
Very encouraging results were obtained, since the coverage of the strawberry in April 2020 was about
90% for both the treatments (Figure 4). The blade and strawberry combination is a winning strategy
in this environment (NERI et al., 2021).
It is thus possible to reach an efficient soil cover and to control undesired weeds using different strains
of strawberry, but strawberry species must be well-adapted to the environmental conditions. The high
stoloniferous capacity is not enough to have a rapid soil cover in rainfed orchard and vineyards in
Central Italy. Appropriate agronomic management seems to have a central role in the success of wild
strawberry species as living mulch, and possibly as secondary crops. Mulches performances strongly
differed due to soil and climatic characteristics as well as due to soil management practices. In fresh,
acid soils in the internal high hills, in a climatic year characterized by abundant rains during the spring
and a mild summer, wild strawberries doubled the percentage of soil covered in 4 months, moving
from an average of 30% to 70%. In those conditions, the ideal number of plantlets to be installed
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under the main crop was one plantlet on both sides of the grapevine. Variant with a double number
of plantlets did not differ accordingly in performances. In this condition the use of a minimum tillage
with the blade system strongly supported the living mulch to successfully control weeds.
The use of strawberry plants as living mulch results particularly helpful to control weeds in the area
surrounding the vine, which is difficult to manage with mechanical tools (NERI et al. 2019). Using a
blade between the vines will cut the roots of taproot weeds, while preserving the shallow root system
of stoloniferous species as strawberries. This will also loosen the soil around the strawberry plants,
helping them to emit stolons and produce new plantlets, and finally colonize the rows. In very suitable
conditions, this full coverage of the row could be achieved in the second season of strawberries
growth (POLVERIGIANI et al., 2019). Moreover, if conditions are favorable to the production of
runners, it would be possible to self-produce the material for any further transplant. With such initial
strawberries planting densities, the installation cost of the living mulch could be estimated to 600 €/ha
(POLVERIGIANI et al., 2019). A production of 100 kg strawberry fruits per ha was estimated for
the second year after installation, thus fully covering these costs. Obviously, in this case, the pesticide
program applied to the vineyard must be planned in advance to comply with regulations and avoid
any pesticide residue risk on the strawberry fruits. The added value of the mulching as to be
considered also in terms of social and commercial perception of the agronomical practices by the
consumers.

Figure 4: Wild strawberry along the grapevine during the winter
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o Germany (UHOH)
The demonstration trial to enhance biodiversity in the tree row in apple orchards was set up at the
KOB in 2018 with wild strawberries (Fragaria vesca) and peppermint (Mentha x piperita), planted
in the rows of a rainfed orchard, under apple trees on M25 rootstock with a spacing of 3,6 m. The
strawberries were planted with a density of 9,4 plants per m², the peppermint with a density of 4,4
plants per m², each on a length of 10,.8 meters. The establishment of the strawberries was partly
problematic, so some plants had to be replanted in July 2019. To reduce overgrowth of weeds, the
plots were weeded by hand two times in 2019, and in 2020, weeding needed to be done only once in
June in the strawberry plot. The ground cover was assessed at three dates (May, July and October).
The mint already covered the soil very well in 2019 a few months after planting (80% soil cover) and
suppressed the weeds in 2020 during the complete vegetation period. In 2020, soil cover of mint
ranged between 68 and 78% with weeds covering the soil with 2 to 18%. The mint grew to a height
of 1 m and was cut back twice, in August and October.
Strawberries showed lower competitiveness against weeds than the mint at first (strawberry coverage
in autumn 2019: 55%) but established very well during the second vegetation period (May 2020:
strawberries: 33%, weeds: 53% to October: strawberries: 95%, weeds: 4%). (Figure 5)
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Figure 5: Demonstration trial with Mentha x piperita (left) and Fragaria vesca (right) in July 2020

3.1.2. Using living mulches to weed control

o Switzerland (FIBL)
The demonstration trial realized by FiBL started in April 2019. Following six species were used as
living mulch: Fragaria vesca, Hieracium aurantiacum, Hieracium lactucella, and Potentilla reptans
(6 plants/m²), white clover, and micro clover (2 g/m²). Selective weeding was performed four times
from June until September in 2019 and only once in 2020, in May (for a total of 25 mn per m²).
White clover and micro clover could not establish in 2019 and were sown again on the 08/05/20 with
half of the plots sown in combination with a grass mixture to help the establishment. Unfortunately,
once again, some clover germinated, but neither white clover nor micro clover couldn’t establish,
even in combination with grass. Instead, the bare soil was quickly invaded by Echinochloa crus-gallis
and other weeds.
End of July 2019, Potentilla reptans, which was native of the orchard environment, already covered
90% of the surface (Figure 6), whereas the other living mulches covered only 50 to 60% of the surface.
Mid November, Potentilla reptans and Hieracium lactucella covered almost the whole tree strip,
Hieracium aurantiacum covered around 75% of the tree strip, and Fragaria vesca around 65%. At
this time, the plots with Fragaria vesca showed the most weeds compared to the other plots.
During winter 2019/20, the small leaved Hieracium lactucella had the best coverage (80%), followed
by Potentilla reptans and the bigger-leaved Hieracium auranticacum (60%), and then strawberry
(40%). Afterwards, the best coverage was again reached by Potentilla reptans, which covered 100%
of the surface from end of May until September. Both Hieracium species reached a good coverage
until end of May (80-100%), when they flowered, but they were then overgrown by potentilla and
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grass. Hieracium auranticacum competed slightly better against other plants than Hieracium
lactucella, but it was also fully covered by potentilla and grass at end of August (Figure 7).

Figure 6:
The naturally
occurring
Potentilla reptans
as living cover in
October 2019
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Figure 7: Living mulches in May 2020 (left), and overgrown by potentilla in August (right)
From top to bottom: Hieracium aurantiacum, Hieracium lactucella, Fragaria vesca
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o South Tyrol (LAIMBURG)
During 2018, the Research Center Laimburg selected 16 species to be sown in the orchard and
vineyard understory as living mulch. The species were selected considering the potential ecosystem
services they could provide, like for example nitrogen fixation, high biomass production, control of
the weed growth, attractiveness for beneficial insects, bio-fumigation, etc. Besides these ecosystem
services, the plants were selected considering their light and water requirement, their potential
competitiveness with fruit trees and with the other spontaneous species, and their physical
characteristic (e.g. height). After the first year, only the species with the highest soil cover index were
further selected to be tested in a randomized block design with four repetitions per treatment.
In the apple orchard (Gala/M9, planted in 2016), only four of the eight living mulches that were tested
showed satisfactory growth during the first year of trial (2019): Trifolium repens, Gallium album,
Trifolium resupinatum and the mix Trifolium repens, Gallium album, and Achillea millefolium. The
experiment was nevertheless continued the following year with the same 8 species. This choice was
based on the observation that some plants require time to become competitive, as observed in 2018
screening, when during the first year Achillea millefolium was not able to well cover the trees
understory, while from the second year it reached 100% soil cover, and completely eliminated all the
other weeds.
Even if at the beginning of the season other species showed great growing potential (e.g., Potentilla
reptans), they were not able to stop the development of Echinochloa crus-galli, one of the most
aggressive weeds that was found in this orchard (Figure 8). To reduce potential winter shelters for
rodents, all the plots were brushed before wintertime. The brushing was also meant to increase the
availability of nutrients in the soil for the next season.
In March 2020 it was already possible to observe the regrowth of perennial living mulch species, and
as the previous year, G. album and the mix T. repens, G. album, and A. millefolium grew rapidly and
well covered the bare ground. T. resupinatum was supposed to produce fertile seeds, able to generate
new seedling before fall 2019, but after summer 2019 it became senescent and completely
disappeared from the orchard. Also T. repens sown alone showed a great growth potential during
spring, but during summer of both years its presence markedly decreased.
The results obtained in the vineyard in 2019 (Merlot, planted in 2018) were not satisfactory, as the
plants growth was weak, and the selected species were not competitive enough against the weeds.
Furthermore, many of the selected species (in particular Achillea millefolium, Sanguisorba minor and
Potentilla reptans) were damaged by mole crickets. Anyway, data about soil coverage were collected
also in 2020, showing better results compared to the previous year, but still poor if compared to the
results obtained in the orchard.
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Figure 8: Galium album in apple ochard (left)
Trifolium repens invaded by Echinochloa crus-galli (right)

In the orchard, data about mineral nutrients in the leaves, mineral nitrogen in the soil, fruit production
and quality of the harvested fruits (weight, diameter, overcolor, pH, acidity, firmness and total
suspended solids) were collected for both years, while in the vineyard, due to the bad establishment
of the living mulch species, besides soil coverage, only data about mineral nitrogen in the soil were
assessed.
No significant differences in the macronutrient content of apple leaves were found during the first
year of the trial, while Iron was significantly higher in the mix T. repens, G. album and A. millefolium
compared to the tilled soil. During the second year, it was possible to observe an important decrease
of N in all the plots where the perennial living mulches were growing, while the plots where the two
annual species were annually sowed, as well as the tilled plots, showed levels of N similar to the
previous year.
The higher N content in apple tree leaves, where annual species were sowed, was directly proportional
to the higher soil mineral nitrogen measured during spring and summer of both years, as the sowing
operation of the annual species increased the soil oxygenation and consequently the N mineralization
in the soil.
It is important to mention how, even with a fertilization of 90 N kg/ha occurred at the beginning of
the second year, the plots with perennial living mulch species showed low levels of bioavailable
nitrogen. Only the plots with annual living mulch species showed higher levels of mineral nitrogen
in the soil, and consequently also in the leaves. The competition for N of the perennial living mulch
species with the tree is high and properly strategies might help to reduce N losses (e.g. soil cutting
and fertilizer injection) before to reach an equilibrium with the mineralization of organic residues.
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Significant differences were also found during the harvest in the tree production (kg apples/tree) of
both years. The mix T. repens, G. album and A. millefolium was statistically significantly more
productive than the tilled plots, but most important to mention is how no significant differences were
found between the other plots and the tilled ones. It means that, even if an important decrease in N
was observed in both, soil and leaves, in the first two years no reduction in the production was
observe. Even where the living mulch species were not able to reduce weeds pressure and the plots
were completely infested by Echinochloa crus-galli, no significant decreases in the fruit production
were found. Also, the intern fruit quality parameters did not show significant changes between the
different sowing, but some of the treatments slightly modify the external parameters (i.e. decrease in
overcolor, diameter, weight).
Further year assessments are required to establish if the living mulches could increase/decrease the
fruit production on longer periods.

o Southern France (CTIFL)
The experiment was realized in an apple organic orchard (Story® Inored c.o.v., scab resistant), irrigated
by under-canopy micro-sprinkling. Prior to the work started in 2020 in this orchard, a screening of
various ground covers species was carried out in 2018/2019, on an open-field plot nearby the orchard,
with rather similar soil and climate characteristics. 13 species or mixtures of species were tested in
order to select a few ones that could meet the following criteria: adaptation to environmental
conditions (quality of establishment and durability), ability to reduce weeds development (rapid and
dense coverage, even allelopathic properties), low risk of competition with trees (species producing
little biomass, with low height development, or even carpeting species), compatibility with apple
management practices, and secondarily, ability to host some beneficial fauna useful to help
controlling apple pests.
As a conclusion of this first step of the work, it was found that dwarf legume species, sown at a correct
density, are able to form in early spring very satisfactory ground covers (more than 90% coverage
achieved in April, with a sowing in October). Among the "allelopathic" perennial species tested, only
the green mint showed a capacity to invade the space during the year it was planted (90% coverage
in July in the field, with a planting in October). Hieracium pilosella didn’t show any capacity to avoid
weeds development during the first year of implantation, but this species seemed anyway interesting
because it begun to form interesting rosette carpets during the winter 2019/20.
Thus, for the use on the orchard tree rows, the choice was made to test a dwarf legume species used
alone (dwarf white clover, chosen because it is a perennial species, as opposed to annual alfalfa), and
two allelopathic perennial species planted in association with a dwarf alfalfa seedling (hoping that
alfalfa could quickly establish on the ground, to limit weeds development, and so give time for the

23 / 42

perennials to multiply and then spread, when alfalfa will be disappearing at the end of its vegetation
cycle). The allelopathic species selected for the orchard experiment were Hieracium pilosella and
Mentha spicata.
The results of the first screening did also show that the establishment of ground covers in the fall was
much more favorable than in the spring (because of the risk of invasion by summer grasses). The
establishment of these cover crops in the orchard was therefore planned for the fall of 2019 but, owing
to incessant rain since October to late January, they could not be planted until the end of February
2020. To prepare this planting, a rotary hoe (Pellenc's "Tournesol" tool) was used along the tree-rows
(6 passages of the tool were needed for a correct seed bed). The legumes were sown by hand (2g per
m²) and the perennials were planted as potted plants (6 plants per m²).
Under these conditions, the ground covers proved slow to establish (only 30% soil coverage was
achieved by dwarf clover in May, and 25% by the [Mentha spicata – dwarf alfalfa] or [Hieracium
pilosella – dwarf alfalfa] combinations) and they had much more difficulty controlling weed
establishment and expansion than in the previous open field experiment. Dwarf white clover
performed best, with a plateau at 70% ground coverage that was reached in late July and maintained
through the end of 2020. Mentha spicata reached a maximum of 33% coverage at the end of May and
then declined until the end of August due to the pressure of summer grasses – especially Setaria sp.
– and Rumex sp.; it started again to grow at the end of the season, but only locally. In any case, dwarf
alfalfa ended its cycle in July, without showing any signs of emergence afterwards, and Hieracium
pilosella regressed significantly throughout the summer due to a strong pressure from foxtail on the
plots where this species had been planted (Figure 9). Once again, an interesting behavior was
observed in the fall with Hieracium pilosella, which reappeared with 25% coverage in October: on
the observation plots where this species had been totally invaded by foxtail, Hieracium pilosella
remained alone after foxtail’s natural death, benefiting then from a bare soil that allowed it to start
spreading again by vegetative multiplication, with new rosettes developing on its runners. But this
behavior was not generalized on the plot, since Hieracium pilosella could also be observed
completely invaded by other weeds throughout the fall and the winter; moreover, that was also true
for Mentha spicata, and even for dwarf clover. It is therefore important to note that the rate of
coverage by these ground covers was characterized by a high variability, so that weed control resulted
very heterogeneous, and therefore unsatisfactory.
Weed control was also imperfect on the reference plots, that were weeded by superficial tillage, with
4 passages of the NaturaGriff tool from May to early September: if the mean percentage of bare soil
observed on these plots was 44% from March to the end of June, it was only 18% from July to
October, due to a strong pressure of grasses, which didn’t cease to come back after each passage of
the tool in summer.
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Figure 9: Soil coverage by the tested ground covers species and weeds, as observed in September 2020
Dwarf white clover; Mentha spicata; Hieracium pilosella;, Control, managed by mechanical weeding
(from top and from left to right)

Compared to the same type of trials in conventional orchards in the same location, weed pressure is
much higher on this land, which has been occupied for years by successive organic orchards. In these
conditions, the high weediness of the rows observed from the summer until harvest has undeniably
favor the presence of harmful fauna (rodents, wild boars, etc.), of which many traces were found in
the trees’ environment (Figure 10). On the other hand, despite this abundant herbaceous flora, no sign
of water stress was detected: the rows with ground covers were even wetter than the control at least
in April and October.
Lastly, concerning the additional ecosystem services that could be expected from these ground covers,
it can be reported that: i) the soil was significantly more porous at the end of June under the dwarf
white clover than in the control (water infiltration 2,5 times faster); ii) Mentha spicata confirmed its
capacity to favor antagonistic mites (very significant peak of beneficials mites at the end of June
observed on apple leaves); iii) no remarkable impact was observed on the antagonistic soil fauna or
on earthworm populations (these two types of populations were rather low here, compared to the
levels observed in conventional orchards in the same location).
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Finally, compared to the control (fertilized by organic commercial fertilizers), a yield deficit ranging
from 15 to 21% was observed on the "ground covers" plots, that were fertilized by mulching a
perennial green manure based on legume species cultivated on the interrows (cf. § 3.2.3).

Figure 10: Orchard appearance in September (left). Traces of rodents (middle and right)

3.1.3. Using living mulches on the rows for multiple benefits

o Poland (INHORT)
The preliminary trial performed in 2018 with 10 species (Salvia hispanica, Taraxacum officinalis,
Nasturtium sp., Mentha sp., Melissa officinalis, Allium ursinum, Hierochloë australis, Petroselinum
sp., Calendula officinalis, and Tagetes sp.) resulted in the following observations on the suitability
and interest of some of them for use on the tree rows:
Hierochloë australis (the plant used to produce a unique kind of aromatized vodka typical of Poland:
“Zubrówka”) appeared to be well suited to the shady environment of the trees. Alium ursinum can be
harvested very early in the season, thus not causing competition with the fruit trees. Some species
seem to have a good ground covering potential and could thus reduce the competition from weeds
(Alchemilla vulgaris, Galium odoratum, Veronica officinalis); they can also be valorized in officinal
preparations.
Soil-borne pests are quite difficult to control even in conventional orchards, and organic farming
limitations in the use of pesticides needs to be overcome with new solutions. The availability of plants
that produce specific root exudates, containing compounds that can interfere with soil pests, is thus
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an opportunity that has been considered when selecting species to be grown on the row. Among them,
two have been considered, Tagetes sp. and Taraxacum officinale. The former is highly repellent
towards parasitic nematodes, while the latter is preferred by white grubs (larvae of May beetle), thus
reducing the risk of damaging tree roots. Dandelion is also requested for herbal preparations, thus
making this plant a potential multifunctional species (phytosanitary and cash crop).
Moreover, a two-fold increase of predatory mites on the apple leaves was determined when growing
nasturtium and mint. However, as a weak point, it should be stressed that, despite their promising
characteristics, nasturtium and mint did not succeed in competing with weeds so that their relative
abundance progressively decreased in the parcels.
On this basis, and considering some other results obtained by the DOMINO network, a total of 12
species were settled in an experimental orchard in 2019 to follow their behavior over time; some of
them were also planted in on-farm locations. They were selected for their potential use as secondary
crop, crop protection or soil phytoremediation properties, considering the following characteristics:
the reduced competition with apple trees, the competition with weeds, the market relevance. Among
them, 10 looked promising, with some interesting unexpected outcomes: in particular, in this first
year, Viola odorosa was able to maintain the row almost free from weeds probably due to an
allopathic mechanism.
During the 2020 season, the outcomes related to the species development were somehow different
comparing to the previous year. Some species were not growing in a competitive way toward weeds
(e.g. Viola odorata), while others developed very well (e.g. mint, nasturtium, wild strawberry and
Alchemilla). This was reflected on the weed biodiversity and soil coverage. A total of 37 weed species
was observed and, regardless the living mulch species used, the soil surface was mostly covered by
three perennial weed species (Agropyron repens, Equisetum arvense and Taraxacum officinale) and
by three annual species (Digitaria sanguinaris, Stellaria media and Poa annua). Even though a
significant reduction in soil coverage by weeds was observed with Mentha x piperita and Alchemilla
vulgaris, both living mulches produced 42.5% more dry biomass, increased weed species number
(+29%), and increased soil coverage (+33%) compared to the mowed control plots. In addition, apple
trees under these two living mulch species had 30 to 46% higher root dry weight densities (cf. § 3.3).
Some impacts of the living mulch species were observed on above-ground pests and predators. For
example, a lower number of shoots colonized by three aphid species was counted on cv. Gala trees
when pumpkin was grown, but not in cv. Golden Delicious trees. In parallel, a different trend in the
number of predatory mites was observed on the apple tree leaves depending on the species: the highest
number resulted from rows with Pulmonaria sp.+ Tagetes sp., wild strawberry, and nasturtium, while
the lowest number occurred with mint. A positive trend was observed on nematode communities:
their composition was affected by the different types of living mulches and almost every examined
plant species improved biodiversity of soil nematodes’ community.
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Figure 11: The plots with nasturtium and mint (up left), Alchemilla (up right), pumpkin (down left)
and the frame to assess soil cover and weeds community (nasturtium).

3.2. Legume-based green manure for row and interrow management
3.2.1. Green manure screening in field conditions
CTIFL realized this trial from autumn 2018 to the end of 2019. After an organic maize crop, followed
by a fine soil preparation for sowing, 7 green manure mixtures were sown in October on 25 m² strips
(with three replicates) and in excellent climatic conditions. The seeding densities applied were the
following ones: 2 g/m² for white micro-dwarf clover, dwarf alfalfa or Trifolium fragiferum (used as
single species); 18 g/m² for the mixture [Oat, 33% - Fababean, 66%]; 15 g/m² for the mixture [Winter
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forage pea, 45% - Lupin, 35% - Vetch, 20%]; 8 g/m² for the “GS PROTEO” mixture; 2 g/m² for the
“MULTIFLORE LD” mixture. In these conditions, these crops showed a very good development in
spring 2019, remaining almost completely free of weeds, and this especially as their capacity to make
a high biomass was important (Figure 12). According to the recommendations of POUSSET (2002),
the green manures were cut 15 days after their flowering time (which in these conditions occurred in
May) and mulched on a strip of soil kept free of vegetation, so as to assess their nitrogen supply
potential; in the same time, a contiguous strip was maintained free of weeds to serve as a control.
Nitrogen measurements in the soil were performed one month after the mulching. Total N-min release
by the mulches ranged from 5 to 73 kg/ha: “MULTIFLORE LD” mixture, 5 kg/ha; “GS PROTEO”
mixture, 13 kg/ha; Oat + Fababean, 41 kg/ha; Forage pea + Lupin + Vetch, 48 kg/ha; Dwarf alfalfa,
60 kg/ha; White micro dwarf clover, 73 kg/ha. So, with a maximum height of 38 cm and 50 cm
respectively (to compare with the 123 cm of the [Oat + Fababean] mixture), dwarf clover and dwarf
alfalfa were here the most efficient, with the better N-min/biomass ratio.
When an apple yield potential of 20 T/ha is attended, N needs for the trees are estimated in French
context to 100 kg N/ha (SOING et al., 2004). This N supply by winter/spring green manure has thus
to be supplemented. So, after the previous non-perennial green manure had been cut and mulched,
the field was tilled again, to sow a soya crop. This crop was chosen for its high biomass, and therefore,
its ability to release large amounts of nitrogen. But this tillage, realized at the end of May, favored
the germination of summer grass seeds already stocked in the soil, and three very competitive species
invaded the field (Echinochloa crus-galli, Setaria sp., Digitaria sp.), and the soya crop couldn’t
establish (Figure 12). A successful seeding is therefore a crucial step, which can totally jeopardize
the efficiency of the green manure. To avoid this risk, a perennial legume crop could be preferred.

Figure 12: [Lupin+Forage pea+Vetch] totally free of weeds (left)
White micro-clover with a Rumex plant in April (middle)
Field invaded by summer grasses in summer (right)
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3.2.2. Gramineous and legume species grown together as green fertilizer
Such mixtures were tested by INHORT (Poland) on the interrows of two apple orchards (Gala and
Golden delicious cultivars). One gramineous species – Festuca ovina – was selected for the following
qualities: it covers well the soil, grows little and is highly resistant to pounding. This grass was mixed
with one of the three following leguminous species, which were chosen for their forage potential in
Poland: Trifolium ambiguum (Kura clover), Galega orientalis and Trifolium repens.
Trifolium ambiguum and Galega orientalis showed a weak adaptation to the unusual dry conditions
of the year 2019 and the plots had to be renovated. Their establishment was little better in 2020, but
only the white clover grew enough to be used as a green manure: it was cut in mid-June and then
mulched below the trees. On Gala cultivar, the overall fruit yield resulted three times higher in the
plots with white clover than in the control (but not on Golden delicious cultivar). However, the year
2020 was not representative and further years of trial would be required to confirm these results.
On-farm trials were also performed, using some of the species selected from the previous experiments
for row management, and some of the mixtures with legume crops in the interrow. These trials
resulted to be successful only in case of mint on the rows, combined with micro-clover on the
interrows. The farmers’ perception of the tests was positive in both cases, since the use of microclover reduced drastically the growth of weeds, and the growth of mint didn’t compete with the trees
or disturb the common agricultural practices (Figure 13).

Figure 13: The good control of weeds
and uniform soil cover by micro-clover
(INHORT, Poland)
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3.2.3. Testing combined strategies using crops on the rows and on the interrows
As a next step to the former experience realized by CTIFL (green manure screening), the perennial
“MULTIFLORE LD” mixture was sown in January 2020 on the interrows of a 5-year-old organic
apple orchard, while three living mulches treatments (already described in § 3.1.2 / France) were
established on the rows. The nitrogen balance was measured 5 times in the year, in comparison with
a control that was fertilized by commercial organic fertilizers (targeting a N amount of 100 kg/ha),
and where rows were weeded by shallow tillage. The nitrogen balance increased from February to
the summer whatever the treatment, reaching a maximum in mid-August: at this time, a total N-min
of 21 kg/ha was recorded in the soil of the systems combining the perennial green manure on the
interrows and the living mulches on the rows, i.e. nearly the half of the N-min level observed in the
control. After the cutting and mulching of the “MULTIFLORE LD” crop, the N-min value remained
around 20 and 25 kg/ha until October on the rows that received the mulch and on which the microclover was grown; at the contrary, it fell to about 7 kg/ha on all the other treatments (pilosella and
mint, with green manure mulch), as well as on the control. Thus, with a green manure that was sown
too late, and that was not developed enough to be cut until August, the nitrogen supply came too late
for the needs of the trees. This resulted here in a significant yield loss between the mulched rows and
the control (-18 % in average).
The observation of the behavior of this mixture over two years shows that it is really able to persist,
but it soon evolves towards an almost monospecific composition, with a dominance of Trifolium
repens. Also, one year after sowing, and in a soil with poor drainage capacities, this mixture shows a
low tolerance to the trampling by machinery.
Fertilization strategies using peas on the rows, combined with white clover or micro clover on the
interrows, were both experimented by FIBL and UHOH.
In both cases, the clovers couldn’t establish, despite several tries in 2018 and 2019, and with different
seeding periods (autumn or spring). In Germany, white and micro-clover were first sown in autumn
2018, and then reseeded in April 2019, but they covered only 38% of the ground in 2020, the
remainder being occupied by grasses and broadleaf weeds. In Switzerland, they were first sown in
spring 2019, and then replaced in September, and once again in May 2020. But despite of excellent
soil conditions, these species couldn’t still establish, due to a high competition with Echinochloa
crus-gallis, and probably to the feeding from slugs (Figure 14). In any case, N-min measurements,
made on the biomass of these strips, consisting mainly of weeds, resulted in values ranging from
58 kg/ha to more than 150 kg/ha. With such results and in these conditions, spontaneous grass left
free to develop in the interrows could be sufficient as green fertilizer, without any need to add clover
species.
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Pea crops on the rows, whether sown in October or in March, gave also very good results in these
trials, with soil N-min values ranging from 70 kg/ha in April (Germany) to about 200 kg/ha in summer
(Switzerland). This well-covering species, even when sown on tree rows, could thus be a winning
option as internal source of nitrogen for the trees (Figure 15).

Figure 14: Weed pressure in the interrow at the German site (left)
Clover overgrown by Echinochloa crus-galli at the Swiss site (right)

Figure 15: Peas on the tree row in Switzerland
in May 2020 (two months after sowing).
The crop was incorporated in the end of June.
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3.3. Impact of living mulching on root morphological and growth parameters
This study was performed by INHORT in collaboration with UNIVPM, comparing the roots
behavior of 8-years old apple trees associated with two living mulches grown on the rows (Alchemilla
vulgaris and Mentha x piperita), to a control with spontaneous vegetation under the trees, managed
with 3 times mowing in the year. This orchard was drip irrigated, and 220 kg N/ha were applied with
organic fertilizers.
Root parameters were quantified in the second growing season of the living mulches. The two species
were planted at a density of 10 plants/m² in the preceding spring, and they were covering the ground
at a very satisfying level in the second year (88% coverage rate for Alchemilla and 93% for the mint,
vs 60% for the control; Figure 16).

Figure 16: Alchemilla vulgaris (left); Mentha x piperita (middle); Control (right)

In comparison with the control, apple trees had 30% higher root dry weight densities (RDWD) when
Alchemilla was grown on the rows, and 46% more with the mint. Considering the total root
community (i.e. herbaceous and apple roots), the following root parameters were all significantly
higher in the upper soil depth (0 to –20 cm) than in the lower (–20 to –40 cm): RDWD, Root Length,
Root Surface Area (RSA), and Root Volume (RV) (MIA et al., 2021).
In these non-limiting fertilizers conditions, the impact of the plant covers on the root system of apple
trees was expressed in two opposite behaviors: while apple RSA and apple RV were both significantly
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higher in the [0 to –20 cm] layer in the plots covered by Alchemilla, higher apple RV values were
measured in the deeper soil layer below the mint and the spontaneous vegetation of the control.
In the same time, nutrient leaf analyses were performed on the apple leaves, and no difference was
observed on the primary nutrient contents (N, P, K) between the plots with living mulches and the
control, even if Alchemilla and mint produced both 42% more biomass than the control. So, even if
the roots of Alchemilla and apple trees proved to prospect the same soil layer in this system (i.e.
mainly the upper one), that didn’t affect negatively the uptake of nutrients by the trees.
It is often stressed, as an argument in favor of agroforestry systems, that the association of herbaceous
crops with trees leads the trees to root towards deeper horizons, to avoid competition for resources in
the upper layers; and this is indeed supported by several studies on the subject, realized on young tree
plantations (YOCUM, 1937; POLVERIGIANI et al., 2013). However, the results obtained here with
two different plant covers show that the plasticity of the root system of trees involves more complex
mechanisms. While the role of roots is to capture water and nutrients from the soil, they also act by
releasing exudates, which can modify the soil microbiome, and thus increase the availability of
nutrients. This kind of mechanisms could be involved in the cases of Alchemilla or mint, which are
known to impact some soil bacterial or fungal populations involved in the nutrient cycles (MIA et al.,
2021).
The association of these two living mulches species with the apple trees is therefore an interesting
example of mutualism. Further year assessments would be required to observe if these results will
persist over time.

4. CONCLUSIONS AND DISCUSSION
In this important work realized through five European countries, the use of vegetal ground covers in
the organic orchard or vineyard was experimented to evaluate if it is possible, and advantageous, to
establish and maintain a "good biodiversity" in such perennial plantations, in order to take advantage,
in a sustainable way, of the functions that some chosen plant species can ensure on both agronomic
and economic levels, in substitution, or in complement, of standard practices, more dependent on
external inputs, or detrimental in the long term on the functioning and preservation of the soil. Three
main functions were researched: weed control; green fertilization; additional income with a secondary
cash crop.
In any case, one first condition for those virtuous system to work, is that the species introduced as
living mulches must be able to establish in the orchard or vineyard, and then to grow and persist.
Clearly, even if a large number of species have been tested in this work, it is impossible to indicate
one species that could be proposed as a "turnkey solution" to the farmer, nor even to define a selection
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grid based on simple criteria to help the farmer to make its choice for its specific conditions. However,
the some following trends can be stressed.
Mint, that was here experimented in Poland, Germany and France, seems to be a rather ubiquitous
species, that gave excellent (or at least quite good) results in terms of soil covering capacity, weed
control, and biomass production. With two cuts by year, competition with trees could me minored
(moreover, some interesting root interactions were highlighted), while providing a secondary
production that could be well-priced, and even more if sold on-farm.
The use of species taken from local biodiversity provides significant advantages in terms of plant
resilience and soil cover. Thus, wild strawberry plants collected in Sibillini Mountains gave excellent
results in Castelraimondo, even with a very low planting density; as well, potentilla transplanted from
the orchard environment to the rows of FIBL’s trial could totally cover the strips within three months.
Nevertheless, in case of plants that are purchased from nurseries, the natural presence of one species
at a local scale is not a sufficient condition for this species to settle satisfactorily in a peculiar field
and even less on orchards or vineyards planting rows. As an example, Hieracium pilosella gave very
disappointing results in French trials, to the point to disappear, whereas some very well-established
hawkweed lawns are present in the vicinity of the orchard.
In any case, the use of complementary weed control measures during the installation phase of the
living mulches can greatly help them to compete with weeds and thus to establish. An interesting
avenue is given with the use of a interceps blade, which allows, from living mulch species planted
with a low initial density, to promote their extension by eliminating the weeds and by softening the
soil; this was tested here in a vineyard, and it could be interesting to check if this method can be
applied to orchards without risk to damage the trees.
But, either with manual or mechanic weeding, these additional measures have a cost, and the work
done here cannot demonstrate whether this transition phase would really be limited to one or two
years. If this is not the case, that questions the interest of the method.
Anyway, besides Mentha sp., some species gave some good results in this work (at least in some
locations) and can be highlighted: dwarf white clover, if sown at least with a density of 20 kg/ha
(but which does not tolerate any lack of water in its establishment phase), Achillea millefolium,
Gallium album, Hieracium aurantiacum, Hieracium lactucella, Tropaeolum sp., Alchemilla
vulgaris, Cucurbita pepo, Fragaria sp. (with specific climatic and pedological requirements) and
Potentilla sp. (when transplanted from the surrounding environment).
Macro- and micro-nutrients in the fruit crop were not affected by living mulches in these short-term
trials. Moreover, some allelopathic species showed interesting actions on tree root development, with
potential benefic impacts on nutrients uptake.
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However, deficits in soil nitrogen balance could be observed in some cases, as well as significant
yield losses (especially when the ground covers were not well established and overgrown by weeds).
Moreover, evidence of presence of rodents, wild boars and deers was observed in some cases, with
effective damages to the trees: the living mulches should therefore be used with caution in situations
with high animal pest pressure.
When considering the interest of ground covers species as additional sources of income, officinal
plants, strawberries, and pumpkin appeared as potential targets: in situations suitable to the growth
of this species, they can provide a significant production each year, while controlling weeds, and even
bringing some other ecosystemic services (against aphids, mites, nematodes, etc.).
However, it must be stressed that this raises the question of compliance with the spraying programs
applied to the main crop (and with regulations): even if organic pesticides are used, the residue risk
has to be minimal, even more so for herbal preparations. This also means to rethink the farm in terms
of available manpower at harvest time, organization, packaging structures, even refrigeration or
drying equipment, and marketing channels.
Beyond the income from the sale of these products, they can also provide added value in terms of
customer perception, and thus retention and publicity. For example, in a winery where customers use
to come to the farm to buy wine bottles, they could be invited to self-harvest some strawberries,
adding a recreative activity to their act of shopping; this could be particularly attractive in the
peripheries of big cities or in tourist areas.
The use of legume crops as an internal source of nitrogen supply is constrained by the same hazards
that the living mulches in the rows, i.e. the first condition is to achieve a successful sowing, with
species adapted to local conditions.
Many guides are published to help the farmer to choose the suitable green manure mix in case of
arable crops; the green manure is then intercropped prior to the seedling of a new cash crop, in a crop
succession logic. In more recent years, several guides were also proposed for the specific cases of
fruit crops, inspired by the choices proposed for field crops in terms of species, seeding periods and
densities. However, if these recommendations are sometimes based on analytical data on the mineral
content of these green manure crops, even completed, rarely, with mineralization kinetics data, these
indications are rarely supported by quantified information on their nutrients supply potential in the
real conditions of the orchard or vineyard.
Compared to the field crop, the environment of perennial crops introduces further constraints. First,
soil tillage, harrowing and sowing operations should be managed to fit in with the other orchard’s
management interventions, these latter implying the use of tractors and machinery. Then, to guarantee
the success of the green manure once it has been sown, ideally, no traffic by tractors on the interrows
should be allowed until the plantlets have grown enough to resist trampling, In the practice this is
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quite impossible to achieve, whatever the season. Secondly, while cultivators are often equipped with
high-performing seed drills, adapted to several seed sizes, several burial depths, or even with
precision seed drills that could be more adapted to certain grain legumes species, this is rarely the
case for fruit growers. Furthermore, equipment can rarely be loaned by a cultivator neighbor due to
the narrow width of interrows.
For all these reasons, the success of a green manure crop in the orchard is often uncertain, even if the
chosen leguminous species are cultivated on a large scale in the same climate zone. In the work that
was done here, kura clover (Trifolium ambiguum) and goat’s rue (Galega orientalis) had a rather
deceiving growth in Polish experiments, and white clover couldn’t establish at all in the German and
Swiss trials, as well as soya in the French trial. In the French open-field screening (which was not
disturbed by machinery trampling) four annual legume species mixtures, including grain
leguminous (fababean, winter peas, lupin, vetch), proved to have intrinsic abilities to establish
in a very satisfying way, in terms of soil covering, weed control and biomass production, when
sowed in the autumn with a quite high seeding density. However, the legume species whose
seeding period is in late spring (and that could therefore complete the nitrogen needs of the trees over
the summer) are subjected to an additional constraint: the risk of being invaded by summer grasses
and stolen by the birds which have to feed their broods in springtime.
This leads to imagine using perennial green manure mixtures, to avoid these successive
establishment hazards. The commercialized mixture tested by CTIFL (that included several
plurennial species) gave mitigated results when cultivated in the orchard’s interrows, with insufficient
nitrogen release for the trees, and a long-term disappointing persistence.
One promising avenue is given with the use of winter peas on the rows (with a sowing period at
autumn or at the end of winter), that gave very good results either in German and Swiss
experiments, with high nitrogen releases after cutting, just in time to cover at least partly the needs of
the trees. So, depending on the local mineralization rates related to soil characteristics and climate of
the year, winter peas could be used as a unique source of nitrogen, or integrated in a fertilization
strategy with other organic materials or even with commercial fertilizers. To facilitate the use of this
method at a larger scale, improvements could be researched concerning seeding equipment
specifically adapted to the orchard, to facilitate the sowing on tree strips, or as a sandwich system.
Finally, one important point has to be stressed concerning the costs of the methods studied in
this work. When the species to be used as living mulches can be purchased on the form of seeds, the
cost of inputs and labor are “relatively” affordable. This will be the case of the legume species that
can be used as green fertilizers (with costs that may nonetheless reach 1000€ for one hectare of
orchard, depending on the species and if the seeds were organically produced). However, in the case
of perennial species that can only be purchased as plantlets, the costs of inputs explode (as an
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example: 0,95€/plantlet in French trials), as well as labor costs for planting. This high cost of the
plants can be explained by the fact that these species are not currently commercialized for large
superficies (in which case one could imagine that their prices could drop if demand for orchards
increases). But, according to discussions with horticulturists, for some species, especially
ornamentals, it will not be technically possible to produce seeds on a large scale, due to the very small
size of the seeds; so, for these species, there is little chance for the price to drop. Species already
cultivated on a relatively large scale (i.e. the most common aromatic species) and vegetable crops (or
strawberries), are therefore the most solid options for a use on the rows, if one looks at the only
economic point of view.
If the use of living mulches on the rows can be considered as a perennial investment, ensuring weed
control for the whole life of the orchard or vineyard (in addition to providing other services), this
significant cost can be amortized over the life of the orchard. But if the ground covers are not able to
last over years, or if they have difficulty to cover the soil without additional mean, this technique,
even if virtuous, is simply not economically feasible in practice.
So, it should be recommended to the fruit growers who would like to try this technique, to start
with very small areas to verify in situ the behavior of the chosen species. And if, by chance, these
species prove to be excellent ground covers in their local conditions, the plants grown on the
rows could then serve afterwards as a source of plantlets for extending the method to larger
superficies and with lower costs.
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APPENDIX
List of living mulches species tested in DOMINO project
to be used on the rows in orchards or vineyards
Species
Achillea millefolium
Alchemilla vulgaris
Allium ursinum
Betonica officinalis
Calendula sp.
Cucurbita pepo
Dwarf alfalfa
Euphorbia helioscopia
Fragaria moschata
Fragaria vesca
Galium album
Glechoma hederacea
Hieracium aurantiacum
Hieracium lactucella
Hieracium pilosella
Hierochloë australis
Melissa officinalis
Mentha spicata
Mentha x piperita
Micro-clover
Nasturtium sp.
Petroselinum sp.
Pink strawberry diploid
Portulaca oleracea
Potentilla reptans
Potentilla verna
Pulmonaria officinalis
Salvia hispanica
Salvia pratensis
Sanguisorba minor
Satureja hortensis
Scleranthus biflorus
Soleirolia soleiroli
Tagetes sp.

Cash crops

UNIVPM

LAIMBURG
x

FIBL
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INHORT
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x
x
x
x
x

Officinalis
Officinalis
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x
x
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x
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x
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x
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Officinalis
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x
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Species
Taraxacum officinale
Thymus hirsutus
Trifolium repens
Trifolium resupinatum var.
resupinatum
Tropaeolum majus
Veronica officinalis
Viola odorata
White clover
White micro-dwarf clover
White strawberry octoploid

Cash crops

UNIVPM

LAIMBURG

FIBL

UHOH

INHORT

CTIFL

x
x

Officinalis

x
x
x

x
x
x

Officinalis
Officinalis

x
x
Food

x
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