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1. INTRODUCTION
The European Green Deal aims to expand the use of sustainable
practices, including organic farming (European Commission, 2021).
Organic production has been one of the fastest growing food sectors
globally, as there is increasing demand for organic food products,
including vegetables, throughout the world (Smith et al., 2009; Niggli,
2015; IFOAM, 2018; Rahman et al., 2021). Organic food produced
without the use of conventional pesticides and synthetic fertilizers is
attractive for consumers, as it is perceived to be healthier than food
produced by conventional agriculture and more sustainable for the
environment (Tuomisto et al., 2012; Orsini et al., 2016; Bosona &
Gebresenbet, 2018; Gomiero, 2018; Massey et al., 2018; Ditlevsen et al.,
2019). Organic production is regulated by and supported according to
EU standards, products are controlled, certified and labelled (Reeve et
al., 2016; Kirdar, 2018), thereby an organic label helps consumer to make
more trustworthy choices (El-Hage Scialabba, 2007).
Organic systems yield less food all over the world but at the same time
contain significantly less to no synthetic pesticide residues compared with
conventionally produced foods (Baker et al., 2002; Bourn & Prescott,
2002; Winter & Davis, 2006; Zicari et al., 2011). The adoption of organic
agriculture under agroecological conditions where it performs best may
close the yield gap between organic and conventional systems (Badgley
et al., 2007; de Ponti et al., 2012; Seufert et al., 2012; Ponisio et al., 2015;
Reganold & Wachter, 2016). Organic farming has positive effect on the
important agronomical components of soil, these soils have a higher
content of organic matter (Bulluck, et al. 2002; Mäder et al., 2002;
Mondelaers et al., 2009; Reeve et al., 2016; Bai et al., 2018; FiBL, 2018;
Vaitkevičiene et al., 2020) and therefore, yields may increase.
Several earlier comparisons have led to a conclusion that significant
differences in the nutrient and contaminant content between organic and
conventional vegetables have not been confirmed (Dangour et al., 2009;
Hoefkens et al., 2009; Smith-Spangler et al. 2012). Nevertheless, at the
same time Giuseppina et al. (2011) have pointed out that even if organic
products have not yet been proven to have a higher nutrient content, it
should certainly have the lowest content of pesticides and substances
harmful to health, such as a high content of nitrates. Hurtado-Barroso et
9

al. (2019) refer to the advantage of organic food as it has a higher content
of bioactive compounds (e.g., polyphenols, vitamin C and carotenoids).
The composition of a vegetable is known to depend on a wide
range of genetic and environmental factors, many of which, such as
climate, air pollution and maturity at harvest, are independent of the
production system (Gobbo-Neto & Lopes, 2007). Only factors that
differ systematically between organic and conventional farming have
a potential to cause a systematic difference in product composition
(Brandt et al., 2011). It has been pointed out that studies comparing
the yield and quality of organic vs. conventional vegetables have often
provided inconsistent results due to methodological problems in their
experimental design (Fjelkner-Modig et al., 2000; Dangour et al., 2009;
Seljåsen et al., 2013; Bernacchia et al., 2016; EPRS, 2016; Reeve et al.,
2016). A typical concern has been the fact that fertilization rates of
the main plant nutrients have been higher in conventional than organic
crop production (EPRS, 2016). This problem can be reduced by adding
more organic matter in the organic system, thereby improving soil
health and reaching the same levels of nutrients as in the conventional
system (Reeve et al., 2016; Tejada et al., 2008; Diacono & Montemurro,
2010; Bai et al., 2018). Kirchmann et al. (2016) have stressed that at least
three criteria should be followed to ensure correct interpretation of
comparative studies of organic vs. conventional production: i) the initial
soil fertility must be similar between plots; ii) only the same type of crop
production is compared; iii) the rates of nutrient input to each system
must be quantified. Taking into account the above-mentioned criteria,
we compared the yield and quality indicators of carrots produced in an
organic and in a conventional system, with the same initial soil fertility.
Fertilization rates in organic treatment in the four-year experiment were
within the optimal range of 80–180 N kg ha-1 as recommended by Kaack
et al. (2001) and Seljåsen et al. (2012) and in the two-year experiment
lower than optimum. Fertilization rates in conventional treatments were
different but in the range of optimal rates.
Weed control is a problem in organic production. In organic systems
agroecological service crops (ASC), also known as cover crops, green
manures or catch crops, are considered a key strategy for managing
weeds. They suppress weeds and improve at the same time soil quality
(Gallandt, 2014). ASCs improve the whole agroecosystem not primarily
in terms of higher yield, but in terms of enhanced ecosystem services
10

(Canali et al., 2015), such as improved physical, chemical and biological
properties of soil, weed suppression (Blanco-Canqui et al., 2015) and
reduction of nitrogen (N) leaching (Tonitto et al., 2006). ASC will be
terminated before the subsequent cash crop to avoid competition and
reduce weed emergence. The most widespread management technique
is their incorporation into the soil by noninversion tillage (sometimes
ploughing) as green manure (GM), while no-till methods are hardly used
(Peigné et al., 2016). However, in recent years, the no-till roller crimper
(RC) for ASC management has attracted the interest of organic farmers
and researchers across Europe (Casagrande et al., 2016; Vincent-Caboud
et al., 2019). The RC allows flattening of the ASC by creating a dense
layer of plant residues (i.e., mulch) connected to the soil by the roots.
The presence of mulch has physical and chemical effects, which can
limit weed germination and seedling emergence (Ciaccia et al., 2015).
To the flattened surface it is possible to plant or sow a cash crop. This
method is still poorly investigated and not well implemented in vegetable
production. For the first time in Estonia, we studied the treatment of
ASC (rye and triticale) with RC for weed control purposes. This study is
needed for the further development of the no-tilling system in organic
vegetable production. Investigation was carried out under the SoilVeg
(ERA-Net CORE-Organic Plus) project.
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2. REVIEW OF LITERATURE
2.1. Comparison of the effect of organic and conventional
production system on yield and quality of carrot
2.1.1. Yield
Usual practice has been that crop (including vegetables) yields are lower
in the organic system than in the conventional system (Fjelkner-Modig et
al., 2000; Rembiałkowska, 2000; De Ponti et al., 2012; Seufert et al., 2012;
Lee et al., 2015; Ponisio et al., 2015; Wierzbowska et al., 2017). Dresbøll
et al. (2008) and Orsini et al. (2016) have suggested that the lower yield
under organic farming is possibly caused by genetic determinants of
specific varieties used in the system and/or an exposure to biotic and
abiotic stresses that may affect organic crops. According to the EPRS
(European Parliamentary Research Service) study (2016), a typical
problem is that fertilization rates of the main plant nutrients are higher
in conventional than organic crop production. The problem can be
overcome by reaching the same levels of nutrients as in the conventional
system (Tejada et al., 2008; Diacono & Montemurro, 2010; Reeve et al.,
2016; Bai et al., 2018). The closure of the yield gap between organic and
conventional farming can be a matter of time and organic farming may
result in greater spatial stability of the biotic and abiotic properties of
soil and soil processes (Schrama et al., 2018; Seufert 2019).
However, several studies also reveal data on more or less equal carrot
or other vegetable yields in both organic and conventional production
(Dresbøll et al., 2008; Thorup-Kristensen et al., 2012; Kniss et al., 2016).
According to Sink et al. (2017), one of the three carrot varieties produced
the same yield in both, organic and conventional production, and two
varieties had higher yields in organic production.
Physiological disorders of carrots depend on the soil type, soil moisture,
N availability and plant variety (Gutezeit, 2001; Hartz et al., 2005; Paoletti
et al., 2012). The share of discarded yield in the total in comparison of
conventional and organic carrot yield has generally been little reported
in research. Only Dresbøll et al. (2008) have observed no differences
in the carrot discard rate between the two systems. In addition to the
12

previous, Brainard and Noyes (2012) have mentioned that in one of
the two experimental years, the application of compost decreased the
percentage of forked and small carrots in total yield.
2.1.2. Nutritional quality
Total sugars (TS). Carrot among other vegetables, such as beets, onions,
peas, and tomatoes, is the one having a high content of TS (100 g FW
contains 4.7 g TS) (U.S. Department of Agriculture, 2020). The content
of sugars in vegetables is an important sensory component and varies
in carrots depending on plant nutrition, variety, weather conditions,
location and soil (Baardseth et al., 1996; Nookaraju et al., 2010; Seljåsen
et al., 2013). A higher temperature sum during the growing period in
Denmark experiments resulted in a higher TS content in carrots (Bach et
al., 2015). At the beginning of the carrot harvest period, the TS content
was higher in a colder year than in warmer years (Suojala, 2000).
According to several studies, organic vegetables and other plant food
contain more TS than their conventional counterparts (Rembiałkowska,
2003; Rembiałkowska, 2007; Rembiałkowska & Średnicka, 2009;
Hallmann, 2012). The reason for the differences in the content
of TS might be the fact that the analyzed vegetables were grown in
different locations and under different nutrition. In addition, we have
no information about the varieties. However, other studies have shown
no differences in the content of TS of conventionally and organically
produced carrots (Btandt & Mølgaard, 2001; Bach et al., 2015; Sink et al.,
2017; Hlisnikovsý et al., 2021). Rosenfeld et al. (1998) have also come to
a conclusion that sugar content in carrots seems to be affected more by
climate-related factors (temperature, precipitation, light intensity, etc.)
than by the production method.
Vitamin C is the most important vitamin in vegetables, one of the
basic nutritional quality factors in many horticultural crops, and has
numerous biological activities in the human body (Lee & Kader, 2000).
Furthermore, vitamin C plays important roles in regulating almost all
physiological processes during plant growth and development, including
seed dormancy, seed germination, and fruit maturity (Dong et al., 2015).
The content of vitamin C in vegetables depends on several factors, such
as the genotype, maturity at harvest, fertilizer type, pre-harvest weather
13

conditions, and soil type (Lee & Kader, 2000; Mozafar, 2018). The effect
of fertilization on plant composition shows that the increasing presence
of plant available nitrogen reduces the accumulation of defence related
to vitamin C (Mozafar, 1993; Lee & Kader, 2000; Brandt & Mølgaard,
2001; Worthington, 2001; Brandt et al., 2011). The differences here
may be due to the rapid or slow release of N from synthetic or organic
fertilizers, respectively, resulting in less N available to plants in organic
production.
The vitamin C content was 6% higher in organic plants than in the
corresponding conventional samples (Brandt et al., 2011). Several
research publications also state that vitamin C of organic production
exceed that of the plants grown conventionally (Leclerc et al., 1991;
Rembiałkowska, 2003; Rembiałkowska, 2007; Benbrook et al., 2008;
Szafirowska & Elkner, 2008; Rembiałkowska & Średnicka, 2009; Hunter
et al., 2011; Jensen et al., 2013; Kapusta-Duch & Leszczyńska, 2013; Sink
et al., 2017). Contradictory results have been reported from other studies,
i.e., for carrots, significantly higher concentrations of vitamin C were
registered in the plant food from conventional farming (Hoefkens et al.,
2009; Zakir et al., 2012). However, many studies of vegetables and other
crops could not verify significant differences due to the growing system
(Warman & Havard, 1996; Warman & Havard, 1997; Fjelkner-Modig et
al., 2000; Brandt & Mølgaard, 2001; Masamba & Nguyen, 2008; Lairon,
2009; Bender & Ingver, 2012; Smith-Spangler et al., 2012; Barański et al.,
2014; Pereira et al., 2016).
Dry matter (DM) content in vegetables depends on the year, location,
subspecies, variety and soil conditions (Seljåsen et al., 2013; Putra &
Yuliando, 2015; Shabetya et al., 2020). A higher temperature sum resulted
in a higher content of DM in carrots (Bach et al., 2015). Increasing the
amount of nitrogen applied decreased the DM content linearly (Kaak et
al., 2001).
According to earlier studies, organically grown vegetables had a higher
DM content compared with conventional ones (Leszczynska, 1996;
Woëse et al., 1997; Fjelkner-Modig et al., 2000; Bourn & Prescott, 2002;
Rembiałkowska, 2007; Sikora et al., 2009; Bender & Ingver, 2012). On
the other hand, the results of other researchers have confirmed that the
DM content of the product grown in organic systems did not differ
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significantly from that produced in the conventional system (Brandt et
al., 2011; Thorup-Kristensen et al., 2012; Bach et al., 2015).
Nitrogen and nitrates. Nitrogen (N) is an essential macronutrient that
affects plant growth and development. It can often be the most limiting
element for plant growth in agro-ecosystems (Liebman & Davis, 2000).
N is an important component of chlorophyll, amino acids, nucleic acids,
and secondary metabolites. Nitrate N is one of the most abundant N
sources in the soil (O’Brien et al., 2016).
Inorganic nitrate (NO3) is a naturally occurring compound in foods,
especially plant foods and vegetables, and the largest amount of dietary
NO3 is derived from vegetables, especially green leafy vegetables
(Bahadoran et al., 2016; Colla et al., 2018).
NO3 accumulation in vegetables depends on the amount and kind of
nutrients present in the soil and is closely related to the time of application,
the amount and composition of the fertilizers applied (Zhou et al.,
2000; Gajewski et al., 2009). NO3 concentration depends on growth and
weather conditions, the season, temperature, light intensity, harvesting
time, moisture stress, plant species, plant age and soil pH (Salehzadeh
et al., 2020). Under the conditions of low light intensity, an increase
in temperature enhances NO3 accumulation (Santamaria et al., 2001).
Caused by unequal N fertilization levels in conventional and organic
production, the roots of carrot from conventional production contained
more N and NO3 compared to organic production (Wierzbowska et al.,
2017). The soil type is one of the factors influencing the content of NO3
in carrot roots. Seljåsen et al. (2013) argue that the content of NO3 was
lowest in carrot grown on sandy soil.
The NO3 content of various parts of a plant differs and the vegetable
organs can be listed by their decreasing NO3 content as follows: petiole,
leaf, stem, root, inflorescence, tuber, bulb, fruit, seed (Santamaria et al.,
1999). Nitrate levels are generally low in carrots (200–500 mg NO3 kg-1
FW) (Santamaria, 2006) as carrots require low fertilization during their
growing period (Seljåsen et al., 2016). Gutezeit (1999) has proposed a
soil mineral N target value of 75 kg ha-1 for carrots for the processing
industry. The European Commission’s Scientific Committee on Food
(SCF) has set an acceptable daily intake (ADI) of NO3 of 0–3.7 mg kg-1
bodyweight or 222 mg for a 60-kg person (Santamaria, 2006). Undesirable
15

accumulation of nitrate in carrots seems to occur in rare cases when
high amounts of nitrogen fertilizer are applied shortly before harvest
(Smolen & Sady, 2009).
2.1.3. Content of pesticide residues
Synthetic pesticides are not found in nature, but are necessary to increase
yield through protection against unwanted organisms. Residues of
these substances accumulate in plants and move along the food chain,
disturbing the balance of natural environment and damaging animal
and human organisms (Rembiałkowska, 2016). Accumulated pesticide
residues in food products have been associated with a broad variety of
human health hazards, ranging from short-term impact to long-term
toxic effects (Grewal et al., 2017). The presence of pesticide residues is a
major bottleneck in the international trade of food commodities (Bajwa
& Sandhu, 2014).
Pesticide residues have been found in various vegetables. Organic
food is reported to contain much lower amounts of residues than
conventional food (Woëse et al., 1997; Baker et al., 2002; Winter & Davis,
2006; Rembiałkowska, 2007; Tasiopoulou et al., 2007; Hoefkens et al.,
2009; Smith-Spangler et al., 2012; Jensen et al., 2013; Barański et al., 2014;
EFSA, 2020). In 2016 (EFSA, 2018), one or more quantifiable residues
were detected in 44% of conventionally produced food samples and
in 7% of organically produced samples. Lairon (2009) argues in his
review article that 94–100% of organic food does not contain any
pesticide residues. Results from the monitoring of pesticide residues in
fruits and vegetables on the Danish market show that only 2.8% of
organic samples were contaminated (Poulsen & Andersen, 2003) and
all values were below the maximum residue level (MRL), the highest
level of a pesticide residue that is legally tolerated (Regulation (EC) No
396/2005). In addition to above, there are some studies that have not
found any pesticide residues in organic vegetables (Bourn & Prescott,
2002; Rembiałkowska & Hallmann, 2007).
There is a good perspective that hazardous pesticides will diminish in
the nearest future. According to the European Green Deal goals, the
use of chemical pesticides and their potential risks must be significantly
reduced. The European Commission aims to boost innovation for the
development of safe and sustainable chemicals, and increase protection
16

of human health and the environment against hazardous chemicals
(European Commission, 2020).
2.2. The effect of agroecological service crops (ASC) in no-till
roller crimper (RC) management on weeds in organic vegetable
production
Weeds are one of the key issues in organic production. Reduced tillage
can benefit soil fertility and climate change mitigation (Armengot et al.,
2016; Iocola et al., 2017; Kleijn et al., 2019). However, reducing soil tillage
can influence weed communities (Armengot et al., 2016). Several authors
have pointed out that weed control effectiveness can be improved by
combining reduced or no tillage with ASC (Canali et al., 2013; Wayman et
al., 2015; Ciaccia et al., 2016). Therefore, the term Agroecological Service
Crops has been introduced to overcome the lack of a comprehensive
and all-embracing term which would include all crops used in agroecosystems to provide or enhance its environmental functions (Canali et
al., 2015). ASCs can be cultivated as i) buffer zones used in the parts or
portions of a farm/field that are generally not intended for growing cash
crops (Marshall & Moonen, 2002; Tilman et al., 2002); ii) living mulches,
where ASC is intercropped with a cash crop and maintained as a living
ground cover throughout the growth cycle; iii) break crops, which are
cultivated as a sole crop in the rotation, between two consecutive cash
crops (Canali et al., 2015). In sustainable/organic farming systems, ASCs
represent a powerful tool for farmers to positively influence the agroecosystem by promoting the whole soil-plant system equilibrium in
space and time (Kremen & Miles, 2012; Canali, 2013; Wezel et al., 2014).
ASCs may have impact on soil fertility (Thorup-Kristensen et al., 2012;
Montemurro et al., 2013) or the occurrence of weeds (Hayden et al.,
2012), diseases and pests (Patkowska & Konopiński, 2013).
ASCs can be managed as GM or by using RC technology (Canali et al.,
2015). More widespread RC models are comprised of a steel cylinder
(about 41–51 cm diameter) with steel dull blades welded perpendicular
to the cylinder in a chevron pattern (Canali et al., 2015). Prior to ASC
termination the cylinder is filled with water to provide an additional
weight to aid in mechanical termination. The RC is designed to crush
or crimp ASC stems, rather than cut or chop them (Ashford & Reeves,
2003). Crimping the ASC tissue causes plant injury and accelerates its
termination or senescence (Kornecki et al., 2012).
17

The use of RC technology was started by Brazilian family farmers as an
alternative to expensive herbicides (Petersen et al., 1999). Retained on
the soil surface, the residues of non-cash crop species suppress weeds,
leading to reduced weed density (Sarrantonio & Gallandt, 2003). Plant
residues that shade the soil surface filter light and reduce the ratio of red
spectrum, which can inhibit the germination of weed species that need
full sunlight to germinate (Altieri et al., 2011). A plant residue covering
also affects soil temperature, diminishing the thermal amplitude of the
upper soil layers during the day. It would affect weed seeds that are
sensitive to temperature alternation for germination (Altieri et al., 2011).
Several researchers (Teasdale & Mohler, 2000; Canali et al., 2013; Wayman
et al., 2015; MacLaren et al., 2019) claim that the quantity of residue
is more important than its type and weed suppression is less affected
by allelopathic than by physical properties of mulches. Additionally,
Liebman & Davis (2000) have found that the effect of ASC residues
on weed control is species-specific and is the result of i) a sufficient
quantity of ASC biomass; ii) the energy reserves of a given weed species
(i.e., large seed vs. small seeded; perennial vs. annual). Other scientists
also reveal that successful weed control by mulches is highly dependent
on substantial biomass (Teasdale & Mohler, 2000; Reberg-Horton et al.,
2012). In general, ASC mulches are better at suppressing small-seeded
summer annuals and are largely ineffective in suppressing large seeded
species (Teasdale & Mohler, 2000; Leavitt et al., 2011; Mirsky et al., 2013).
Poacea species introduced as ASC are considered particularly suitable for
weed suppression with in-line tillage/roller crimper (ILRC) termination
due to the high amount of biomass produced and to the slow decay of
their residues as a result of high C : N ratio (Radicetti et al., 2013; Halde &
Entz, 2016). Rye generally attains greater dry matter and produces better
weed suppressive mulch than legume ASC (Mirsky et al., 2013). The
physical influence of rye is possibly the primary mechanism suppressing
weeds (Mirsky et al., 2011). According to a later study, rye remains the
best candidate for a successful organic ASC-based RC technology
(Wayman et al., 2015; Vincent-Caboud et al., 2019). The allelopathic
effect of rye apparently suppresses weed seed germination to a greater
degree than that achieved by other cereal grain species. In addition, rye
is more winter hardy and reaches anthesis earlier than triticale.
Although RC technology has several benefits, there are some drawbacks
as well. The RC technology does not control emerged weed seedlings
18

and successful weed management is dependent upon the prevention
of weed seedling emergence through the production of ASC biomass
(Mirsky et al., 2013). Moreover, the ASC must be at a growth stage
where it is susceptible to mechanical control, which can delay cash crop
planting and reduce its yield (Nord et al., 2012; Eslami & Davis, 2018).
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3. HYPOTHESES AND AIMS OF THE STUDY
This thesis concludes the main results obtained about organic and
conventional carrot cultivation depending on the fertilization level.
In conventional treatments, nitrogen fertilization rates within the
recommended optimal range were used. Nitrogen rates within and below
the optimal rates were used in organic treatments. The other aspect that
has been little studied in the world is the share of discarded yield in the
total yield of carrot. Safe and nutritious food is a choice of consumers
and this research provides some answers on this topic. In the light of
innovative proposals in Europe (Green Deal, Farm to Fork strategy)
to expand the use of sustainable practices, weed control is part of the
current study on an important topic in organic vegetable cultivation. For
the first time in Estonia, no-till roller-crimper technology was used.
Hypotheses:
1. The marketable yield and discarded yield of carrot are similar in
organic and conventional carrot production under optimal levels of
used N fertilization and remain lower in organic management in the
case of below optimal N fertilization (I, II, III).
2. Organically produced carrots have a higher content of total sugars,
vitamin C and dry matter compared to conventional systems (I, II,
III).
3. Conventionally produced carrots have a higher content of nitrogen
and nitrates than organic carrots and they contain pesticide residues
(I, II, III).
4. Rolling and crimping of agroecological service crops (cover crops)
reduces weed density and species richness and changes weed
composition in comparison to the green manure method in organic
vegetable production (IV).
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The main objectives:
1. To estimate carrot yield and the share of discarded yield in both
organic and conventional production under the optimal level of
N fertilization and below optimal N fertilization only in organic
production.
2. To determine the content of total sugars, vitamin C and dry matter
in conventional and organic cropping systems.
3. To investigate the content of nitrogen and nitrates in organic and
conventional production and pesticide residues in conventional
carrots.
4. To study the effect of rolling-crimping technology on weed density,
species richness and weed community in Estonian conditions.
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4. MATERIALS AND METHODS
4.1. Experimental site and soil
The field experiments were carried out at the Estonian Crop Research
Institute (ECRI) at 58°76’N, 26°40’E. The soil type on the plots was
clay loam classified as Endogleyc Luvisol (FAO, 2014). The whole
experimental area (0.15 ha) had been out of intensive use for at least
30 years, and for the last four years it had been managed uniformly in
accordance with organic farming practice (no use of synthetic fertilizers
and pesticides). A pooled topsoil sample was analyzed before the
establishment of the experiments (2008) using the following methods:
pH – ISO 10390; P, K, Ca, Mg, Cu, Mn – Mehlich III; B – by Berger
and Truogi; Corg – by NIRS. The following results were obtained: pH
6.4, P 356 mg kg-1, K 220 mg kg-1, Ca 2067 mg kg-1, Mg 210 mg kg-1,
Cu 4.0 mg kg-1, Mn 117 mg kg-1, B 0.08 mg kg-1, and Corg 2.0%. No
pesticide residues were present in the soil. Soil samples were analyzed in
the Laboratory of Agrochemistry at the Agricultural Research Centre.
4.2. The effect of production system on yield and quality of
carrot
4.2.1. Experimental design
Two field experiments were carried out, one from 2011 to 2014 (I) and
the other in 2008 (II) and in 2009 (III) in the same area.
The randomized complete block design with four experimental plots (5.0
m x 2.0 m each) per block in three replications was used from 2011 to
2014. In each block, three plots had conventional production treatment
(CON5, CON3 and CON1) and one organic treatment (ORG) (I). The
area of the plots of conventional (C) and organic (O) treatment was 100
m2 altogether, with four replications per treatment used in 2008 and in
2009 (II, III).
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4.2.2. Treatments
Conventional treatments differed in the types of pesticides and number
of sprayings during the growing period (Table 1). Synthetic pesticides
were applied according to the recommended mean doses to control
weeds, insects and diseases (I, II, III).
In the trial period from 2011 to 2014 (TP1), CON5 was sprayed five
times, the plots receiving two herbicides, the same insecticide twice, and
one fungicide; CON3 was sprayed three times, the plots receiving one
of each pesticide; and CON1 was sprayed once, the plots receiving one
herbicide (I).
In the trial period from 2008 to 2009 (TP2) O plots were covered after
sowing for two months with a non-woven polypropylene cover (NWPC)
(17 g m-2) to control insects. C treatment plots received two herbicides,
the same insecticide twice, and one fungicide (I, II).
Table 1. Synthetic pesticides used in conventional (CON5, CON3, CON1, C) and
organic (ORG, O) treatments, classification by category (h – herbicide, i – insecticide,
f – fungicide), trade names and applied rates in the conventional cultivation over the
study period 2008–2014.
Used pesticides
a.s.* and category
Aclonifen (h)

Trade name

Treatment

Application rate,
publication No

Fenix

Propaquisafop (h)
Cypermethrin (i)

Agil 100 EC
Fastac 50

Thiamethoxam (i)
Boscalid +
pyraclostrobin (f)
Chlorothalonil (f)

Actara 25 WG

CON5, CON3,
CON1
C
CON5, C
CON5, CON3
C
C

2.0 l ha-1, I
2.5 l ha-1, II, III
1 l ha-1, I, II, III
0.15 l ha-1, I
0.3 l ha-1, III
120 g ha-1, II

Signum
Bravo 50SC

C
CON5, CON3

0.75 kg ha-1, II, III
3.0 l ha-1, I

*a.s. – active substance

4.2.3. Fertilization
For basic fertilization in conventional treatment, 1 t ha-1 of Cropcare
8-12-23 (N 80 kg ha-1, P 50 kg ha-1, K 190 kg ha-1 plus micronutrients)
from 2011 to 2014 (I) and 0.8 t ha-1 (N 65 kg ha-1, P 40 kg ha-1, K 152 kg
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ha-1 plus micronutrients) was applied to the plots in 2008 (II) and 2009
(III).
Organic plots (TP1) were fertilized with horse manure compost
(Matogard Ltd) containing 1–2% total N, 0.1–0.3% P and 0.6–0.9% K
(by the product label). To ensure the minimum level of optimal nitrogen
fertilization (N 80 kg ha-1) used in conventional treatment, 8 t ha-1 of
compost was added (I). In TP2, plant residue composts, 2 t ha-1 (N 24
kg ha-1, P 40 kg ha-1, K 75 kg ha-1), were applied in 2008 (II) and (N 20
kg ha-1, P 40 kg ha-1, K 33 kg ha-1) (III) in 2009.
Conventional plots were fertilized during TP2 with ammonium nitrate
(N 50 kg ha-1) and sprayed with foliar fertilizer Folicare 18-18-18 (N
4 kg ha-1). Organic carrot plants were fertigated at a rate of 1 litre per
meter of a row with a solution of humic substances (Humistar, diluted
by 1:20) (II, III).
4.2.4. Sowing, maintenance and harvesting
Orange-coloured old (from 1952) Estonian carrot variety (Daucus carota
L.) ‘Jõgeva Nantes’ was used in experiments (I, II, III). Carrot seeds
were sown at the end of May at the seeding density of 100 seeds m-1.
The seeds were sown in a pair of rows, 20 cm between the rows and
50 cm between each pair of rows. After the sowing, organic plots were
protected with NWPC against insects such as carrot psyllid (Trioza
viridula Zetterstedt) and carrot fly (Psila rosae Fabricius) (II, III).
To control weeds, all experimental plots, including the conventional
treatment plots, were weeded twice by hand and hoeing. Carrots were
harvested manually at the beginning of October in 2008, 2009, 2011 and
2012 and in the middle of September in 2013 and 2014.
4.2.5. Measurements and analyses
Two yield fractions, marketable and discarded yield, were quantified in
both, conventional and organic production systems. Discarded yield
consisted mainly of cracked, but also of forked and small roots (diameter
< 2 cm). A randomly selected sample of marketable yield of 8 kg was
taken from each plot. From this, a random 600 g sample was taken for
laboratory analyses the following days after harvest.
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Total sugar content was determined following the modified Bertrand
method, as described by Turbas and Oll (1969). Vitamin C content was
specified according to ISO 6557/2:1984. Dry matter (DM) content
was measured according to EVS-EN 12-145:2000. All mentioned
determinations were performed in the Laboratory of Agrochemistry at
the Agricultural Research Centre (II, III) and in the Plant Biochemistry
Laboratory at the Estonian Crop Research Institute (I). Total N content
was determined by the copper catalyst Kjeldahl method, and nitrate
(NO3) content by flow injection analysis, using Fiastar 5000 (ISO 13395)
in the Plant Biochemistry Laboratory at the Estonian University of Life
Sciences (I, II, III).
Residues of the applied pesticides were tested using the multi-residue
QuEChERS method combining gas and liquid chromatography
following the acetonitrile extraction of the sample and clean-up by
dispersive solid phase extraction, as described in the European Standard
EVS-EN 15662:2008, and validated according to the requirements
of SANCO/10684/2009. One sample of pesticide residues per
conventional treatment was analyzed each year in the Laboratory of
Agrochemistry at the Agricultural Research Centre (I, II, III).
4.3. The effect of agroecological service crops (ASC) managed
with roller crimper in organic systems
4.3.1. Experimental design and management
In the studies, fourteen original datasets from five European countries
(Denmark, Estonia, Italy, Slovenia and Spain) were involved in the
SoilVeg project (IV). Two datasets came from Estonia, from the most
northern country in the above-mentioned project. In each country and
trial, different environmental conditions, experimental designs, and cash
crops were established. The organic vegetable field experiments were
conducted at the organic research field during two cropping cycles:
2015/2016 (Y1) and 2016/2017 (Y2). In the Estonian trials, the plots
were established to an adjacent area of the same experimental field. ASC
was sown on August 25, 2015 and on September 8, 2016. The previous
crop was red clover in both years.
The experimental design was a strip-plot design with ASC strips and
ASC management crossed with the fertilizing factor (i.e., manure vs.
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without manure), with three replicates per treatment. The plot size was
6 m × 4 m. Two organic management systems were used: i) ASC was
flattened by RC and narrow transplanting furrows were created by an
added in-line tiller (hereafter ILRC), and ii) ASC was incorporated as
green manure (GM). ASC was rolled by RC as follows: i) rye (Secale
cereale L.) and Italian ryegrass (Lolium multiflorum Lam.) on June 6 and
9, 2016; ii) rye and triticale (x Triticosecale blaringhemii A. Camus) on June
19, 2017. The phenological stage of ASC at termination was as follows:
full flowering for rye, first flowering for Italian ryegrass and for triticale.
GM was moved/chopped and incorporated into the soil on June 9, 2016
and June 19, 2017. White cabbage was transplanted in Y1 from June 13
to 16, 2016 and in the Y2 on June 19, 2017. The harvest was carried
out on October 7, 2016, and from October 4 to 6, 2017. The timescale
diagram below gives a clear idea of the works carried out (Fig. 1). Plots
belonging to the fertilization treatment were fertilized before the ASC
seed sowing with the application of 30 t ha-1 solid cattle manure (N 153
kg ha−1, P 57 kg ha−1 and K 81 kg ha−1). In Y2, all plots were fertilized
with 12 t ha−1 of horse manure compost (12 kg ha−1 N, 1.2 kg ha−1 P,
and 4.8 kg ha−1 K).

Figure 1. Timescale diagram of second trial period (Y2). ASC: agroecological service
crops.

4.3.2. Sampling methods
Weeds and ASC species abundance was assessed before ASC termination
on June 1 and 2, 2016 and 2017 (Table 2). Four weed and ASC biomass
samples per plot were taken with the frame of 1 x 1 m. The second
sampling of weeds was carried out at an early stage of the cash crop
(cabbage). Four weed density samples per plot were taken with the
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frame of 0.5 x 0.5 m. Both germinated and resprouting individuals were
counted and identified at the species level prior to weeding operations.
Table 2. Data of agroecological service crops (ASC) and weeds proportion of the
total dry biomass (±SE) before ASC termination. Different letters indicate statistically
significant differences (p<0.05).
2016
ASC species

ASC
proportion, %

Rye
100
Italian ryegrass 100
Triticale
100

ASC dry
biomass,
t ha-1
9.78 a
4.99 b

Weed
proportion
of the total
biomass, %
0.7±0.2
3.4±0.9

2017
ASC dry
biomass,
t ha-1
7.10 a

Weed
proportion
of the total
biomass, %
2.5±0.7

4.60 b

1.4±0.2

These data provided information on weed density and weed species
richness. Weed density (individual m-2) comprised the total number of
germinated and resprouting individuals, including weed and ASC species,
to account for the entire potential competition towards cash crops. On
the other hand, weed species richness (number of species per sample)
and community composition referred exclusively to weeds germinated
at the beginning of the cash crop. In these cases, we analyzed exclusively
germinated weeds to isolate the response of weed communities to
different ASC management methods. Weed species abundances were
averaged for each plot in all trials. On Estonian trials weeds four samples
were evaluated in each plot. In the first year, weeds were sampled 69 days
after transplanting, while in the second year, the sampling was carried
out 37 days after transplanting (IV).
4.4. Weather conditions
Temperature and precipitation were recorded at the meteorological
station at the ECRI approximately 500 m from the experimental fields.
4.4.1. Trial periods TP1 (2011–2014) and TP2 (2008–2009) of
carrot
In summary, monthly average air temperature was higher and the amount
of precipitation was lower than the long-term monthly averages (LTA)
during the growing seasons of 2011 and 2013 (Table 3), whereas the
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Table 3. Average air temperature and sum of precipitation of the long-term monthly
average (LTA, 1991–2020) and deviations from the average during the study period.
Temperature (°C)

LTA
2008
2009
2011
2012
2013
2014

May
11.0
0.0
0.8
0.7
1.1
4.0
1.3

June
14.7
-0.3
-0.9
2.9
-1.0
3.2
-1.4

July
17.2
-1.2
-0.2
3.8
1.2
0.8
2.5

Aug.
15.6
-0.1
-0.4
0.9
-0.7
1.2
1.1

Deviation
Sept. May
10.6
49
-1.0
-27
2.0
-23
2.0
-13
1.5
14
0.3
35
0.9
16

Precipitation (mm)
June
79
38
28
-31
41
-32
88

July
76
-22
6
-45
7
-42
-30

Aug.
93
106
21
-14
41
-19
34

Sept.
60
-21
-10
-12
-6
-33
-38

summer of 2011 was extremely dry (I). The vegetation period of 2012
was characterized by higher than the LTA precipitation and close to the
average temperature. Rain was frequent in June on twenty-two days out
of thirty. The distribution of precipitation in 2014 was irregular: June
and August were wetter, whereas July and September were drier than the
LTA. Therefore, the temperature from May to the end of August was
more or less close to the LTA.
The whole growing season of 2008 was a little cooler than the LTA and
the first part of the vegetation period was unusually dry, but August
was extremely rainy. The first part of the vegetation period of 2009 was
similar to 2008. Therefore, the second part of the vegetation period was
drier than in 2008.
4.4.2. Year one (Y1) and two (Y2) of no-till management trial
The autumn and winter of Y1 were warmer than the LTA (Fig. 2). The
vegetation period started on April 5, being 17 days earlier than usually.
May, warmer and dryer than the LTA, caused a shortage of moisture in
the soil. August was rainy, but September was dry (IV).
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Figure 2. Monthly average temperature and sum of precipitation from sowing of
agroecological service crops (ASC) in 2015 until cabbage harvest compared to longterm monthly average (LTA).

October and November of Y2 were cooler and the following winter was
warmer than the LTA (Fig. 3). From April to the beginning of August,
it was cooler and dryer than the LTA, but it rained unevenly in large
quantities (IV).
4.5. Statistical analyses
Two-way analysis of variance (ANOVA) was used to determine the
effects of treatment and year, also their interactions, on carrot yield and
quality parameters in TP1. Two different analyses were performed: at first
all four treatments (CON5, CON3, CON1, ORG) were compared, and
secondly, an average of the three conventional production treatments
(CON-AV) was calculated and only two treatment groups (CON-AV
and ORG) were compared. The pairwise differences (CON-AV and
ORG) were compared. The pairwise differences between treatments
within years and overall as well as between years within treatments were
tested with the Tukey-Kramer (HSD) test. These statistical analyses were
performed using JMP 5.0.1.2 software SAS, 2002 (SAS Institute, Inc.,
Cary, NC, USA) (I).
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Figure 3. Monthly average temperature and sum of precipitation from sowing of
agroecological service crops (ASC) in 2016 until cabbage harvest compared to longterm monthly average (LTA).

Differences of data between cultivation techniques were tested by oneway analysis of variance at the significance level of P≤ 0.05 within trial
years and two-way analyses for average results over years. The pairwise
differences between treatments within years and between TP2 average
results were tested with the Tukey-Kramer (HSD) test. These statistical
analyses were performed using JMP 5.0.1.2 software SAS, 2002 (SAS
Institute, Inc., Cary, NC, USA) (II, III).
Statistics included termination (GM and ILRC) and year (Y1 and Y2) as
explanatory variables. The weighted Z test was used for a meta-analytic
approach to analyze the effect of the ASC management on weed density
and weed species richness across all trials. All statistical analyses were
performed with R software (R Core Team, 2017). The weed abundance
measurements were transformed into presence/absence data and the
Jaccard distance (JaccD) was used to compute the distances between two
sets in weed community composition (IV). JaccD is a measure to show
how dissimilar two sets are (Vorontsov et al., 2013).
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5. RESULTS
5.1. The effect of production system on yield and quality of
carrot (I, II, III)
5.1.1. Marketable and discarded yield

Marketable yield, t ha -1

Marketable yield was significantly (p=0.012) affected by the production
system of TP1 (CON-AV vs. ORG). Across TP1, the average marketable
yield of ORG production was 14.5% higher than that of CON-AV (Fig.
4). The average marketable yield of carrots ranged from 6.2 in 2011
to 29.2 t ha-1 in 2012. Differently, the average marketable yield of TP2
was not affected by the cropping system (C vs. O), where NWPC and
humic substances product Humistar were used (Fig. 4). Nevertheless,
the year influenced significantly the marketable yield of both trials (TP1
and TP2).
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Figure 4. Comparison of marketable yield in conventional and organic (CON-AV and
ORG in TP1: trial period one; C and O in TP2: trial period two) carrots (± STDEV).
FC: fold change (*100%), indicates change of ORG with respect to CON-AV as fouryear average and change of O with respect to C as two-year average. Significance code:
* p ≤ 0.05.

The share of discarded yield was significantly higher in the conventional
production system in TP1 (p=0.023) and in TP2 (p=0.005) (Fig. 5),
exceeding organic discarded yield by 10.0% (TP1) and 12.9% (TP2).
Moreover, the share of discarded yield was also significantly affected
by year in TP1. The share of conventional discarded yield ranged from
18.1% to 68.0% depending on year.
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Figure 5. Comparison of the share of discarded yield in conventional and organic
(CON-AV and ORG in TP1: trial period one; C and O in TP2: trial period two) carrots
(± STDEV). FC: fold change (*100%), indicates change of ORG with respect to
CON-AV as four-year average and change of O with respect to C as two-year average.
Significance codes: *** p ≤ 0.001; ** p ≤ 0.01; * p ≤ 0.05.

5.1.2. Nutritional quality
The content of TS in the carrots was affected by year in TP1 (p=0.001)
(Fig. 6). Carrots grown in ORG only in 2013 contained significantly more
TS (22.3%) than in CON-AV. The share of TS in carrots fluctuated
between 6.0% and 8.5% during both trial periods.
Vitamin C content in carrots was significantly affected by the production
method as the average of TP1 (p=0.026) (Fig. 6). The average vitamin
C content of ORG carrots of four-year trials exceeded CON-AV by
10.0%. The most exceeded the content of vitamin C in ORG carrots
CON-AV in 2011 (p=0.046). Moreover, vitamin C content in TP1 was
significantly affected by year (p<0.001). The average vitamin C content
ranged from 1.5 mg 100-1 to 6.2 mg 100-1 in both trial periods.
Only in 2009 (TP2) (p=0.02) DM content was significantly influenced
by the production method, being higher in O (10.6%) than in C (10.1%)
(Fig. 7). In TP1, DM content ranged from 9.9% to 13.0%.
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Figure 6. Comparison of content of total sugars and vitamin C in conventional and
organic (CON-AV and ORG in TP1: trial period one; C and O in TP2: trial period
two) carrots (± STDEV). FC: fold change (*100%), indicates change of ORG with
respect to CON-AV as four-year average and change of O with respect to C as twoyear average. Significance codes: *** p ≤ 0.001; * p ≤ 0.05.

The average content of N was significantly affected by the production
system only in TP2 (p<0.001) (Fig. 7), where the N content in carrots
of C exceeded the O variant by 33.3%. In TP1, the content of N was
influenced by year (p=0.001). The average N content over the trial
periods ranged from 0.9% to 2.5%.
The average NO3 content depended significantly on the production
system in both, TP1 (p=0.017) and TP2 (p<0.001) (Fig. 7), the carrots
containing 13.1% more NO3 in conventional production in TP1 and
even 89.5% more in conventional production in TP2. In addition, NO3
content was affected by year in both, in TP1 and in TP2. NO3 was
absent in 2008 (in O) and for both trial periods, the content of nitrates
was highest in 2011 (292 mg kg-1) (in ORG).
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Figure 7. Comparison of content of dry matter, nitrogen and nitrates in conventional
and organic (CON-AV and ORG in TP1: trial period one; C and O in TP2: trial period
two) carrots (± STDEV). FC: fold change (*100%), indicates change of ORG with
respect to CON-AV as four-year average and change of O with respect to C as twoyear average. Significance codes: *** p ≤ 0.001; ** p ≤ 0.01; * p ≤ 0.05.

5.1.3. Content of pesticide residues
Out of the seven analyzed pesticides, residues of five (aclonifen, boscalid,
chlorothalonil, cypermethrin and pyraclostrobin) were detected in five
out of six trial years in conventional production (Table 4). Residues of
the herbicide aclonifen and fungicide chlorothalonil were identified in
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the conventionally grown carrots in four years. Residues of the herbicide
propaquizafop and residues of the insecticide thiamethoxam were not
detected in any of the trial years.
Table 4. Pesticides active substances, found in conventionally (C, CON5, CON3 and
CON1) produced carrots.
Trial year, used
pesticides a.s.*
2008
aclonifen
propaquizafop
thiamethoxam
boscalid
pyraclostrobin
2009
aclonifen
propaquizafop
cypermethrin
boscalid
pyraclostrobin
2011
aclonifen
propaquizafop
cypermethrin
chlorothalonil
2013
aclonifen
propaquizafop
cypermethrin
chlorothalonil
2014
aclonifen
propaquizafop
cypermethrin
chlorothalonil

Content of determined pesticide residue in conventional
treatments, mg kg-1
C
CON5
CON3
CON1
0.320
0.090

-

-

-

<0.01
-

-

-

-

-

bdl.
0.013

-

bdl.
-

-

0.223

0.080

nd.
nd.
nd.
nd.

-

0.008
0.028
0.007

bdl.
-

nd.
nd.
nd.
nd.

*a.s. = active substances; - = pesticide residues not found; bdl. = below detection limit;
nd. = the content of residues was not determined.
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The content of all detected residues was below the respective MRL,
which were as follows: aclonifen 0.08, boscalid 2.0, chlorothalonil 0.3,
cypermethrin 0.05 and pyraclostrobin 0.5 mg kg-1 (Maximum Residue
Levels, 2021).
5.2. The effect of agroecological service crops (ASC) in no-till
roller crimper management on weeds (IV)
In Y1, 45 and in Y2, 43 weed species pooled in GM and ILRC were
identified. ASC management had clear effect on weed density, species
richness, and community composition at an early stage of the cash
crop. ILRC management dramatically reduced weed density and weed
species richness. Analyzing our results for both years pooled, ILRC
management significantly (p≤ 0.01) reduced weed density (69.9 %)
(Fig. 8). Weed species richness also had a consistent response to ILRC
management in Estonian trials and this trend was significant in both
years of experimentation (Fig. 8).
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Figure 8. Percentage of weed density reduction and species richness reduction in
ILRC: in-line tillage/roller crimper in comparison with GM: green manure at early
stages of the cash crop. Y1: trial period one, Y2: trial period two. Significance codes:
*** p ≤ 0.001; ** p ≤ 0.01.

The effect of ILRC to weed community composition was studied for
the five most abundant weeds (Table 5). Weed community composition
was affected by ASC management in both years. JaccD between GM
(Y1+Y2) and ILRC (Y1+Y2) was 0.52 for five most abundant weeds.
This means that the number of weed species in GM differed on a large
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scale (52%) from the ILRC number of weed species in weed community
composition. JaccD between two years in ILRC plots was 0.50, differing
more than between two years in GM plots, for which JaccD was 0.40.
The share of perennial weeds in the pooled years showed that the
proportion of perennial weeds in the ILRC variant was 3 times higher
than in GM. In ILRC management, the most abundant perennials were
Sonchus arvensis, Poa trivialis and Elymus repens and in GM management
Artemisia vulgaris.
Table 5. Weed community composition (EPPO codes of weeds*) at an early stage
of the cash crop, average Jaccard distance between termination per year, trial and
agroecological service crops (ASC) management. Share of perennial weeds in pooled
years.
Community composition
First more abundant
Second more abundant
Third more abundant
Fourth more abundant
Fifth more abundant
Jaccard distance (JaccD)
GM
ILRC
Share of perennial weeds,
%

Green manure (GM)
Year 1
ARTVU
ERYCH
CAPBP
LAMPU
CHEAL

Year 2
CHEAL
STEME
LAMPU
VIOAR
ERYCH

In-line tillage/roller
crimper (ILRC)
Year 1
Year 2
MATIN
STEME
LAMPU
VIOAR
SONAR
POATR
MYOAR
MYOAR
AGRRE
LAMPU

0.40
0.52

0.50

10

30

*AGRRE, Elymus repens (L.) Gould; ARTVU, Artemisia vulgaris L.; CAPBP,
Capsella bursa-pastoris (L.) Medik.; CHEAL, Chenopodium album L.; ERYCH,
Erysimum cheiranthoides L.; LAMPU, Lamium purpureum L.; MATIN, Matricaria
perforata Mérat; MYOAR, Myosotis arvensis (L.) Hill; POATR, Poa trivialis L.;
SONAR, Sonchus arvensis L.; STEME, Stellaria media (L.) Vill.; VIOAR, Viola
arvensis Murray.
Weeds classification:
annual,
winter annual,
perennial
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6. DISCUSSION
6.1. The effect of production system on yield of carrot
The results of our TP1 study showed that organic management can
have an advantage in both, yield and quality of carrots at least at the
same level of N fertilization as in the conventional (I). The results of
the TP2 study showed that organic management can have a similar
yield and better quality even at unequal N fertilization levels (II, III).
We dedected a lower discarded yield and lower NO3 content at both
N fertilization levels (TP1 and TP2) in organic conditions. In addition,
organic production resulted in a higher marketable yield and vitamin C
content in TP1.
Compared to conventionally produced carrots, the yield of organically
produced carrots was on average 14.5% higher in TP1 and at the similar
level in TP2. Opposite to our results, the research comparing organic
and conventional carrot cropping systems has found 34% lower yields in
organic production (Boone et al., 2019). In the previous research of De
Ponti et al. (2012) on organic carrot, yields ranged from 75% to 106%
compared to conventional production. One of the main factors limiting
organic yield has been lower nutrient availability, while fertilization rates
were higher in conventional systems (Knapp & Heijden, 2018). Applied
nitrogen in organic conditions may vary depending on compost nutrient
composition, therefore, the fertilization level (N 80 kg ha-1) used in our
conventional trial could have been exceeded. Furthermore, the availability
of N in compost varies and by the results of Amlinger et al. (2003) may
remain even below 15%. Consequently, it is important to emphasize
here that in our TP1 we added compost to organic carrots ensuring at
least a minimum level of the optimal range recommended by Seljåsen et
al. (2013) (N 80–180 kg ha-1). Since there is limited information available
about horse manure compost as nutrient source, future studies should
more carefully investigate the N content, N availability and other effects
(i.e., microorganisms, etc.). Composts also have a number of indirect
positive effects on plant growth and development. It is known from
previous studies that organic fertilizers have advantages over mineral
fertilizers since they increase the total organic carbon content and soil
organic matter, stimulate the activity of microorganisms and increase
enzymatic activity in soil, and thus increase the availability of nutrients
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for the plants (Henneron et al., 2015; Lesur-Dumoulin et al., 2017; Tian
et al., 2017; Bai et al., 2018; Schrama et al., 2018; Eremeev et al., 2019;
Vaitkevičiene et al., 2020). However, Ponisio et al. (2015) found a yield
gap of 9%, being lower in organic compared to conventional treatment
when N inputs were similar, and a gap of 30% when N inputs were
higher in conventional systems. The results of our carrot experiments
do not support either statement. Compared to the average of the trial
years, the fertilization scheme used in our TP1 resulted in higher and in
TP2 similar organic yields.
Contrary to expectations, the marketable yield was same and discarded
yield lower in organic production than in conventional carrots in TP2
despite the fact that the organic carrots were fertilized with a smaller
amount of N. NWPC was used to protect organic carrots from pests in
TP2 and it could improve the thermal regime and maintain humidity. A
protecting cover may create a favorable growth environment and raise
the organic marketable yield of carrots. Our assumption is supported by
previous studies on carrot (Gimenez et al., 2002), zucchini (Kołota &
Adamczewska-Sowińska, 2011) and field-grown capsicum (Goldwater et
al., 2018) which demonstrate the same effects of NWPC. Furthermore,
experiments with crisphead lettuce yielded as much as 73% heavier
plants under the NWPC (Rekika et al., 2009). Chinese cabbage under
the NWPC gave 47% higher yield compared to open field plants (Kalisz
et al., 2014). Another contributor to the yield increase of organic carrots
in TP2 might be the applied humic substances product Humistar, which
has been proposed as an agronomic tool to counteract abiotic stresses
(Bulgari et al., 2019). It is well known from previous studies that humic
acids improve the chemical and physical quality of soil and, in general,
enhance root growth and development (Canellas et al., 2002; Trevisan et
al., 2010; Rouphael & Colla, 2018; Drobek et al., 2019). This is reflected
in a better uptake of nutrients and water, and enhanced tolerance to
environmental stresses (Canellas et al., 2015; Nardi et al., 2016).
In addition, the prevailing weather during the growing period was
another important factor influencing crop yield. The increased content
of organic matter in the soil makes the organic farming system less
susceptible to extreme drought events and provides an opportunity to
obtain higher yields (Lotter et al., 2003; Schrama et al., 2018). In our
experiments, there was a shortage of precipitation in TP1 in two trial
years out of four, and the results followed the above-mentioned tendency.
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Dry seed sowing and the germination period was the cause of uneven
establishment of carrot plants and low carrot yields in TP2. The lowest
yield of two trial periods in 2011 was accompanied by significantly lower
discarded yield in organic production. This is consistent with Gutezeit
(1999) and Thorup-Kristensen et al. (2012), who found that the highest
share of discarded yield in both organic and conventional production
systems was produced by water stress in the year with the lowest amount
of precipitation.
According to our results, the proportion of discarded yield in
conventional production was significantly higher in both trial periods,
in TP1 and TP2. Discarded yield in all treatments was caused mostly by
physiological disorders of carrots. The higher share of discarded yield
in conventional treatments was probably caused by periodical increased
availability of N and more intensive uptake by plants. There may also
have been some advantage in using the old variety ‘Jõgeva Nantes’ in our
experiments. Several researchers claim that old varieties can be genetically
heterogeneous and might have specific adaptation traits relevant for
organic conditions (Finckh, 2008; Dawson et al., 2011; Cortés-Olmos et
al., 2014). This could also explain why the application of pesticides in
conventional production did not result in lower discarded yield than in
organic production.
6.2. The effect of production system on quality of carrot
An earlier study has concluded that TS content in carrots seems to be
affected more by climate-related factors than by the production method
(Rosenfeld et al. 1998). Moreover, Hlisnikovský et al. (2021) have reported
that the content of TS was not affected by different fertilization rate and
type. Our results are also consistent with the previous findings as the
production system did not influence the TS content in carrots in our
study, except in one out of six trial years. The rate of fertilization in TP2
had also no effect on TS content.
In our experiments, the vitamin C content in organic carrots as an
average of TP1 was significantly higher compared to conventional
carrots. This is in line with some previous studies reporting a higher
vitamin C content in organically grown vegetables (Fjelkner-Modig et al.,
2000: Brandt et al., 2011; Hallmann, 2012; Kapusta-Duch & Leszczyńska,
2013; Oliveira et al., 2013; Vinha et al., 2014). However, there were no
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differences of vitamin C content in our TP2 carrots. This result is in
line with several previous studies (Warman & Havard, 1997; Wunderlich
et al., 2008; Bender & Ingver, 2012). We know from previous research
that the content of vitamin C in vegetables depends on many factors –
mainly the genotype, variety, maturity, climatic conditions, agronomic
factors, soil type and harvest time (Lee & Kader, 2000; Mozafar, 2018).
All these factors, except the fertilizer type, were the same in our TP1
carrots. We suppose that the differences in the content of vitamin C
could have been due to a different fertilizer type: compost vs. mineral
fertilizer. However, nutrients release slowly from compost (Sanchez &
Richard, 2009) and therefore, nitrogen was more easily available to plants
in conventional production. However, it is known that the increasing
presence of plant available N reduces the accumulation of defence
related vitamin C (Mozafar, 1993).
Based on our DM content results there were no significant differences
between organic and conventional carrots in five years out of six. DM
content was higher (p ≤ 0.05) in organic carrots in 2009. Our result is
consistent with several earlier studies (Brandt et al., 2011; Gąstoł et al.,
2011; Bach et al., 2015). DM in our experiments was influenced by the
weather conditions of the trial years, being higher in both production
systems in the warmer than the LTA year of 2013 compared to the
other trial years. Nevertheless, Bach et al. (2015) claim that the different
temperature sums in their three-year experiment in Denmark had no
effect on the DM content. Still, in extreme weather conditions, the
results may have been affected by the different type of soil in Danish
and Estonian trials (sandy loam vs. sandy clay loam).
The differences in N content in our carrots did not differ between
production systems in TP1, where the applied N levels were optimal
in both cropping systems. In compliance with higher fertilization in
TP2 conventional production, N content was higher in conventional
carrots. However, there was a significant year effect on the N content of
carrots, which was lower in 2013 than in other trial years, probably due
to a shortage of precipitation from June to the harvest in the middle of
September. NO3 content, on the other hand, was significantly influenced
by both, the cropping system and year in TP1, being lower in the organic
than in the conventional production and highly variable across all trial
years. NO3 content of the carrots was highest in the extremely dry 2011
but still remained low (200 – 500 mg kg-1 FW) according to Santamaria
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(2006). Grzebelus and Barański (2001) have reported that NO3 content in
garden beet was lower in the year that had a high amount of precipitation.
Some earlier studies have also shown that organic carrots contain less
NO3 than conventional ones (Lairon, 2009; Seljåsen et al., 2013; Barański
et al., 2014; Wierzbowska, et al., 2017) and that the year can have a
significant effect on this characteristic (Ilić & Šunić, 2015). Gennaro
and Quaglia (2003) concluded in their review that lower NO3 levels in
organic vegetables seemed to be due to differences in the N fertilization
level. However, we found a lower NO3 content in organic production in
TP1 at the N fertilization levels which were at least comparable in both
systems. The mineral fertilizer used in conventional production directly
provides NO3, while compost is slowly decomposable and N releases
gradually (Matallana González et al., 2010). In general, the content of
NO3 in our experiments was low, except in 2011. In addition, Custic et
al. (2003) argued that plant NO3 levels were more influenced by weather
conditions than the form and application rates of fertilizers. Smolen and
Sady (2009) revealed that plant N nutrition is more influenced of soil
organic matter mineralization than by N fertilization.
No pesticide residues were found in our organic carrots, whereas
residues of five out of the seven used pesticides were detected in the
conventional carrots. We know from previous research that organic food
is reported to contain fewer or no residues (Hoogenboom et al., 2008;
Lima & Vivanello, 2011; Barański et al., 2014; Gomiero, 2018; EFSA,
2020). In the summer of 2012, the amount of precipitation during the
main spraying period was high, and therefore, the chemical control
measures were not successful, which resulted in a single year of absence
of pesticide residues in conventional carrot samples. Chlorothalonil
and aclonifen were the most frequently detected pesticide residues in
our conventional carrots. The common occurrence is explained by
the fact that chlorothalonil is a broad-spectrum fungicide with low
aqueous solubility and has often been found in conventionally produced
vegetables (Yuan et al., 2014; Ahoudi et al., 2018; Divakara & Sharma,
2019; Office of Environmental ..., 2019; U.S. Food ..., 2019). Aclonifen,
a systemic and selective herbicide, has been characterized as not highly
soluble in water, but has been found in many organic solvents and is
moderately persistent in soil (Onder Erguven et al., 2016). The insecticide
cypermethrin, which contained in our conventional carrots of two trial
years, persists in the environment from 14.6 to 76.2 days (half-life),
depending on the physicochemical properties of the soil (Chen et al.,
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2012). Nevertheless, pesticide residues detected in our conventional
carrots can pose a threat to the environment and consumers. Even
legislatively determined “safe” levels of residues (below the MRL), in
the case of simultaneous exposure of multiple chemical substances, may
have synergistic effects and cause unknown adverse health problems
(Nicolopoulou-Stamati et al., 2016).
6.3. The effect of agroecological service crops (ASC) in no-till
roller crimper (RC) management on weeds
In organic farming, it is necessary to consider alternatives to reduce
weeds, and one of them is RC technology. According to our results,
RC technology had clear effect on weed density at an early stage of the
catch crop in both trial years (IV). This effect was significant only in Y2
because of the incompatibility of Italian ryegrass with RC technology
in Y1. Italian ryegrass developed a strong regrowth after the RC
termination. Therefore, it was possible to collect weed data only from
rye ILRC management in Y1. In Y2, triticale as the second ASC was
used after rye. The mean weed density reduction across seven project
experiments in ILRC management was 35.1% and, in our trials, even
69.9% compared to GM. Previous experiments carried out in Italy by
Canali et al. (2013) and Ciaccia et al. (2016) have also shown a dramatic
reduction of weed density (86% and 84%, respectively) in ILRC plots in
comparison with GM. Weber et al. (2017) from Germany have reported
a weed density reduction of 61% in no-till with RC management
compared to control treatment, which was without weed control.
Campanelli et al. (2019) have also claimed that all five ASCs in no-till
RC technology reduced significantly weed density compared to control,
tilled and without ASC. The reason for such a good result in Estonian
trials may have been a sufficiently high amount of biomass, especially
that of rye. The other cause might be a precisely timed RC technology
application, which resulted in a thick mulch layer without regrowth
of ASCs. Some researchers have also stressed that to suppress weeds
throughout the entire cash crop season, rapid cover crop establishment
and high biomass are required (Reberg-Horton et al., 2012; Mirsky et
al., 2013). Cover crop management, including species selection, seeding
date and rate, termination date, equipment and fertilization, are critical
for producing adequate biomass and achieve effective termination.
Optimization of these factors can efficiently improve weed suppression
(Mirsky et al., 2012; Schmidt et al., 2019). Our results have also been
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confirmed by the results of previous studies which state that cover crop
sowing and timing of termination have often been observed to play a
key role in ASC biomass production (Mischler et al., 2010; Mirsky et al.,
2011).
Weed species richness in our experiments also had a consistent response
to ILRC management in both years. The reduction of species richness
was 23.8% across seven trials. The result of Estonian trial was close to
the average (25.3%) and significant in both years. Similar reduction has
been obtained by Halde et al. (2015). In both years of the experiments
of the Italian partner of the SoilVeg project, weed density and species
richness did not decrease (IV). This atypical case of weed density
could be related to the ASC and weed resprouting, while the absence
of effect on weed species richness might be a consequence of the low
level of weed density in the experimental field. On the contrary, in our
experimental fields the density of weeds and weed species diversity was
naturally high, due to which the effect of ILRC management on the
abundance of weeds and weed species was obvious.
The high diversity of weed species allowed us to obtain more drastic
results on the change in weed community composition due to the ILRC
management compared to GM and in comparison to the results of our
partners. Analyzing and comparing five most abundant species in ILRC
and GM management gave us a clear understanding of the changes in the
weed community of our trials. Weed community composition generally
had a significant but low response to ILRC vs. GM management in
Estonian trials (IV). If we compare five most abundant weed species
of our result of two years pooled, JaccD is 0.52. The share of perennial
weeds in ILRC was 3 times higher than in GM. An analogous result has
been obtained in many previous studies (Peigne et al., 2007; Armengot
et al., 2015; Nichols et al., 2015; Armengot et al., 2016; Ciaccia et al.,
2020). Several researchers reveal in their studies that the mulch-based
no-till practice shows a strong selective pressure on weeds in the short
term, shifting the community towards a suite of traits able to survive
the flattening, which overcome the mulch barrier (Jokela & Nair, 2016;
Testani et al., 2019).
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7. CONCLUSIONS
The hypothesis that organic and conventional marketable yield of carrot
is similar under the optimal levels of used N fertilization and remains
lower in organic management in the case of below optimal N fertilization
was not confirmed. On the contrary, higher carrot yield was produced
in organic treatment in TP1 in the conditions were at least the same
level of N fertilizer was applied in organic compared to conventional
treatment. In our two-year comparison trial (TP2), despite a lower N
fertilization level, the marketable yield in organic production was similar
to that achieved with conventional treatment.
We found a significantly higher marketable yield (14.5%) and lower
discarded yield (10.0%) in organic compared to conventional production
(TP1). Discarded yield was also lower (12.9%) in organic production in
TP2. These advantages of organic production over conventional can be
explained by the influence of organic compost on the properties and
functioning of the soil compared to the synthetic fertilizer.
The hypothesis that organically produced carrots have a higher content
of TS, vitamin C and DM compared to the conventional system was
partly correct. Our results showed that only the content of vitamin C
was higher in organically produced carrots (10.0%) if N fertilization
levels in both production systems were comparable (TP1). Despite lower
N application levels in organic production, the content of TS, vitamin C
and DM was the same in both management systems (TP2).
Conventionally produced carrots had a higher N content only in
TP2, which partly confirms the hypotheses. As was hypothesized,
conventionally produced carrots had a higher content of NO3 than
organic carrots and contained pesticide residues in both trials. In
TP1, conventional carrots contained 13.1% and in TP2, 89.5% more
NO3 than organic carrots. The residues of three fungicides (boscalid,
chlorothalonil and pyraclostrobin), one herbicide (aclonifen) and one
insecticide (cypermethrin) were identified in conventional carrots. The
content of all detected residues was below the MRL. Nevertheless,
pesticide residues detected in conventional carrots can pose a threat to
the environment and, in the case of simultaneous exposure of multiple
chemical substances, may have synergistic effects and cause unknown
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adverse health problems. Therefore, in general, we can argue that one
of the superior advantages of organically produced carrots is the fact
that they contain fewer nitrates and in particular, are free of pesticide
residues.
In addition to management effects, these variables were also influenced
by the weather conditions of trial years.
Our study of comparison of the conventional and organic production
provides considerable evidence about the advantages of organic
production over the conventional one in terms of carrot yield and
quality if N fertilization in organic production is at least at the same
level as in conventional production. There are few previous experiments
carried out under the same soil and microclimate conditions and at least
the same N fertilization levels. Our results provide a successful example
that can contribute to the understanding that organic products are of
good quality and free from pesticide residues. Furthermore, organic
production is environmentally friendly and our study will help to achieve
the goals of the European Green Deal.
The hypothesis that rolling and crimping of agroecological service crops
(cover crops) reduces weed density and species richness and changes
weed composition in comparison to the green manure method in
organic vegetable production was fully supported. ILRC management
reduced weed density (69.9%) and weed species richness (25.3%) in
comparison with GM. The number of weed species in weed community
composition in GM differed from the ILRC number of weed species in
weed community composition on a large scale (52%). Estonian results
of the two-year study along with the outcome of the other four countries
in the SoilVeg project provided, for the first time, solid evidence of the
effectiveness of ILRC management for weed control at early stages of
crop growth in different vegetable systems, soils and climate conditions
across Europe. Our results show that with weed management in organic
vegetable systems it is possible to reduce the dependence on tillage.
ILRC management of ASCs has proved to be an effective strategy
for controlling weeds in an early stage of cash crop and is worth to
be introduced in organic vegetable production. Further research is
required to identify the influence of mulch in ILRC management on
the environmental conditions of the soil surface and to find out how it
affects the emergence of weeds along the cash crop cycle.
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SUMMARY IN ESTONIAN
MAHEVILJELUSE MEETODITE MÕJU PORGANDI
SAAGILE JA KVALITEEDILE NING UMBROHTUDELE
Sissejuhatus
Kogu maailmas kasvab mahetoidu, sealhulgas maheköögivilja tootmine
ja nõudlus selle järele (Smith et al., 2009; Niggli, 2015; IFOAM, 2018;
Rahman et al., 2021). Tarbijad eelistavad mahetoitu, pidades seda
tervislikumaks ja keskkonda vähem saastavamaks, kuna mahetoitu
toodetakse sünteetilisi pestitsiide ja väetiseid kasutamata (Tuomisto et al.,
2012; Orsini et al., 2016; Bosona ja Gebresenbet, 2018; Gomiero, 2018;
Massey et al., 2018; Ditlevsen et al., 2019).
Mahetootmisest saadakse väiksemaid saake võrreldes tavatootmisega
ja see on tõsiseks probleemiks. Täiustades aga mahetootmise
agrotehnoloogiat, on võimalik saagikust tõsta ja vähendada mahajäämust
tavatootmise saakidest (Badgley et al., 2007; de Ponti et al., 2012; Seufert
et al., 2012; Ponisio et al., 2015; Reganold ja Wachter, 2016). Teatavasti on
mahetootmisel positiivne mõju mulla omadustele ja mahemuldades on
suurem orgaanilise aine sisaldus kui tavatootmise muldades, mis on aga
eelduseks mahesaakide kasvule (Bulluck, et al. 2002; Mäder et al., 2002;
Mondelaers et al., 2009; Reeve et al., 2016; Bai et al., 2018; FiBL, 2018;
Vaitkevičiene et al., 2020).
Paljud varasemad teadusartiklid on jõudnud järeldusele, et maheja tavatootmises kasvatatud köögiviljade, sealhulgas porgandi
toitainete sisaldus ei erine teineteisest oluliselt (Dangour et al., 2009;
Hoefkens et al., 2009; Smith-Spangler et al. 2012). Samas aga tuuakse
välja maheköögiviljade vähene saastatus nitraatide ja pestitsiididega
(Giuseppina et al. 2011). Uuemad uuringud (nt Hurtado-Barroso et al.
2019) on lisaks sellele väitnud, et mahetoit sisaldab rohkem bioaktiivseid
ühendeid, nagu polüfenoole, C-vitamiini, karotenoide jt.
Köögiviljade toitainete sisaldust mõjutavad geneetilised ja keskkonnast
tingitud faktorid, nagu kasvuaegne ilmastik, õhu saastatus ja küpsuse
faas koristuse ajal, mis on sõltumatud tootmisviisist (Gobbo-Neto
ja Lopes, 2007). Ainult need faktorid, mis mahe- ja tavatootmises
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süstemaatiliselt erinevad, saavad põhjustada rangelt järjekindlaid
erinevusi toodangu koostises (Brandt et al., 2011). Sageli on maheja tavatootmises kasvatatud köögiviljade saagi ja kvaliteedi kohta
toodud vastukäivaid ja ebajärjekindlaid tulemusi, mis on olnud seotud
metodoloogiliste probleemidega läbiviidud katsete rajamisel (FjelknerModig et al., 2000; Dangour et al., 2009; Seljåsen et al., 2013; Bernacchia
et al., 2016; EPRS, 2016; Reeve et al., 2016). Tüüpiliseks probleemiks on
olnud tavatootmise suuremad väetamisnormid peamiste toitainete osas
võrreldes mahetootmisega (EPRS, 2016). Seda probleemi aitab lahendada
suuremate orgaanilise aine koguste lisamine mahetootmissüsteemi.
Orgaanilise aine juurdeandmine parandab mulla tervist ja tõstab seeläbi
mulla samale toitainete sisalduse tasemele kui tavasüsteemiski (Tejada
et al., 2008; Diacono ja Montemurro, 2010; Reeve et al., 2016; Bai et
al., 2018). Kirchmann’i et al. (2016) järgi peaks tava- ja mahekatsete
võrdlemisel olema täidetud vähemalt kolm kriteeriumi, et tulemusi
korrektselt interpreteerida. Need tingimused on järgmised: 1) katse
alguses peab muld katselappidel olema ühesugune, 2) võrdlemiseks tuleb
kasvatada sama kultuuri, 3) väetiskogused igas süsteemis peavad olema
võrdsustatud. Käesoleva uuringu üks peamisi eesmärke oli katsetada
eelnevaid kriteeriume arvesse võttes porgandit samal mullal ja võrdsete
lämmastikunormide juures nii tava- kui ka maheviljeluses, et võrrelda
viljelusviiside mõju porgandi saagile ja kvaliteedile.
Mahetootmises on umbrohutõrje tõsiseks probleemiks. Agroökoloogilistel kultuuridel (ASC), sealhulgas vahekultuuridel, on
umbrohutõrjes oluline roll. Nad suruvad alla umbrohtusid ja samal
ajal parandavad mulla kvaliteeti (Gallandt, 2014). Kõige levinum viis
on agro-ökoloogiliste kultuuride purustamine ja mulda viimine enne
põhikultuuri külvamist või istutamist. Vähelevinud on minimeeritud
harimisviis vahekultuuri kasvu lõpetamiseks muljur-rulli abil (Peigné
et al., 2016). Siiski on viimasel ajal Euroopa talupidajate seas kasvanud
huvi rullimis-muljumistehnoloogia (ILRC) vastu (Casagrande et al.,
2016; Vincent-Caboud et al., 2019). ILRC tehnoloogia võimaldab agroökoloogilistest kultuuridest muljur-rulli abil moodustada maapinnale
tiheda multšikihi, mis takistab umbrohtude tärkamist ja levimist. Seda
meetodit on köögiviljakasvatuses veel vähe uuritud ja kasutatud. Eestis
katsetati nimetatud meetodit esmakordselt EL projekti SoilVeg (2015 –
2018) raames. ILRC meetodi rakendamine vajab veel edasisi uuringuid.
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Doktoritöö hüpoteesid olid järgmised:
1. Porgandi kaubanduslik ja mittekaubanduslik saak on mahe- ja
tavatootmise tingimustes optimaalsete lämmastiku normide
kasutamisel samal tasemel ja jääb mahetingimustes madalamaks
optimaalsest väiksemate N normide korral (I, II, III).
2. Maheporganditel on suurem suhkrute, vitamiin C ja kuivaine sisaldus
võrreldes tavatingimustes kasvanud porganditega (I, II, III).
3. Tavaviljeluses kasvatatud porgandid sisaldavad rohkem lämmastikku
ja nitraate kui maheporgandid ning nendes sisaldub pestitsiidijääke
(I, II, III).
4. Rullimis-muljumistehnoloogia
kasutamine
agro-ökoloogiliste
kultuuride kasvu lõpetamiseks maheköögiviljakasvatuses vähendab
umbrohtude tihedust, liigirikkust ja muudab umbrohtude liigilist
koosseisu võrreldes haljasväetise meetodiga (IV).
Doktoritöö eesmärgid olid järgmised:
•

hinnata porgandi kaubandusliku ja mittekaubandusliku saagi
osatähtsust mahe- ja tavatootmises optimaalsete N normide
kasutamise ja optimaalsest väiksemate N koguste korral maheviljeluses
(I, II, III);

•

välja selgitada suhkrute, C-vitamiini ja kuivaine sisaldus mahe- ja
tavatootmise porgandis (I, II, III);

•

kindlaks määrata lämmastiku ja nitraatide tase mahe- ja tavaporgandis
(I, II, III);

•

välja selgitada pestitsiidijääkide esinemine tavaporgandis (I, II, III);

•

fikseerida rullimis-muljumistehnoloogia mõju umbrohtude
tihedusele, liigirikkusele ja umbrohtude liigilisele koosseisule Eestis
läbiviidud katsete põhjal (IV).
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Katsematerjal ja metoodika
Doktoritöö raames viidi läbi katsed porgandiga (sort ’Jõgeva Nantes’) selle
saagi ja kvaliteedi uurimiseks kahel katseperioodil: aastatel 2011–2014
(TP1) (I) ja 2008–2009 (TP2) (II, III) Eesti Taimekasvatuse Instituudis,
Jõgeval. Rullimis-muljumistehnoloogia mõju uuriti aastatel 2015–2017
kahes katsetsüklis: 2015/2016 (Y1) ja 2016/2017 (Y2). Katsed viidi läbi
ühel ja samal mullal. Porgand külvati mai lõpus ja koristati kas oktoobri
algul (2008, 2009, 2011 ja 2012) või septembri keskel (2013 ja 2014).
Perioodil TP1 (I) oli katse kolmes korduses, iga kordus eraldi blokis,
milles neli varianti, nendest kolm tava – CON5, CON3 ja CON1 – ning
üks mahe – ORG. Katselapi suurus oli 10 m2. Tavavariantides väetati
kõiki variante sünteetilise mineraalväetise Cropcare 8-12-23 ühesuguse
normiga, millega anti N 80 kg ha-1. Tavavariandid erinesid üksteisest
sünteetiliste pestitsiididega pritsimise arvu poolest, CON5 pritsiti viis
korda, CON3 kolm korda ja CON1 üks kord (tabel 1). Mahevarianti
väetati Matogard OÜ hobusesõnnikukompostiga, 8 t ha-1 (N 1–2%, P
0,1–0,3% ja K 0,6–0,9%, tootja andmetel), millega anti tavavariandiga
vähemalt samal tasemel lämmastikku (N 80 kg ha-1).
Perioodil TP2 (II, III) oli katse neljas korduses kahe variandiga,
tava (C) ja mahe (O). Katselapi suurus oli 25 m2. Tavavarianti väetati
põhiväetisena mineraalväetisega Cropcare 8-12-23, millega anti N 65 kg
ha-1. Kasvuaegse väetisena kasutati ammooniumnitraati (N 50 kg ha-1)
ja leheväetisega Folicare 18-18-18 (N 4 kg ha-1). Mahevarianti väetati
taimsetest jäätmetest valmistatud kompostiga 2 t ha -1 (N 24 kg ha-1 2008
ja N 20 kg ha-1 2009). Kasvuaegse väetisena kasteti porgandit humiin- ja
fulvohapete vedela kontsentraadi Humistar lahusega 1:20. Tavavariandi
porgandeid pritsiti sünteetiliste pestitsiididega viis korda (tabel 1).
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Tabel 1. Tavavariantides (CON5, CON3, CON1 ja C) kasutatud sünteetilised
pestitsiidid, pestitsiidiklass (h – herbitsiid, i – insektitsiid, f – fungitsiid), toote nimi ja
kasutatud normid kahel katseperioodil (TP1 ja TP2) 2008 – 2014.
Kasutatud pestitsiidi
t.aine* ja klass
Aclonifen (h)
Propaquisafop (h)
Cypermethrin (i)
Tiametoksam (i)
Boscalid +
pyraclostrobin (f)
Chlorothalonil (f)

Toote nimi

Variant

Fenix

Kasutusnorm,
publikatsiooni nr.

CON5, CON3,
CON1
C
Agil 100 EC
CON5, C
Fastac 50
CON5, CON3
C
Actara 25 WG C

2,0 l ha-1 , I
2,5 l ha-1, II, III
1 l ha-1, I, II, III
0,15 l ha-1, I
0,3 l ha-1, III
120 g ha-1, II

Signum
Bravo 50SC

0,75 kg ha-1, II, III
3,0 l ha-1, I

C
CON5, CON3

* t.aine – toimeaine

Kogusaagist eraldati kaubanduslik ja mittekaubanduslik saak, mille
moodustasid valdavalt lõhenenud, harunenud või väikesed porgandid
(läbimõõt < 2 cm). Kaubandusliku saagi porgandites määrati suhkrute,
C-vitamiini, kuivaine, lämmastiku ja nitraatide sisaldus. Kuna enne
katsete rajamist tehtud mullaanalüüsist ei leitud pestitsiidijääke, siis
pestitsiidide jääkide sisaldust analüüsiti ainult tavavariantide porgandis.
Porgandit analüüsiti Põllumajandusuuringute Keskuse, Maaülikooli ja
Eesti Taimekasvatuse Instituudi laboratooriumides.
Projekti SoilVeg raames viidi läbi 14 agro-ökoloogiliste kultuuride
muljumis-rullimiskatset viies Euroopa riigis (Eesti, Hispaania, Itaalia,
Sloveenia ja Taani), nendest kaks katseseeriat Eesti Taimekasvatuse
Instituudis Jõgeval. Igas riigis toimunud katsed olid erinevates
klimaatilistes tingimustes, katsed oli erineva katseplaaniga ja erinev oli ka
saagikultuur. Kõigis katsetes oli ühiseks osaks see, et võrreldi omavahel
agro-ökoloogiliste kultuuride kasvu lõpetamise kaht tehnoloogiat: 1)
traditsiooniline purustamine ja sellele järgnev ASC muldaviimine (GM),
2) rullimis-muljumistehnoloogia (ILRC). Jõgeva katsetes külvati agroökoloogiliste kultuuridena rukis (Secale cereale L.) ja itaalia raihein (Lolium
multiflorum Lam.) augusti lõpus 2015. a (Y1) ning rukis ja tritikale (x
Triticosecale blaringhemii A. Camus) septembri alguses 2016. a (Y2).
Peale ASC talvitumist taimik purustati ja künti mulda või muljuti-rulliti
ASC õitsemise faasis juuni keskel. Saagikultuuriks olnud valge peakapsas
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istutati kohe peale ASC muljumist-rullimist, et saagikultuuri istutamine
liiga hiljaks ei jääks.
Neli umbrohtude tiheduse ja ASC biomassi proovi (raamid mõõtudega
0,5 x 0,5 m ja 1 x 1 m, vastavalt) võeti igalt katselapilt enne ASC kasvu
lõpetamist juuni esimestel päevadel. Teine umbrohuproovide võtmine
toimus kapsa varases kasvu faasis, mis oli 69 päeva (Y1) ja 37 (Y2) päeva
peale istutamist. Umbrohtude tiheduse (taimi m-2), liigirikkuse (liiki proovi
kohta) ja liigilise koostise andmete saamiseks loendati nii tärganud kui ka
uuesti kasvama hakanud taimed ja määrati liigid. Esimesel katseaastal
tuvastati umbrohuproovides 45 ja teisel katseaastal 43 liiki.
Tulemused ja arutelu
Uurimistulemuste põhjal selgus, et katses, kus maheviljeluse variandis
kasutati väetamisel vähemalt sama suurt N normi (N 80 kg ha-1) kui
tavaviljeluses (TP1), oli porgandi kaubanduslik saak mahevariandis
14,5% suurem (I). Siin oli tõenäoliselt suurema mahesaagi põhjuseks
orgaaniline väetis kompostina, millel on eelised mineraalväetise ees.
Orgaaniline väetis suurendab mulla orgaanilise aine sisaldust, aktiveerib
mullaorganisme ja suurendab mulla ensümaatilist aktiivsust ning selle
tulemusena suureneb taimedele kättesaadavate toitainete hulk (Henneron
et al., 2015; Lesur-Dumoulin et al., 2017; Tian et al., 2017; Bai et al., 2018;
Schrama et al., 2018; Eremeev et al., 2019; Vaitkevičiene et al., 2020).
Hüpoteesile vastupidiselt oli kaubanduslik saak teisel katseperioodil
(TP2) nii mahe- kui ka tavaviljeluses võrdne. Tulemuse selgitamiseks
selged tõendid puuduvad. Võib vaid oletada, et maheviljeluses kasutatud
katteloor ning humiin- ja fulvohapete lahusega kastmine koos kompostiga
võisid luua mahevariantide mullas toitainete parema kättesaadavuse
porganditaimedele võrreldes tavavariandiga, mida väetati ainult
sünteetiliste mineraalväetistega. Seda oletust on kinnitanud eelnevad
uuringud, kus on esile toodud katteloori eelised taimedele soodsama
mikrokliima loomisel ja selle kaudu suurema saagi saamisel (Gimenez et
al., 2002; Rekika et al., 2009; Kołota ja Adamczewska-Sowińska, 2011;
Kalisz et al., 2014; Goldwater et al., 2018). Mitmed uuringud on tõestanud
Humistari positiivset mõju taimede abiootilise stressi vähendajana, mulla
keemiliste ja füüsikaliste omaduste parandajana, taimedele toitainete ja
vee parema kättesaadavuse tagajana ning juurte massi suurendajana
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(Trevisan et al., 2010; Canellas et al., 2015; Nardi et al., 2016; Rouphael
ja Colla, 2018; Bulgari et al., 2019; Drobek et al., 2019).
Mittekaubandusliku saagi osatähtsus kogusaagis oli tavavariandis
usutavalt suurem nii katseperioodil TP1 kui ka TP2 (10,0% ja 12,9%,
vastavalt) (I, II, III). Sellist tulemust toetas tõenäoliselt soodsam mulla
olukord ja väiksem lämmastiku kättesaadavus mahevariantides.
Suhkrute ja kuivaine sisaldust porgandis viljelusviis ei mõjutanud. Sarnase
tulemuseni on jõutud ka varasemates uuringutes (Rosenfeld et al. 1998;
Brandt et al., 2011; Gąstoł et al., 2011; Bach et al., 2015; Hlisnikovský et
al., 2021).
C-vitamiini sisaldus maheviljeluse porgandis oli tavaviljeluse porgandist
suurem ainult suurema kompostinormiga katseperioodi (TP1) puhul
(I). TP1 katseperioodil lämmastikusisalduses viljelusviiside vahelised
erinevused puudusid. TP2 katseperioodil oli mahevariandis väiksema
lämmastiku sisaldusega katsetes maheporgandi lämmastikusisaldus
oluliselt väiksem (II, III). Nitraatide sisaldus oli aga mõlema katseperioodi
puhul tavaporgandis oluliselt suurem kui maheporgandis (I, II, III).
Aasta mõjutas kõiki eelnimetatud porgandi saagi- ja kvaliteedinäitajaid
katseperioodil TP1.
Tavaporgandis leiti analüüsitud seitsmest pestitsiidijäägist viit: aclonifeni,
boscalidi, chlorothalonili, cypermethrini ja pyraclostrobini. Herbitsiid
aclonifen ja fungitsiid chlorothalonil jääki leiti kõige sagedamini, neljal
aastal. Herbitsiid propaquizafop ja insektitsiid thiamethoxam jääki aga ei
esinenud porgandis ühelgi katseaastal. Kõik pestitsiidijäägid porgandis
esinesid koguses, mis jäid allapoole maksimaalset lubatud normi.
Mõlemal katseaastal oli ILRC tehnoloogia kasutamisel selge efekt
umbrohtude tihedusele, liikide arvukusele ja liigilisele koostisele
põhikultuuri kasvu varases faasis (IV). Analüüsides mõlema katseaasta
keskmisi, vähendas ILRC meetod umbrohtude tihedust 69,9% (p≤
0,01). Liikide arvukus vähenes samuti usutavalt. Mõlemal katseaastal
muutus liigiline koosseis, mille iseloomustamiseks kasutati käesolevas
töös Jaccard’i sarnasuse koefitsienti (Jaccard Distance, JaccD). Kahe
katseaasta andmete summeerimisel saadud kogumi 10 enamesinenud
umbrohu JaccD GM ja ILRC vahel oli 0,52.
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Kokkuvõte
1. Doktoritöö üks olulisemaid tulemusi oli vastupidiselt hüpoteesile see,
et optimaalse lämmastikuga väetamise puhul saadi mahetootmises
suurem kaubanduslik saak kui tavatootmises (TP1) ja väiksema
lämmastikuga väetamise puhul oli võimalik saada mahetootmises
sama kõrget saaki võrreldes tavatootmisega (TP2). Mõlema
väetamisvariandi puhul oli mittekaubandusliku saagi osatähtsus
tavatootmises suurem kui mahetootmises.
2. Hüpotees, et mahetoodetes on kõrgem suhkrute, C-vitamiini ja
kuivaine sisaldus, leidis osaliselt kinnitust. Doktoritöö tulemused
näitasid, et C-vitamiini sisaldus oli 10% kõrgem ainult katseperioodi
TP1 maheporgandis. Väiksema lämmastikunormiga väetamise korral
mahevariandis olid suhkrute, C-vitamiini ja kuivaine sisaldused samal
tasemel mõlemas viljelusviisis (TP2).
3. Lämmastikusisaldus tavaporgandis oli suurem ainult katseperioodil,
mille mahevarianti oli väiksema lämmastikunormiga väetatud (TP2).
Nitraatide sisaldus oli aga mõlemal katseperioodil (TP1 ja TP2)
tavaporgandis suurem.
4. Tavaporgandis esines erinevaid pestitsiidijääke.
5. Rullimis-muljumistehnoloogia
agro-ökoloogiliste
kultuuride
kasvatamisel võrreldes traditsioonilise purustamise ja sissekünni
meetodiga põhikultuuri varases faasis vähendas umbrohtude
tihedust, liigirikkust ja muutis liigilist koosseisu.
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Abstract: Organic production is one of the fastest growing food sectors globally. However, average yield
in organic vegetable production is up to 33% lower than in conventional production. This difference
could be due to higher fertilization rates in conventional, compared to organic, farming. We aimed
to compare yield and quality characteristics of carrots produced under equal nitrogen fertilization
rates over four years in organic and conventional conditions. We found a 14.5% higher marketable,
and 10.0% lower discarded, yield in the organic compared to the average conventional treatments.
In addition, carrots managed organically had 14.1% lower nitrate and 10.0% higher vitamin C content
than carrots managed conventionally. There were no convincing effects of cultivation system on the
nitrogen, total sugar, or dry matter content of carrots. Organically managed carrots were free of
pesticide residues, while several residues were found in carrots managed conventionally. Our study
reveals that organic management of carrots may exceed that of conventional methods in yield and
several quality characteristics, while being free of pesticide residues. Organic fertilizer gave an
advantage over mineral fertilizer, when equal rates of nitrogen were used in both production systems.
Keywords: carrot; organic and conventional yield; nitrate; vitamin C; total sugars; dry matter;
pesticide residues; organic fertilizer

1. Introduction
Organic production continues to be one of the fastest growing food sectors globally [1], and is
often promoted as a sustainable alternative to conventional agriculture [2]. The organic vegetable
market is being largely driven by increased consumer demand for organic food [3–6], as it is perceived
to be healthier and safer for the environment [5,7,8]. Although the area of organic vegetable production
has increased more than six-fold worldwide during recent decades [9], the performance and benefits of
organic agriculture need further research.
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It is a general notion that, although organic production reduces environmental impacts due to
the restricted use of synthetic fertilizers and pesticides, it often results in lower yields, making the
(economic) sustainability of organic farming questionable [10]. The yield gap in horticulture has been
shown to vary a lot between experiments comparing organic and conventional systems [7,11–14].
Two global meta-analyses concluded that across all crops the average yield of organic production is
20–25% lower than conventional production, whereas vegetables can have up to even 33% lower yields
in an organic system [15,16]. In addition to lower yields, organic production can have a relatively high
yield variability [2,17].
Consumers expect organic food to have a higher nutritional value, while being free of chemical
residues [5]. Seufert and Ramankutty [2] concluded in their review that organically produced food in
general tends to contain a higher amount of secondary metabolites, vitamins, and various mineral
nutrients, but that these results vary greatly between studies. Pesticides on the other hand are
potentially toxic to humans, and can have both acute and chronic health effects, depending on the
quantity and way in which a person is exposed to them [18]. Pesticides have been applied across the
world for almost a century, creating a build-up of adverse pollution in our environment [1]. A recent
European-wide study detected pesticide residues in over 80% of the tested agricultural soils [19].
Therefore, synthetic pesticide residues in vegetables have become a special concern, not only due to
potential negative influences on soil microorganisms and human health, but also in terms of consumer
expectations [20,21]. According to Seufert and Ramankutty [2] the majority of studies have found that,
compared to conventional production, organically produced food, indeed, has reduced contamination
from pesticide residues.
Yield and quality of crops depend mainly on the type and applied rates of fertilizers, locality or
soil type, and climatic conditions during the year of harvest [22–24]. However, it has been pointed
out that studies comparing the yield and quality of organic versus conventional vegetables have
often provided inconsistent results, due to methodological problems in experimental design [24–29].
The typical problem is that fertilization rates of the main plant nutrients are higher in conventional
than organic crop production [28]. For example, according to Swedish national statistics, for all crops
harvested in 2013, the average nitrogen (N) fertilization was 64 kg ha−1 in organic and 115 kg ha−1 in
conventional production [28]. This problem can be overcome by increasing the addition of organic
matter in the organic system, thereby improving soil health and reaching the same levels of nutrients
as in the conventional system [29–32]. Kirchmann et al. [33] have stressed that at least three criteria
should be followed to ensure correct interpretation of comparative studies of organic vs. conventional
production: the initial soil fertility must be similar between plots, ideally only the same type of crop
production is compared, and rates of nutrient input to each system must be quantified. By taking
the above-mentioned criteria into account, we compared the yield and quality indicators of carrots
produced in an organic and in a conventional system, with the same initial soil fertility, and with equal
nitrogen fertilization rates.
We hypothesized that: (1) The yield of carrot production does not differ between conventional and
organic systems with equal levels of nitrogen fertilization; (2) Organically produced carrots have better
quality than conventional carrots in terms of various quality indicators and a lack of pesticide residues.
2. Materials and Methods
2.1. Field Experiment Design
The study was carried out at the Estonian Crop Research Institute, Jõgeva, Estonia (58◦ 76 24 N,
E) in the Nemoral climatic zone [34] from 2011 to 2014. Weather conditions during the
experimental years are described below (see section weather conditions). The experimental area had
been out of intensive use for at least 30 years, and for the last four years had been managed according
to organic farming practice (no use of synthetic fertilizers and pesticides). Soil at the site is clay loam
classified as Endogleyc Luvisol (FAO 2014) [35]. A pooled topsoil sample was analyzed before the
26◦ 39 76
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establishment of the experiment, and the following results were obtained: pHHCl 6.4, P 356 mg kg−1 ,
K 220 mg kg−1 , Ca 2067 mg kg−1 , Mg 210 mg kg−1 , Cu 4.0 mg kg−1 , Mn 117 mg kg−1 , B 0.08 mg kg−1 ,
and Corg 2.0%. Hence, the nutritional status of the soil was satisfactory and soil acidity favorable for
carrot cultivation. No pesticide residues were present in the soil. The trial area was divided into four
fields and carrot was grown in a different field with a different precrop each year. The preceding crops
before carrot experiments were as follows: barley (Hordeum vulgare L.) in 2011; a mixture of phacelia
(Phacelia tanacetifolia Benth.), mustard (Sinapis alba L.), and crimson clover (Trifolium incarnatum L.)
in 2012; red clover (Trifolium pratense L.) in 2013 and 2014.
The experimental layout was a randomized complete block design with four experimental plots
(5.0 m × 2.0 m each) per block, in three replications. In each block, three plots had conventional
production treatment (CON5, CON3, and CON1) and one plot had organic treatment (ORG).
Conventional production treatments differed in the types of pesticides and number of sprayings
during the growing period: CON5 was sprayed five times, receiving two herbicides, the same
insecticide twice, and one fungicide; CON3 was sprayed three times, receiving one of each pesticide;
and CON1 was sprayed once, receiving one herbicide (Table 1). The ORG treatment received no
pesticides, according to EU regulations on organic production (Council Regulation No. 843/2007).
Table 1. Used synthetic pesticides in treatments, classification by target organisms, and growth stages
of carrot [36] when spraying was carried out in the conventional cultivation from 2011 to 2014.
No.

Treatment

5

CON5

3

CON3

1

CON1

Used Pesticides a.s.

Pesticide Category

Application Rates of a.s.

Growth Stages

aclonifen
propaquizafop
cypermethrin
chlorothalonil
aclonifen
cypermethrin
chlorothalonil
aclonifen

herbicide
herbicide
insecticide
fungicide
herbicide
insecticide
fungicide
herbicide

2.0 l ha−1
1.0 L ha−1
0.15 L ha−1
3.0 L ha−1
2.0 L ha−1
0.15 L ha−1
3.0 L ha−1
2.0 L ha−1

07
14
10 and 20
44
07
20
44
07

a.s. = active substance; No. is the number of sprayings.

Synthetic pesticides were applied according to the recommended mean doses to control weeds,
insects (carrot psyllid, Trioza viridula Zetterstedt and carrot fly, Psila rosae Fabricius), and diseases
(black rot of carrots, Alternaria radicina Meier Drechsler et Eddy). Before sowing, conventional plots were
fertilized by applying 1 t ha−1 of Cropcare 8-12-23 (N8 , P5 , K19 plus micronutrients), whereas organic
plots received 8 t ha−1 of horse manure bio-compost (N1 , P0.3, K0.8, plus micronutrients), so that both
systems received 80 kg N ha−1 . We used a local old middle-ripening orange-colored carrot variety
“Jõgeva Nantes” (on the variety list since 1952), which is the only carrot variety of Estonian origin,
and well adapted to local conditions and popular among organic growers. Seeds of the carrots were
sown at the end of May at a seeding density of 100 seeds m−1 . The seeds were sown in a pair of rows,
20 cm between the rows and 50 cm between each pair of rows. To control weeds all experimental plots,
including the conventional treatment were weeded twice by hand and hoeing.
2.2. Yield and Chemical Analyses
The carrots were harvested by hand at the beginning of October in 2011 and 2012, and at the end
of September in 2013 and 2014. Two yield fractions, marketable and discarded yield, were quantified
in both production systems. Discarded yield consisted mainly of cracked, but also of forked and small
roots (diameter < 2 cm). A randomly selected sample of marketable yield of 8 kg was taken from each
plot. From this a random 600 g sample was taken for laboratory analyses the following day. Total sugar
content was determined following the modified Bertrand method, as described by Turbas and Oll [37]:
the extract was treated with Fehling solution and the Cu2 O sediment obtained filtered, dissolved in
Fe2 (SO4 )3 , and the quantity of reducing sugars calculated from the results of titration with KMnO4 .
Non-reducing sugars were hydrolyzed at 60 ◦ C with the addition of sulfuric acid before analysis.

83

Agronomy 2020, 10, 1420

4 of 15

Ascorbic acid (vitamin C) content was determined according to ISO 6557/2:1984, using the modified
Tillman method by titration of ascorbic acid with 2.6-dichloroindophenol under acid conditions.
Dry matter (DM) content was determined according to EVS-EN 12,145:2000 by determination of loss
of mass during drying at 70 ◦ C in the vacuum oven. Total N content was determined by the copper
catalyst Kjeldahl method, and nitrate content by flow injection analysis, using Fiastar 5000 (ISO 13395).
Residues of the applied pesticides were tested from the carrots (aclonifen, chlorothalonil,
cypermethrin and propaquizafop) using a multi-residue QuEChERS method combining gas (aclonifen,
chlorothalonil, and cypermethrin) and liquid (propaquizafop) chromatography following the
acetonitrile extraction of the sample and clean-up by dispersive solid phase extraction, as described
in the European Standard EVS-EN 15,662:2008, and validated according to the requirements of
SANCO/10684/2009. One sample of pesticide residues per treatment was analyzed each year, except for
CON1 in 2013 and 2014 (were not measured). Testing of carrots in ORG provided an opportunity to
state with certainty that these treatments did not contain pesticide residues.
2.3. Weather Conditions
Data of air temperatures and precipitation from May to October 2011–2014 were obtained from
the closest meteorological station. In summary, monthly average air temperature was higher and the
amount of precipitation was lower than the long term averages (LTA) during the growing seasons of
2011 and 2013, whereas the summer of 2011 was extremely dry (Table 2). The vegetation period of
2012 was characterized by higher than LTA precipitation and close to average temperature. Rain was
frequent in June on twenty-two days out of thirty. The distribution of precipitation in 2014 was
irregular: June and August were wetter, whereas July and September were drier than the LTA.
Table 2. Long-term monthly average of air temperature, sum of precipitation, and deviations from
the average.
Temperature (◦ C)
Month
May
June
July
August
September
October

Precipitation (mm)

Deviation

Deviation

LTA

2011

2012

2013

2014

LTA

2011

2012

2013

2014

10.3
14.5
16.8
15.4
10.6
5.3

0.7
3.0
3.7
0.9
2.0
1.9

1.2
–1.1
1.1
–0.6
1.6
0.5

4.0
3.3
0.8
1.3
0.4
1.3

1.2
–1.4
2.4
1.2
1.0
–0.2

50
69
79
89
66
66

–15
–30
–45
–14
–13
7

12
41
6
41
–7
6

33
–31
–44
–19
–34
–8

14
89
–31
34
–39
–18

LTA = Long term average (1922–2015).

2.4. Statistical Analyses
Two-way analysis of variance (ANOVA) was used to determine the effects of treatment and year,
and their interactions, on carrot yield and quality parameters. Two different analyses were performed:
at first all four treatments (CON5, CON3, CON1, and ORG) were compared, and second an average
of the three conventional production treatments (CON-AV) was calculated and only two treatment
groups (CON-AV and ORG) were compared. The pairwise differences between treatments within
years and overall, as well between years within treatments, were tested with the Tukey-Kramer (HSD)
test. These statistical analyses were performed using JMP 5.0.1.2 software SAS, 2002 (SAS Institute, Inc.,
Cary, NC, USA).
Principal component analysis (PCA) was used to discover the common patterns in carrot yield
parameters, and to visualize their dependency on treatment and year. Data were log-transformed and
centered before the PCA. Spearman rank correlation analysis was used to assess pairwise relationships
between measured carrot yield parameters. PCA and Spearman correlation analyses were conducted
in R version 3.5.2, 2018 (R Core Team, Vienna, Austria).
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3. Results
3.1. Yield
The results of ANOVA showed that the marketable yield and the share of discarded yield were
both significantly affected by treatment (p = 0.012 and p = 0.023, respectively) (CON-AV vs. ORG) and
year (both p < 0.001; Table 3). Additionally, discarded yield was significantly affected by the interaction
between treatment and year (Trm*Year, p = 0.008). Across four trial years the average marketable yield of
organic production was significantly higher than CON-AV (14.5%). In addition, the percent of discarded
yield was significantly lower in ORG compared to CON-AV (10.0%). Generally, marketable yield was
higher in ORG compared to CON-AV in all trial years, however, this difference was significant only in
2012. In contrast, the effect of treatment on the share of discarded yield depended on year; in 2011–2013
discarded yield was generally lower in ORG (although significantly so only in 2012), but in 2014 it
was lower in CON-AV (although the difference remained non-significant). The hot and extremely
dry growth period in 2011 resulted in week germination of seeds, and caused the significantly lowest
marketable, and the highest discarded, yields across all four treatments (both p < 0.001) (Table S1).
Table 3. Marketable and discarded yield and content of nitrogen, nitrates, vitamin C, sugars, and dry
matter (DM) in conventional (average of three conventional treatments, CON-AV) and organic (ORG)
treatments (mean ± standard error); fold change indicates the change of ORG with respect to CON-AV
(ORG/CON-AV) and p-value shows the statistical significance of the difference between CON-AV and
ORG (significant p-values <0.05 are presented in bold). For each variable results of two way analysis of
variance (F-statistics and p-values) of the factors treatment (Trm), year, and treatment by year interaction
(Trm*Year) are also presented.
Variable

Year

CON-AV

ORG

Fold Change
(*100%)

p-Value

Trm: F1,40 = 6.9, p = 0.012; Year: F3,40 = 94.8, p < 0.001; Trm*Year: F3,40 = 0.9, p = 0.442
Marketable
yield, t ha−1

2011
2012
2013
2014
Average

6.3 ± 1.2 A
24.0 ± 3.5 B
22.0 ± 1.8 B
25.8 ± 4.9 B
19.5 ± 8.5

8.2 ± 0.8 A
29.2 ± 3.8 B
25.7 ± 3.8 B
26.3 ± 3.8 B

130.5
121.6
116.9
102.0

0.380
0.020
0.091
0.818

22.4 ± 9.1

114.5

0.012

65.1 ± 3.3 A
32.9 ± 4.3 B
30.0 ± 4.4 B,C
21.2 ± 2.2 C

95.7
69.2
93.2
117.0

0.419
<0.001
0.531
0.384

37.3 ± 17.7

90.0

0.023

2.3 ± 0.1 A
2.1 ± 0.1 A
1.6 ± 0.1 B
2.3 ± 0.2 A

94.0
99.1
101.3
113.0

0.260
0.840
0.891
0.056

101.3

0.707

Trm: F1,40 = 5.6, p = 0.023; Year: F3,40 = 182.6, p < 0.001; Trm*Year: F3,40 = 4.5, p = 0.008
Percent of
discarded
yield, %

2011
2012
2013
2014
Average

68.0 ± 5.5 A
47.5 ± 7.9 B
32.2 ± 4.7 C
18.1 ± 3.4 D
41.5 ± 19.5

Trm: F1,40 = 0.1, p = 0.707; Year: F3,40 = 35.9, p < 0.001; Trm*Year: F3,40 = 1.7, p = 0.183
N, %

2011
2012
2013
2014
Average

2.5 ± 0.2 A
2.1 ± 0.2 B
1.6 ± 0.2 C
2.0 ± 0.3 B
2.1 ± 0.4

2.1 ± 0.3
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Table 3. Cont.
Trm: F1,40 = 6.2, p = 0.017; Year: F3,40 = 181.2, p < 0.001; Trm*Year: F3,40 = 2.3, p = 0.088
2011
2012
2013
2014

NO3 ,
mg kg−1

Average

283.3 ± 36.7 A
107.5 ± 26.0 B
66.7 ± 16.1 C
194.4 ± 27.9 D
163.0 ± 88.6

292.3 ± 10.6 A
99.7 ± 4.2 B
24.6 ± 5.4 C
150.0 ± 29.3 B

103.2
92.7
36.9
77.1

0.603
0.650
0.019
0.013

141.7 ± 103.0

86.9

0.017

2.0 ± 0.3 A
3.0 ± 0.2 B
3.2 ± 0.4 B
4.6 ± 0.0 C

134.2
113.5
94.9
111.1

0.046
0.168
0.503
0.074

3.2 ± 1.0

110.0

0.026

6.4 ± 0.5 A
5.9 ± 0.5 A
8.5 ± 0.0 B
5.9 ± 0.4 A

98.9
102.1
122.3
98.3

0.859
0.763
<0.001
0.807

6.7 ± 1.2

105.9

0.072

9.9 ± 0.1 A
11.0 ± 0.4 B
12.6 ± 0.3 C
10.8 ± 0.1 A,B

93.7
106.5
96.4
99.9

0.063
0.058
0.184
0.990

99.0

0.512

Trm: F1,40 = 5.3, p = 0.026; Year: F3,40 = 99.1, p < 0.001; Trm*Year: F3,40 = 1.6, p = 0.213
2011
2012
2013
2014

Vitamin C,
mg 100g−1

Average

1.5 ± 0.2 A
2.7 ± 0.1 B
3.4 ± 0.3 C
4.1 ± 0.7 D
2.9 ± 1.1

Trm: F1,40 = 3.4, p = 0.072; Year: F3,40 = 14.7, p < 0.001; Trm*Year: F3,40 = 3.8, p = 0.018
2011
2012
2013
2014

Sugars, %

Average

6.4 ± 0.7 A,B
5.8 ± 0.5 A
6.9 ± 0.2 B
6.0 ± 1.0 A
6.3 ± 0.8

Trm: F1,40 = 0.4, p = 0.512; Year: F3,40 = 64.8, p < 0.001; Trm*Year: F3,40 = 3.0, p = 0.044
2011
2012
2013
2014

Dry matter, %

Average

10.5 ± 0.6 A
10.4 ± 0.5 A
13.1 ± 0.4 B
10.9 ± 0.7 A
11.2 ± 1.2

11.1 ± 1.0

Mean values without common uppercase letters (A,B,C,D) within treatment (in columns) are statistically significantly
different (p < 0.05, Tukey–Kramer (HSD) test); Average = average of 2011–2014.

3.2. Nitrogen and Nitrate
The results of ANOVA showed that the carrot nitrogen content was not significantly affected by
management system, whilst the opposite was true for nitrate content (Table 3). Both N and NO3 were
significantly influenced by the trial year. The average N content across all trial years was equal for both
CON-AV and ORG. N content was significantly lower in 2013 than in other trial years. Nitrate content
was significantly lower in ORG than in CON-AV in two trial years out of four (2013 and 2014), and also
remained significantly lower as an average across all years. When considering all four treatments
separately, nitrate content was significantly higher in the drought year of 2011 than in the other trial
years (Table S1).
3.3. Vitamin C
Vitamin C content in carrots varied statistically significantly depending on treatment and year
(Supplementary Table S1), based on ANOVA analyses. Vitamin C content was significantly higher in
ORG than in CON-AV as an average across all trial years (Table 3). However, the highest difference
between cultivation systems was in the drought year of 2011 (34.2%). At the same time, vitamin C
content remained significantly lowest in all treatments in 2011, compared to other trial years (Table S1).
3.4. Total Sugars
According to the results of ANOVA, the total sugar content in the carrots was not influenced by
treatment, but depended significantly on year, and treatment by year interaction (Table 3). Out of all
trial years the average total sugar content was the highest in 2013 in both management systems, and the
only significant difference between ORG and CON-AV appeared in this year (22.3%). In spite of this,

86

Agronomy 2020, 10, 1420

7 of 15

as an average of all trial years total sugar content did not differ significantly between management
systems, nor between different conventional treatments (Table S1).
3.5. Dry Matter
The ANOVA results showed that carrot DM content was not influenced by treatment, but depended
significantly on year, and treatment by year interaction (Table 3). The average DM content did not
differ significantly between ORG and CON-AV across all trial years, nor were there any differences
within single trial years. DM content was highest in 2013 in both management systems. When studying
all four treatments separately it was evident that as an average across all trial years DM was slightly
but significantly higher in CON1 than in other treatments (Table S1).
3.6. Principal Component Analyses
The first two principal components explained 80.5% of the total variance of the studied carrot
yield and quality parameters. The strongest pattern (PC1 54.7%) indicated that if the higher marketable
yield was achieved, also the vitamin C and DM content of carrots were higher, and the nitrogen and
nitrate content, as well the discarded yield, were lower (Figure 1). These results are in accordance with
the results of the correlation analysis (Table S2), where a significantly positive correlation was found
between marketable yield and vitamin C content (r = 0.58, p < 0.001), as well as negative correlations
between DM content and nitrogen and nitrate contents (r = −0.59, p < 0.001 and r = −0.61, p < 0.001,
respectively), and between vitamin C content and discarded yield (r = −0.90, p < 0.001).
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The second strongest pattern (PC2 25.9%) mainly separates samples with higher and lower content
of total sugars, where the samples with higher sugar content also tend to have higher DM content,
and lower nitrogen and nitrate content. These results are also partly evident from the correlation
analyses (Table S2), where there is a significant positive relationship between sugar content and DM
(r = 0.53, p < 0.001), and a significantly negative relationship between sugar and nitrogen content
(r = −0.30, p < 0.05).
The analysis of principal component (PC) scores by treatment did not reveal any clear patterns
(Figure 1), while PC scores by years showed clear between-year differences (Figure 2). In 2011 the
samples had higher values of discarded yield, and lower values of marketable yield and vitamin C
content, while in 2013 the samples had the highest DM content, and samples from 2014 had the highest
vitamin C content.
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residues were found in the organic carrots.
Table 4. Pesticide active substances, found in conventionally produced carrots.
Treatment

CON5

Used
Pesticides a.s.
aclonifen
propaqui.
cyperm.

Pesticide
Residue
aclonifen
chlorot.

2011
Content, mg
kg−1

88

<0.01
0.013

Pesticide
Residue
chlorot.

2013
Content, mg
kg−1
0.223

Pesticide
Residue
aclonifen
cyperm.
chlorot.

2014
Content, mg
kg−1
0.008
0.028
0.007

Agronomy 2020, 10, 1420

9 of 15

Table 4. Pesticide active substances, found in conventionally produced carrots.

Treatment

Used
Pesticides a.s.

CON5

2011

2013

2014

Pesticide
Residue

Content,
mg kg−1

Pesticide
Residue

Content,
mg kg−1

Pesticide
Residue

Content,
mg kg−1

aclonifen
propaqui.
cyperm.
chlorot.

aclonifen
chlorot.

<0.01
0.013

chlorot.

0.223

aclonifen
cyperm.
chlorot.

0.008
0.028
0.007

CON3

aclonifen
cyperm.
chlorot.

No
residues

No
residues

chlorot.

0.080

aclonifen

<0.01

CON1

aclonifen

aclonifen

<0.01

-

-

-

-

a.s. = active substances; propaqui. = propaquizafop; cyperm. = cypermethrin; chlorot. = chlorothalonil; “-” No
analyses have been performed.

4. Discussion
The results of our study show that organic management can have an advantage over the
conventional system in both yield and quality of carrots at equal N levels. In particular, we found
higher marketable and lower discarded yield, and better quality characteristics of carrots (lower nitrate
and higher vitamin C content), in organic compared to conventional management. For a few quality
characteristics (nitrogen, total sugar, and DM content) there were no convincing differences between
the management treatments of carrots. In addition, carrots from organic management were free of
pesticide residues, whereas several residues were found in carrots from conventional management.
Contrary to expectations we found that organically grown carrots had on average 14.5% higher
yield and 10% lower discarded yield compared to conventionally grown carrots. Previous research
comparing organic and conventional vegetable productions have found up to 33% lower yields from
organic production [15,16]. One of the main factors limiting organic yield has typically been lower
nutrient availability, while fertilization rates are higher in conventional systems [39]. One important
reason for higher yield of organically grown carrots in our experiment was the fact that in the
ORG treatment we applied compost with a N rate equal to that in the conventional treatments.
Organic fertilizer is known to have advantages over mineral fertilizers since it increases total organic
carbon content, soil organic matter, stimulates the activity of microorganisms, and increases enzymatic
activity in soil, and thus increases the availability of nutrients for the plants [14,32,40–42].
Another important factor influencing crop yield is the prevailing weather during the growing
period. Lotter et al. [43] found that under severe drought conditions organically managed farms
produced higher yields than their conventional counterparts. This could be explained by increased
organic matter level in soil making the organic farming system less susceptible to extreme drought
events [42]. In our case, there was a shortage of precipitation in three trial years out of four, and the
results overall followed the above-mentioned tendency towards higher yield in organic management
compared to conventional. However, our results showed that significantly higher yields with organic
management appeared when the weather conditions were more favorable for carrot production,
as in 2012. This was also accompanied by significantly lower discarded yield in the ORG treatment.
In contrast, the highest discarded yield was found in the drought year of 2011. This is in accordance
with Thorup-Kristensen et al. [44], who found that the highest percentage of discarded yield in both
organic and conventional production systems was produced in the year with the lowest amount of
precipitation. However, in contrast to our experiment, the study by Thorup-Kristensen et al. [44] did
not reveal a management effect on the discarded yield of carrot.
In our experiment the discarded yield in all treatments was formed mostly due to physiological
disorders of carrots. Notably, there was a low pressure of insects and diseases due to the lack of
other carrot production fields in the neighboring area, from where carrot damaging pests and diseases
could have been transmitted to the trial. Another reason for the low occurrence of carrot pests
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and diseases might be due to the use of old local variety “Jõgeva Nantes”, which according to our
previous experience has been disease-free even without the use of fungicides (I. Bender, pers. obs.).
Old varieties can be genetically heterogeneous and might have specific adaptation traits relevant for
organic conditions [45–47]. This could also explain why application of pesticides and fungicides in the
CON treatments did not result in lower discarded yield than in the ORG.
Nitrogen content in the carrots did not differ between management treatments. According to some
previous studies, significantly higher concentration of nitrogen was detected in conventional carrots
than in organic, which can be explained by lower N fertilization rates in the organic system [48–50].
In our experiment, the lack of differences in N content is likely a result of applying fertilization, so that
N levels were equal in the two treatments. However, there was a significant year effect on the N content
of carrots, being lower in 2013 than in other trial years, probably caused by shortage of precipitation in
June–September. Nitrate content on the other hand was significantly influenced both by treatment
and year, being lower in the ORG than in the CON-AV treatment, and highly variable across all trial
years. The nitrate content of the carrots was highest in the extremely dry 2011. Some earlier studies
have also shown that organic carrots contain less nitrate than conventional carrots [24,48,49,51,52],
and that the year of production can have a significant effect [53]. Gennaro and Quaglia [54] concluded
in their review, that lower nitrate levels in organic vegetables seem to be due to differences in N
fertilization level. However, we found lower nitrate content in ORG at equal N fertilization levels in
both systems. Mineral fertilizer used in CON treatments directly provides nitrate, while compost is
slowly decomposable and nitrogen releases gradually [55]. In general, carrot is classified as a vegetable
with a low nitrate content, with the average being 200–500 mg kg−1 [56]. The content of nitrate in our
experiment was even lower, except in 2011.
We found that as an average of all trial years, carrots in ORG had significantly higher vitamin C
content compared to CON-AV, being as much as 34% higher in the drought year of 2011. This is in line
with previous research, reporting higher vitamin C content in vegetables in organic production [57–60].
However, a few studies have found no differences in vitamin C content between these management
systems for carrots and other vegetables [25,61]. Vitamin C content in vegetables depends on several
factors, such as genotype, maturity at harvest, fertilizer type, pre-harvest weather conditions, and soil
type [62,63]. As all mentioned factors except fertilizer type were the same in our study for carrots in
CON and ORG treatments, we assume that the differences in the content of vitamin C could have been
due to different fertilizer type; compost was used in the organic, whereas mineral fertilizer was used in
the conventional treatments.
The management system in our study did not influence the total sugar content in carrots, except in
2013, where significantly more sugars were found in ORG compared to CON-AV. Some earlier
studies have similarly found that the production method did not affect the total sugar content in
carrots [48,49,64]. However, several studies have concluded that organic vegetables, including carrots,
contain more sugars than conventional ones [58,65–68]. Total sugar content in carrots could be affected
more by climate-related factors than by management methods [69]. Bach et al. [64] found that higher
temperatures, in particular, resulted in higher total sugar content. Indeed, the total sugar content
of carrots in our trial was up to 8.5%, in the warmer than LTA year of 2013, whereas for the variety
“Jõgeva Nantes” the sugar content is typically between 6.5–7.5% (unpublished data).
According to our results DM content did not differ significantly between organic and conventional
carrots, which is in accordance with earlier studies [48,57,64,67], but contradict others which have
reported higher DM content in organically cultivated carrots than in conventional carrots [49,52,61,65,66].
However, DM in our trial was influenced by the weather conditions of the trial years, being significantly
higher in both management systems in the warmer than LTA year of 2013 than in the other trial
years. These results indicate that the effect of weather conditions on DM overshadowed that of
cultivation methods.
We found no pesticide residues in organic carrots, whereas residues of three out of four of the
pesticides used were detected in the conventional carrots. In general organic food is reported to contain
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fewer or no residues [20,70–73]. In the summer of 2012, the amount of precipitation during the main
spraying period was high, and therefore the chemical control measures were not successful which
resulted in the absence of pesticide residues in carrot samples. Chlorothalonil and aclonifen were the
most frequently detected pesticide residues in conventional carrots. Chlorothalonil is a broad-spectrum
fungicide with low aqueous solubility. This residue has often been found in conventionally grown
vegetables [74–78]. The substance group of systemic and selective herbicide aclonifen is not highly
soluble in water, but is in many organic solvents, being moderately persistent in soil [79]. Persistence of
the insecticide cypermethrin in the environment varies from 14.6 to 76.2 days (half-life), depending on
the physicochemical properties of the soil [80]. Cypermethrin was detected only once in our carrot
samples. Nevertheless, pesticide residues detected in conventional carrots might pose a threat to
the environment and consumers. Even legislatively determined “safe” levels of residues, in case of
simultaneous exposure of multiple chemical substances, may have synergistic effects, causing unknown
adverse health issues [81].
5. Conclusions
The results of our four-year comparison of organic and conventional carrot production show that
organic management can have advantages over the conventional system in both yield and quality,
at equal N fertilization level. In particular, we found a higher marketable yield, lower discarded yield,
and higher quality of carrots (lower nitrate and higher vitamin C content) in organic compared to
conventional management. This can be explained by the higher quality of organic compost compared
to the mineral fertilizer. Besides treatment effects, these variables were also influenced by the weather
conditions of the trial years. Our study suggests that organic management of carrots can exceed
conventional management in yield and quality, when N fertilization levels are equivalent.
Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/9/1420/s1,
Table S1: Marketable and discarded yield and content of nitrogen, nitrates, vitamin C, sugars and dry matter
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between studied carrot yield and quality parameters.
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Ilić, Z.S.; Šunić, L. Nitrate content of root vegetables during different storage conditions. Acta Hortic.
2015, 1079, 659–665. [CrossRef]
Gennaro, L.; Quaglia, G.B. Food safety and nutritional quality of organic vegetables. Acta Hortic.
2003, 614, 675–680. [CrossRef]
Matallana González, M.C.; Martínez-Tome, M.J.; Torija Isasa, M.E. Nitrate and nitrite content in organically
cultivated vegetables. Food Addit. Contam. B 2010, 3, 19–29. [CrossRef]
Santamaria, P. Nitrate in vegetables: Toxicity, content, intake and EC Regulation. J. Sci. Food Agric.
2006, 86, 10–17. [CrossRef]
Brandt, K.; Leifert, C.; Sanderson, R.; Seal, C.J. Agroecosystem management and nutritional quality of plant
foods: The case of organic fruits and vegetables. Crit. Rev. Plant Sci. 2011, 30, 177–179. [CrossRef]
Hallmann, E. The influence of organic and conventional cultivation systems on the nutritional value and
content of bioactive compounds in selected tomato types. J. Sci. Food Agric. 2012, 92, 2840–2848. [CrossRef]
Oliveira, A.B.; Moura, C.F.H.; Gomes-Filho, E.; Marco, C.A.; Urban, L.; Miranda, M.R.A. The impact of
organic farming on quality of tomatoes is associated to increased oxidative stress during fruit development.
PLoS ONE 2013, 8, e56354. [CrossRef]
Vinha, A.F.; Barreira, S.V.P.; Costa, A.S.G.; Alves, R.C.; Oliveira, M.B.P.P. Organic versus conventional tomatoes:
Influence on physicochemical parameters, bioactive compounds and sensorial attributes. Food Chem. Toxicol.
2014, 67, 139–144. [CrossRef]
Bender, I.; Ingver, A. The influence of production methods on yield and quality of carrots and swedes.
Acta Hortic. 2012, 960, 293–298. [CrossRef]
Mozafar, A. Plant Vitamins: Agronomic, Physiological and Nutritional Aspects; CRC Press: Boca Raton, FL, USA, 1994.
Lee, S.K.; Kader, A.A. Preharvest and postharvest factors influencing vitamin C content of horticultural
crops. Postharvest Biol. Technol. 2000, 20, 207–220. [CrossRef]
Bach, V.; Kidmose, U.; Kristensen, H.L.; Edelenbos, M. Eating quality of carrots (Daucus carota L.) growing in
one conventional and three organic cropping systems over three years. J. Agric. Food Chem. 2015, 63, 9803–9811.
[CrossRef] [PubMed]
Rembiałkovska, E.; Hallmann, E. Influence of cultivation method (organic vs. conventional) on selected
quality attributes of carrots (Daucus carota). Zyvienie Czovieka Metab. 2007, 34, 550–556.
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Abstract. At Jõgeva Plant Breeding Institute, cultivation of the Estonian carrot variety ‘Jõgeva
Nantes’ conventionally (with application of mineral fertilizers: N 115, P 40 and K 152 kg ha -1
and pesticides: Fenix, Actara 25 WG, Agil and Signum) and organically (compost, Humistar,
agryl cover) was compared. Marketable yield of organic carrots was 11% higher than that of
conventionally grown carrots. Conventional carrots contained pesticide residues and had
significantly higher nitrate concentration than organic carrots. Contents of dry matter, total
sugars, soluble solids, phosphorus, potassium, calcium and magnesium did not significantly
differ between carrots between cultivation systems. The contents of ß-carotene, vitamin C and
nitrogen were significantly lower in organically grown than in conventionally grown carrot.
Key words: agryl cover, ß-carotene, calcium, dry matter, magnesium, nitrogen, phosphorus,
potassium, soluble solids, total antioxidant capacity, total sugars, vitamin C, yield

INTRODUCTION
In Estonia, as in other European countries, targets have been set to upgrade
domestic organic production, including that of vegetables. This is driven by consumer
demand to buy organic food primarily for health-related reasons. Preferred products are
organic vegetables and fruits (Pehme et al., 2007). Therefore the quality of raw
products is an important aspect. Quality of locally produced organic vegetables is still
very poorly studied. Therefore the aim of the present study was to evaluate how the
yield and quality of carrots is affected by production methods – organic versus
conventional, according to principles of good agricultural practice.
MATERIALS AND METHODS
The field experiment was carried out at Jõgeva Plant Breeding Institute (26°24’E,
58°44’N) in 2008. Carrots were cultivated under conventional and organic conditions
on plots of 100 m2, with four replications of each treatment. For two years before the
experiment, cereals were cultivated on the area according to the EU regulations on
organic production (Council Regulation No. 843/2007). Soil at the site was classified
as soddy-podzolic sandy loam. A soil sample was analysed before establishment of the
experiment using the following methods: pH – ISO 10390, P, K, Ca, Mg, Cu, Mn –
Mehlich III, B – by Berger and Truogi and Corg – by NIRS. The following results were
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obtained: pHHCl 6.1, P 65 mg kg-1, K 121 mg kg-1, Ca 1930 mg kg-1, Mg 164 mg kg-1,
Cu 1.4 mg kg-1, Mn 79 mg kg-1, B 0.72 mg kg-1 and Corg 1,7%. Hence the nutritional
status of the soil was satisfactory and soil acidity favourable for carrot cultivation. No
pesticide residues, as measured by the method prEN 15662: 2007 NIRS, were present
in the soil. Both soil samples were analysed in Laboratory of Agrochemistry at the
Estonian Agricultural Research Centre in Saku. For basic fertilization, 800 kg ha-1 of
Cropcare 8-12-23 (N 65, P 40, K 152 plus micronutrients) was applied to the
conventional plot and 200 kg ha-1 of compost (analysed by the Laboratory of
Agrochemistry at the Estonian Agricultural Research Centre to have N 1,2%, P 0,26%,
K 0,8%, pHHCl 6,99) was applied to the organic plot. During the growing period
conventional carrot plants were fertilized by ammonium nitrate (N 50 kg ha -1) and
sprayed with Folicare 18-18-18 (4 kg ha-1), resulting in a total supply of 0.7 kg N, 0.3
kg P and 0.6 kg K ha-1. Organic carrot plants were fertigated at a rate of 1 litre per
meter of row with humic acids solution (fertilizer Humistar diluted by 1:20),
resulting in a total supply of 1.4 kg K ha-1. Carrot seeds of the Estonian variety ‘Jõgeva
Nantes’ were sown on 27 May. The organic plot was covered after seed sowing for two
months with non-woven polypropylene agryl cover to control carrot psyllid (Trioza
viridula) and carrot fly (Psila rosae). The insecticide Actara 25 WG was sprayed at
120 g ha-1 on 13 June and 30 July on the conventionally grown carrots. The soil of the
conventional plot was treated with the herbicide Fenix at 2.5 l ha-1 two days before the
sprouting of carrots and 18 days after seed sowing against couch grass with a herbicide
Agil 100 EC at 1.0 l ha-1. The fungicide Signum 0.75 kg ha-1 was used on 12 August to
control black rot (Alternaria radiciana). The organic plot was weeded twice by hand
and hoeing. The crops were harvested manually on 10 October. The following analyses
were performed on one sample of raw carrot roots from each of the replicate organic
and conventional plots: pesticide residues were analysed by gas chromatography in the
Laboratory of Agrochemistry at the Estonian Agricultural Research Centre. Dry matter
(DM), sugars and vitamin C were determined in the same laboratory; DM by 71/393
EEC method, total sugars using a method described by Faithfull (2002), vitamin C by a
Murri’s method as described by Turbas & Oll (1969). Soluble solids content (SSC)
(°Brix) was measured using the digital refractometer ATAGO CO., Ltd., Japan. Total
N was determined by Copper Catalyst Kjeldahl Method, (984.13); phosphorus by
Stannous Chloride method, ISO/FDIS 15681, AN 5242; calcium by o-Cresolphthalein
Complexone method, ISO 3696, AN 5260 in Kjeldahl Digest by Fiastar 5000;
magnesium by Fiastar 5000, ASTN90/92 by Titan Yellow method; potassium by
Flame Photometric Method, (956.01); nitrates by Fiastar 5000, AN 5201 (nitrate - N,
Cd-reduction, ISO 13395), Foss Tecator AB, 2001 (Helrich, 1990). Total N,
phosphorus, calcium, magnesium, potassium and nitrates were determined in the Plant
Biochemistry Laboratory of Estonian University of Life Sciences. β-carotene was
determined in the Health Protection Inspectorate Tartu Laboratory, using T44- HPLC
method. Total antioxidant capacity (TAC) was determined using the 1.1-diphenyl-2picrylhydrazyl (DPPH) discoloration assay described by Brand-Williams et al. (1995)
with some modifications. Results of TAC are reported as Trolox equivalents (TE) mg
100 FW-1. Significant differences of data between cultivation techniques were tested by
one-way analysis of variance at significance level of P≤ 0.05. In the Figures mean
values followed by the same letter are not significantly different at P ≤ 0.05.
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RESULTS AND DISCUSSION
The seed sowing and germination period was dry resulting in uneven
establishment of carrot plants. A rainy period started on 10 June but did not alleviate
the situation. This explains the low carrot yields. The marketable yield of organic
carrots (10.9 t ha-1) was 11% higher than conventional (9.7 t ha-1), because of the
higher proportion of damaged (cracked) carrots produced conventionally. Warman &
Havard (1996), Fjelkner–Modig et al., (2000) and Rembialkowska (2000) have
reported that, as a rule, organic yield is lower than conventional. Improved thermal
regime and maintained humidity under the agryl cover probably raised the organic
marketable yield. Earlier studies on broccoli (Kunicki et al., 1996) and carrot (Gimenez
et al., 2002) have demonstrated the same effects of agryl cover. The applied humic
acids fertilizer Humistar might be another contributor to the better yield of organic
carrots. It is well established that humid acids improve soil chemical and physical
quality and, in general, enhance root growth and development (Tan & Nopamornbodi,
1979; Bidegain et al., 2000; Canellas et al., 2002; Arancon et al., 2003). From the five
analysed pesticide residues, two were detected in the conventionally grown carrots and
none in organically grown carrots. These results concur with those of Rembialkowska
& Hallmann (2007), who also found that organic vegetables were free of pesticide
residues. Contaminants were determined as follows: boscalid 0.320 mg kg-1 and
pyraclostrobin 0.090 mg kg-1. According to EU regulation No 149/2008, the residues
found did not exceed permitted levels but may be hazardous to consumers due to
synergy between the two residues.
No significant differences were found between organic and conventional
cultivation in content of total sugars (6.5% and 6.0% respectively), P (0.3% and 0.3%
respectively), K (1.7% and 1.7% respectively), Ca (0.4% and 0.4% respectively) and
Mg (0.9% and 1.0% respectively). However, contradictory results have been reported.
According to Polish scientists organic carrots contain more total sugars than
conventional (Rembialkowska, 2003; Rembialkowska & Hallmann, 2007), but the
content of K, Ca and Mg were similar in organic and conventional carrots
(Rembialkowska, 2003). Warman & Havard (1996) also observed minor differences in
mineral content between the organic and conventional management systems. Yet,
Worthington (2001) has found that organic crops contain significantly more Mg and P
than do conventional crops.Our organically and conventionally grown carrots did not
differ significantly in their DM content (10.9% and 10.8%, respectively). According to
earlier studies by Leszczyn’ska (1996) and Fjelkner-Modig et al. (2000) organically
grown crops (including carrot) had higher DM content compared with conventional
ones. Kaack et al. (2002) found that DM content decreased linearly with increasing
amount of nitrogen applied.SSC of organically grown carrots ranged from 8.6 to
9.2°Brix and of conventionally grown from 8.5 to 9.1°Brix. The average SSC of both
carrots was 8.9° Brix and was not affected by cultivation technology. Vitamin C
content in carrots harvested from the organic plot was significantly lower than that of
conventional plot (5.0 and 6.2 mg %, respectively) (Fig. 1). Vitamin content of a plant
depends on a number of factors such as climate, genetic properties, fertilizer and soil
(Mozafar, 1994). Contradictory results have been reported by Worthington (2001), i.e.
organic crops (among them carrot) contain significantly more vitamin C than
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conventional crops. However, several scientists (Warman & Havard, 1996; Warman &
Havard, 1997; Fjelkner-Modig et al., 2000) could not verify significant differences in
vitamin C content caused by different cultivation systems.The average β-carotene
content in organically grown carrots was 4908 μg 100g FW -1 and in conventionally
grown carrots 5186 μg 100gFWg-1(Fig. 1). These are a bit lower than found by Dutta et
al. (2005), who reported β-carotene content of fresh carrots to be 84 μg g -1 and a bit
higher than reported by Yen et al. (2008), who found β-carotene content in carrots to
range from 0.11 to 0.28 mg g-1. In our experiment conventional cultivation
significantly increased β-carotene content in carrots. β-carotene is widely known as
provitamin A and is reported to protect against cancer, cardiovascular disease
(Breithaupt & Bamedi, 2001) and to enhance immune responses (Kurilich et al., 1999).
However, these presumed benefits are highly contested, since all epidemiological
studies of β-carotene intake were confounded with intake of the cancer-preventing
compound falcarinol (Kobaek-Larsen et al., 2005), which is mainly found in carrots,
and rodents metabolise β-carotene differently from humans (Wang et al., 1991). The
role of β-carotene as an antioxidant has been widely reported (Terao, 1989; Palozza &
Krinsky, 1992), however, tests of high doses (>10 mg day-1) of this and other
antioxidants consistently increased mortality (Bjelacovic et al., 2008).
In our experiment, TAC of organically-grown carrots was 24.5 TE mg100gFW-1
and of conventionally grown carrots 25.7 TE mg100gFW-1. Cultivation technology did
not affect TAC significantly.
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Fig. 1. Vitamin C, β-carotene, nitrogen and nitrates content of organically and
conventionally grown carrots.

575

102

Nitrogen content was significantly higher in conventional vs. organic carrots (1.4
and 0.8%, respectively) (Fig. 1). Nitrates were not detected in organically grown
carrots, whereas conventional carrots contained 100.3 mg kg-1 of nitrates (Fig. 1).
Several studies have affirmed that organic carrots consist significantly less nitrogen
and nitrate than do conventional (Leclerc et al., 1991; Leszczyn’ska, 1996; Warman &
Havard, 1997; Rembialkowska, 2000; Rembialkowska, 2003; Rembialkowska &
Hallmann, 2007; Zdravkovic et al., 2007).
CONCLUSIONS
Organic production of the carrot variety ‘Jõgeva Nantes’ increased marketable
yield compared with conventional production. Cultivation technology did not
significantly influence the contents of dry matter, mineral compounds, total sugars and
TAC value, but the quality of conventional carrots was significantly decreased by their
high nitrate and pesticides residue content, both absent from the organic carrots, while
the organic ones had lower contents of vitamin C (-24%) and β-carotene (-6%).
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Abstract
The aim of the research was to evaluate how the quality of carrots is affected by organic and conventional
production system. The experiment was carried out at the Estonian Crop Research Institute in 2009.
Conventional treatment received following amount of nutrients via mineral fertilizers: N 115, P 40 and K 152 kg
ha-1. For plant protection, following pesticides were used: Fenix, Fastac 50, Agil and Signum. In organic
cultivation system compost and humic acids solution Humistar were used for fertilization and polypropylene
non-woven fabric Agryl P-17 for plant protection. Marketable yield of organic carrots was 8% lower compared
to conventional carrots. Conventional carrots contained pesticide residues and had significantly higher nitrate
concentration than organic carrots. Contents of total sugars, phosphorus, potassium, calcium and magnesium did
not differ significantly between carrots from different cultivation systems. At harvest, dry matter (DM) content
of organically grown carrots was significantly higher, whereas vitamin C and ß-carotene content was
significantly lower in organically grown carrots. However, after 5-months of storage, organic carrots had
significantly higher total soluble solids (TSS) and β-carotene content compared to conventional ones indicating
that organically grown carrots were less susceptible to storage conditions.
Key words: β-carotene, conventional, Daucus carota, nitrates, organic, yield
Introduction
The interest of consumption of organic food, including that of vegetables have been steadily increasing
during the last decade in Estonia and also in other countries (Winter and Davis, 2006; Pehme et al., 2007;
Dangour et al., 2009; Smith et al., 2009; Matallana González et al., 2010). Vegetables and fruits are the
important sources of vitamins, minerals, trace elements, dietary fibre and a large variety of beneficial
phytochemicals, which might decrease the risk of certain age-related and cardiovascular diseases. Therefore the
dietary guidelines recommend eating at least five portions of fruits and vegetables a day. Several factors are
affecting the quality of raw products and cultivation system is one of them. The composition of organically and
conventionally produced vegetables has been studied for years, but further research is still recommended due to
insufficient data (Hoefkens et al., 2009; Seljåsen et al., 2013). To add knowledge to mentioned topic, the aim of
the present research was to evaluate how the quality of carrots (both at harvest and after storage) is affected by
organic and conventional production system.
Materials and Methods
The field experiment was carried out at the Estonian Crop Research Institute at Jõgeva (26°24’E, 58°44’N)
in 2009 and was a repetition of the experiment done one year earlier (Bender et al., 2009). Carrots (Daucus
carota) were cultivated under conventional and organic conditions on plots of 100 m2 altogether, with four
replications per treatment.
For two years before the experiment, cereals were cultivated on the area according to the EU regulations on
organic production (Council Regulation No. 843/2007). Soil at the sites was sandy loam. The soil samples were
analysed before establishment of the experiment using the following methods: pH – ISO 10390, P, K, Ca, Mg,
Cu, Mn – Mehlich III, B – by Berger and Truogi and Corg – by NIRS. The nutritional status of the soil was
satisfactory and soil acidity favourable for carrot cultivation (Table 1). No pesticide residues, as measured by the
method prEN 15662: 2007 NIRS, were present in the soil. All soil samples were analysed in the Laboratory of
Agrochemistry at the Estonian Agricultural Research Centre in Saku.
Soil pH and nutrient status before experiment establishment in 2009
pHKCl
7.0

P(ppm)
79

K(ppm)
105

Ca(ppm)
2800

Mg(ppm)
128

Cu(ppm)
1.9

Mn(ppm)
66

B(ppm)
1.15

Table 1
Corg(ppm)
2.0

For basic fertilization, 800 kg ha-1 of Cropcare 8-12-23 (N 65, P 40, K 152 plus micronutrients) was
applied to the conventional plot and 12 t ha-1 of green waste compost (analysed by the Laboratory of
Agrochemistry at the Estonian Agricultural Research Centre to have N 1.0 g 100g-1, P 0.20 g 100g-1, K 0.3 g
100g-1, pHHCl 6.76) was applied to the organic plot. During the growing period conventional carrot plants were
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fertilized by ammonium nitrate (N 50 kg ha -1) and sprayed with Folicare 18-18-18 (4 kg ha-1), resulting in a total
supply of 0.7 kg N, 0.3 kg P and 0.6 kg K ha -1. Organic carrot plants were fertigated at a rate of 1 litre per meter
of row with humic acids solution (fertilizer Humistar diluted by 1:20), resulting in a total supply of 1.4 kg K ha -1.
Carrot seeds of orange colored cv. Jõgeva Nantes were sown on 27 May. After seed sowing the organic
plots were covered with polypropylene non-woven fabric Agryl P-17 for two months to control carrot psyllid
(Trioza viridula ) and carrot fly (Psila rosae). In conventional system, the insecticide Fastac 50 was sprayed at
0.3 l ha-1 at 15 June and 28 July . The fungicide Signum 0.75 kg ha -1 was used on 12 August to control black rot
(Alternaria radiciana). The soil of the conventional plots was treated with the herbicide Fenix at 2.5 l ha -1 two
days before the sprouting of carrots and 18 days after seed sowing against couch grass with a herbicide Agil 100
EC at 1.0 l ha-1. The organic plots were weeded twice by hand and hoeing. The crop was harvested manually on
8 October. Crop yield was calculated per hectare.
For postharvest experiment, 5 kg of carrots from both treatments from each replicate (all together 20 kg
carrots per treatment) were stored in plastic boxes for recording postharvest loss. Additional two boxes (10 kg)
of carrots from both treatments were stored for analyses. Carrots were stored for five months in coolstore of
Estonian University of Life Sciences. Storage temperature ranged from 2 to 4 °C and RH was 85 to 90%.
Postharvest loss (weight of carrots with decay or growth symptoms) was recorded monthly. The storage period
finished in spring 2010. Quality analyses were performed at harvest and after 5-months of storage.
After harvest carrot composition and amount of pesticide residues were determined from each of the
replicate organic and conventional plots. Pesticide residues were analysed by gas chromatography in the
Laboratory of Agrochemistry at the Estonian Agricultural Research Centre. Dry matter (DM), total sugars and
ascorbic acid (vitamin C) were determined in the same laboratory; DM by 71/393 EEC methods, total sugars
and vitamin C by using the standard methods. Total nitrogen was determined by Copper Catalyst Kjeldahl
Method, (984.13); phosphorus by Stannous Chloride method, ISO/FDIS 15681, AN 5242; calcium by oCresolphthalein Complexone method, ISO 3696, AN 5260 in Kjeldahl Digest by Fiastar 5000; magnesium by
Fiastar 5000, ASTN90/92 by Titan Yellow method; potassium by Flame Photometric Method, (956.01); nitrates
by Fiastar 5000, AN 5201 (nitrate - N, Cd-reduction, ISO 13395), Foss Tecator AB, 2001 (Helrich, 1990). Carrot
macronutrients were determined at the Laboratory of Plant Biochemistry of the Estonian University of Life
Sciences.
Before and after storage, total soluble solids (TSS) content (°Brix) was measured using the digital
refractometer ATAGO CO., Ltd., Japan and β-carotene was determined in the Health Protection Inspectorate
Tartu Laboratory, using T44- HPLC method.
Significant differences between cultivation systems were tested by one-way analysis of variance and the
effect of cultivation system and storage by two- way analysis of variance at significance level of P ≤ 0.05. Mean
values followed by the same letter are not significantly different at P ≤ 0.05 in Figures.
Results and Discussion
In 2009 the rainy period started on 3 June with low temperature and night frosts. This ameliorated the
growth conditions. The marketable yield of conventional carrots (13.4 t ha-1) was 8% higher than of organic
carrots in 2009. In 2008, the marketable yield of organic carrots was 11% higher than conventional (Bender et
al., 2009). It has been reported earlier that organic yield of vegetable is lower than conventional (Fjelkner–Modig
et al., 2000; Mäder et al., 2002). However, Dresbøll et al. (2008) found no differences in carrot yields between
the two systems. Improved thermal regime and maintained humidity under the Agryl cover probably raised the
organic marketable yield in our experiment in both years. Earlier studies on Chinese cabbage, beetroot and sweet
pepper (Moreno et al., 2001; Gimenez et al., 2002; Michalik, 2010) have demonstrated the same effect of nonwoven cover. However, Rekika et al. (2008) did not detect the effect of Agryl cover on radish yield at harvest
time. In our experiment, the applied humic acids fertilizer Humistar might have been another contributor to the
yield of organic carrots. It is well established that humic acids improve soil chemical and physical quality and, in
general, enhance root growth and development (Arancon et al., 2003). Although Lada et al. (2004) found that
humic acid application to the soil promoted early seedling emergence of carrot, there was no significant yield
difference compared to yield from control treatment. Karakurt et al. (2009) demonstrated that soil humic acid
treatment can be successfully used for increasing yield and improving fruit quality of organically grown pepper.
From the fore analysed pesticide residues one (α-cypermethrin below 0.01 mg kg-1) was detected in 2009,
therefore two in 2008 (Bender et al., 2009) in the conventionally grown carrots and none in organically grown
carrots. These results concur with those reported by Rembiałkowska and Hallmann (2007), who also found that
organic vegetables were free of pesticide residues. According to EU regulation No 149/2008, the residues found
in conventional carrots in our experiment did not exceed permitted levels.
Cultivation system did not affect the content of total sugars, P, K, Ca and Mg of carrots in 2009 (data not
shown) and also in 2008 (Bender et al., 2009).
Nitrogen content was significantly higher in conventional vs. organic carrots (1.5 and 1.1 g 100g-1,
respectively) and same result have been indicated in 2008 (Bender et al., 2009). In 2009 organic carrots
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contained nitrates at low level, significantly lower than conventional ones (26.6 and 149.6 mg kg-1, respectively).
In 2008, nitrates were not detected in organically grown carrots (Bender et al., 2009). Several studies have
affirmed that organic carrots consist significantly less nitrogen and nitrate than do conventional (Leclerc et al.,
1991; Warman and Havard, 1997; Rembiałkowska and Hallmann, 2007; Lairon, 2009; Seljåsen et al., 2013).
DM content of organically grown carrots was significantly higher than that of conventionally grown carrots
(10.6 and 10.1 mg 100g-1, respectively), but organically and conventionally grown carrots did not differ
significantly in their DM content in 2008 (Bender et al., 2009). Some earlier studies have shown that organic
crops (including carrots) contained significantly more DM compared to conventional ones (Rembiałkowska,
2007; Sikora et al., 2009; Bender and Ingver, 2012). However, not all studies have confirmed this phenomenon.
Therefore review articles have identified only a trend for higher DM content, for instance no significant
differences have been found for organic vegetables (Woëse et al., 1997; Bourn and Prescott, 2002).
TSS content of organically grown carrots was significantly lower than that of conventionally grown carrots
(Figure 1). Similarly, conventional carrot samples had higher TSS compared to organic ones in Ireland (Gilsenan
et al., 2008). TSS of organically and conventionally grown carrots was not affected by cultivation technology in
2008 (Bender et al., 2009).

Mean effect of
cultivation

Figure 1. Total soluble solids content of organically and conventionally cultivated carrots cv. Jõgeva Nantes at
harvest (October 2009) and after 5-months of storage (March 2010).
No significant differences were found between organic and conventional cultivation in content of vitamin
C in carrots in 2009 (5.7 and 5.0 mg 100g-1), therefore was significantly lower in 2008 (Bender et al., 2009).
Vitamin content of a plant depends on a number of factors such as climate, genetic properties, fertilizer and soil
(Mozafar, 1994). Also according to Lee and Kader (2000) the content of vitamin C in vegetables depends on
several factors, among them also preharvest climatic conditions and cultural practices. As reported by
Worthington (2001), organic crops (among them carrot) contained significantly more vitamin C than
conventional crops. Also Sikora et al. (2009) have found that organic carrots contained significantly more
ascorbic acid compared to the conventional ones. However, several scientists (Warman and Havard, 1997;
Fjelkner-Modig et al., 2000; Brandt et al., 2011; Bender and Ingver, 2012) could not verify significant
differences in vitamin C content caused by different cultivation systems.
In our experiment, no significant differences in β-carotene content were found between organic and
conventional carrots (Figure 2), but conventional cultivation system significantly increased β-carotene content of
carrots in 2008 (Bender et al., 2009). Rembiałkowska (2003) have demonstrated that organic carrots had less βcarotene. Contrarily, Sikora et al. (2009) reported that organic carrots contained significantly more carotenoids,
such as β-carotene and lutein. The same was confirmed by Hoefkens et al. (2009) on literature-based
comparison. The Danish scientists Søltoft et al. (2011) and Seljåsen et al. (2013) demonstrated in their reviews
that the content of carotenoids in carrot roots was not significantly affected by the agricultural production
system. Mentioned results indicates that formation of secondary metabolites is often more dependent on the
yearly different weather conditions, and this influence overshadows the possible effect of cultivation system.
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Figure 2. β-carotene content of organically and conventionally cultivated carrots cv. Jõgeva Nantes at harvest
(October 2009) and after 5-months of storage (March 2010).
After 5 months of storage, the average postharvest loss of organic carrots was 17% and of conventional
carrots 19% (data not shown). Cultivation system had no significant effect on postharvest loss. During storage,
TSS content of conventional carrots had significantly decreased, whereas TSS content of organic carrots had
remained unchanged (Figure 1). β-carotene content of both organic and conventional carrots had significantly
increased during storage (Figure 2). Mentioned result is in agreement with earlier studies reporting that βcarotene content increases at storage temperatures above the freezing point (Howard et al., 1999). It is important
to note, that after storage organic carrots had significantly higher TSS and β-carotene content compared to
conventional ones.
Conclusions
The yield of the conventionally grown carrots was higher compared to organically grown carrots.
Cultivation system did not significantly influence the content of analysed mineral elements and total sugars, but
the quality of conventional carrots was significantly decreased by their high nitrate content and some pesticide
residues. Organic carrots did not contain pesticide residues and contained nitrates at low level. At harvest, ßcarotene content was significantly lower in organically grown carrots. However, after 5-months of storage,
organic carrots had significantly higher TSS and β-carotene content compared to conventional ones indicating
that organically grown carrots were less susceptible to storage conditions.
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Abstract
Agroecological service crops are introduced into the vegetable crop rotation to provide agroecosystem services, and are a key
strategy for weed management in organic systems. Organic farmers across Europe usually terminate these crops before cultivation of the subsequent cash crop, using them as green manure. Recently, the in-line tillage-roller crimper has attracted interest
across Europe. It allows flattening the agroecological service crops and creates a narrow furrow that facilitates the fertilization and
transplantation of organic vegetables. In Europe, most of the research on this technology has been carried out in Italy, and no
studies are available analyzing its effect on weed density, weed species richness, and community composition in different
vegetable crops, soils, and climatic conditions across Europe. We compared the effects of the usage of in-line tillage-roller
crimper versus green manure on the weed abundance, species richness, and community composition in fourteen original datasets
from five countries over 2 years. The support for a common effect of in-line tillage-roller crimper across trials was tested by
means of a meta-analytic approach based on a weighted version of Stouffer’s method. Our results indicate that in-line tillageroller crimper management reduced weed density by 35.1% on average in comparison with green manure, and this trend was
significant across trials. Moreover, we document a significant reduction of weed species richness under this technique and
significant but, in general, minor changes in the weed community composition across the trials. Therefore, this study provides
for the first time a solid evidence of the effectiveness of this management technique to reduce weed density at the early stages of
crop growth across a wide range of vegetable systems and production conditions in Europe. Nonetheless, it is important to note
that the effect of this technology can be strongly affected by variations in cropping conditions.
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1 Introduction
Agroecological service crops (ASCs) are sown in
cropping systems to provide or promote agroecosystem
services, independent of their position in the crop rotation
and the method used to terminate them. This term includes catch crops, cover crops, and complementary crops
(Canali et al. 2015). In vegetable systems, ASCs are usually grown during the cold rainy season. However, some
authors have also highlighted the potential applicability of
summer ASCs in southern Mediterranean regions of
Europe, although their implementation is still limited
(Canali et al. 2015).
In organic systems, ASCs are considered a key strategy
for managing weeds (Gallandt 2014). To this end, numerous organic producers terminate the ASCs before the subsequent cash crop to avoid competition and reduce weed
emergence. Nevertheless, some authors have noted that
weed control effectiveness strongly depends on the termination technique selected (Canali et al. 2013; Ciaccia
et al. 2016). Among European organic farmers, the most
widespread management technique consists of chopping
the ASCs and incorporating them into the soil by
noninversion tillage (but sometimes plowing) as green
manure (GM), while no-till methods are hardly used
(Peigné et al. 2016). Despite the benefits of no-till practices for improving the quality of the soil (Sapkota et al.
2012), their adoption in organic systems is still limited
because of important constraints mainly related to weed
control (Casagrande et al. 2016).
However, in recent years, the no-till roller crimper
(RC) for ASC management has attracted the interest of
o rg a n i c f a r m e r s a n d r e s e a r c h e r s a c r o s s E u r o p e
(Casagrande et al. 2016; Vincent-Caboud et al. 2017).
The RC allows flattening of the ASCs and creates a dense
layer of plant residues (i.e., mulch) connected to the soil
by the roots. The presence of mulch has physical and
chemical effects, which can limit weed germination and
seedling emergence. It has been shown that the extracts of
some ASC species residues inhibit weed germination both
in bioassays and open-field conditions (Ciaccia et al.
2015). The physical effect of the mulch might reduce
weed density both by modifying the environmental conditions of the soil surface and by acting as a physical
barrier that obstructs the development of the seedlings
(Altieri et al. 2011). The flattened ASC modifies the soil
temperature, surface daily temperature range, and soil water content (Altieri et al. 2011; Canali et al. 2013), which
affects weed potential germination (Guillemin et al.
2013). Additionally, it reduces the light intensity that arrives at the soil surface (Teasdale and Mohler 2000), affecting the dormancy release and germination of many
weed species (Batlla and Benech-Arnold 2014). Weed

germination and emergence is also strongly conditioned
by the mulch biomass and the specific weather conditions
(i.e., temperature, rainfall) of the year. In general, the
quantity of residues is more important than the type of
residues, and the increase of the mulch biomass present
on the soil surface decreases weed emergence exponentially (Teasdale and Mohler 2000). The specific weather
conditions of the year can have an influence on both the
ASC biomass production and the potential subsequent
weed germination and emergence during the cash crop
production (Carr et al. 2012; Canali et al. 2013).
Opposite results have been observed for the effect of
mulch on weed species richness (Campiglia et al. 2010;
Radicetti et al. 2013). Similarly, it is unclear how physical and allelopathic effects of mulch determine which
species can germinate and emerge (Moonen and Bàrberi
2004). Mirsky et al. (2012) suggested that weed control
by the mulch is species-specific and depends on both the
sufficient quantity of mulch when a species is germinating and the energy reserves of propagules (i.e., big versus
small seeds). Conversely, Campiglia et al. (2010) affirmed that the mulch acts to a greater extent on the
number of individual plants irrespective of weed species.
Furthermore, it is also important to note that some studies
have reported shifts in the weed community composition
in response to mulch presence (Campiglia et al. 2010;
Radicetti et al. 2013).
The limited implementation and research on the no-till
RC approach might be related to the predominant humid
temperate climate of Europe (Mäder and Berner 2012).
Additionally, in vegetable cropping systems, some agronomic difficulties, such as transplanting and fertilization
of the vegetable crop, have hindered the adoption of this
technique by organic famers (Luna et al. 2012; Canali
et al. 2013). To overcome these limitations and facilitate
the adaptation of this technology to organic European
vegetable systems, the RC was modified by adding inline tillage (in-line tillage/roller crimper, hereafter ILRC)
(Canali et al. 2013). This modification, based on vertical
sharpened discs and coulters arranged in line at the rear of
the RC, allows flattening the ASC and simultaneously
creating a narrow transplanting furrow without disturbing
the surrounding mulch (Fig. 1).
Since its development, the research has mainly focused on
analyzing the effect of cold rainy season ASCs managed with
ILRC on weed abundance in zucchini and melon cash crops,
and all these experiments have been carried out in the longterm MOVE trial located in Italy (Canali et al. 2013; Ciaccia
et al. 2015, 2016). Moreover, most of the research focused on
flattening the ASCs has been mainly focused on optimizing
the RC design, selecting the best cold rainy season ASC composition, identifying changes in the abundance of perennial
species, and analyzing the effect on cash crop development
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2 Materials and methods
2.1 Locations and trials

Fig. 1 Pepper plant transplanted into a narrow furrow created by the
ILRC after flattening the ASCs in Spain. Author: Alejandro Pérez-Ferrer

and production (Mirsky et al. 2012; Carr et al. 2012; Canali
et al. 2013; Frasconi et al. 2019). However, to the best of our
knowledge, only one study has focused on the effect of RC
management on weed species richness (Halde et al. 2015), and
another one has discussed, but not tested, its influence on
weed community composition (Ciaccia et al. 2016). It therefore appears that the currently available information does not
yet show robust evidence of the effectiveness of ILRC for
weed control and the effect of this management technique
on weed species richness and community composition across
different vegetable crops, soils, and climatic conditions in
European organic vegetable systems.
To fill this knowledge gap and investigate the potential for
a wider adoption of this technology, this study aims to evaluate whether ASC management (GM vs. ILRC) affects the
structural parameters of weed assemblages (weed density, species richness, and community composition). Moreover, we
also evaluate the magnitude of the effects of ILRC compared
with those of GM, and whether this effect is reliable or, on the
contrary, depends on the variations in cropping conditions,
and the ASC biomass produced. For these purposes, we analyzed fourteen original datasets on weed assemblages from
five European countries over 2 years. The datasets are the
result of a joint effort within the framework of the SoilVeg
project, which aimed to analyze the applicability of ILRC to
European vegetable agroecosystems. We hypothesized that (i)
ILRC reduces weed density and species richness and modifies
the community composition in comparison with GM ASC
management, and (ii) the benefits of ILRC are strongly affected by variations in cropping conditions caused by interannual
deviations in weather and in timing and effectiveness of field
operations, as well as differences in relation to changing the
area within the field. However, since we have not investigated
these factors in detail, we consider that differences between
years summarize these effects.

The organic vegetable field trials were located in Denmark
(DK), Estonia (EE), Italy (IT), Slovenia (SI), and Spain (ES)
for two consecutive years (Table 1). The locations were selected to cover a wide range of vegetable production conditions under different climatic zones of Europe (Metzger 2005).
The trial established in DK represents the Atlantic North
European climatic zone under the influence of the Atlantic
Ocean, and it is characterized by cold winters and mild summers. The EE trial was located in the Nemoral zone, which is
characterized by late spring and summer with high temperatures and abundant precipitation. The trial of SI represents the
Alpine South zone characterized by the environmental conditions of the high mountains. The trials of ES and IT were
located in the Mediterranean North zone, characterized by
winters with maximum precipitation events and dry summers.
All partners (DK, EE, IT, SI, ES) grew the ASCs in the cold
rainy season followed by a spring-summer cash crop. In parallel trials, in the Mediterranean countries (IT and ES), summer ASCs (warm-dry season) were also cultivated before the
autumn-winter cash crop. Herein, IT-SCC and ES-SCC are
used to refer to the main trials, and IT-ACC and ES-ACC
are used for the parallel trials. Thus, in total, fourteen original
datasets were analyzed (i.e., seven field experiments during
two consecutive years) (Table 1).

2.2 Experimental design, management, and sampling
methods of each trial
Cash crop management varied among partners depending on
the climatic conditions, available machinery, and requirements of the selected vegetable crop. The experiment was
repeated on the same plots in both years in ES. In all the other
trials, the plots were moved to an adjacent area of the same
experimental field. Each partner had a different experimental
layout and management, but the comparison between ASCs’
management was common to all (ILRC vs. GM). ILRC management consists of (i) several rapid passes of a roller crimper
to flatten the ASCs, followed by (ii) a slower operation with an
ILRC to create a narrow transplanting furrow without
disturbing the surrounding mulch. GM management comprises (i) mowing-chopping the ASCs; (ii) incorporating
ASCs into the soil by tillage, when the plant residues were
dry; and (iii) seedbed preparation.
Each partner assessed weed and ASC species abundance at
an early stage of the cash crop. Both germinated and
resprouting individuals were counted and identified at the
species level prior to weeding operations. These data provided
measures of weed density and weed species richness. Weed
density (individuals m−2) comprised the total number of
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Table 1

Cash crop
period

SCC

Italy

118

ACC

SCC
2Y: 16.1 °C;
409 mm
1Y: 16.1 °C;
344 mm
2Y: 16.5 °C;
406 mm

1Y: 10.9 °C;
1009 mm
2Y: 11.1 °C;
961 mm
1Y: 16.5 °C;
406 mm

2Y: 16.5 °C;
402 mm
1Y: 16.6 °C;
470 mm
2Y: 16.7 °C;
539 mm

1Y: 6.0 °C;
825 mm
2Y: 5.8 °C;
694 mm
1Y: 16.7 °C;
539 mm

Loam

Loam

ASC 1–100% VU; ASC
2–50% VU + 50% SB

ASC 1–100% CM (81%
AB + 19% HV); ASC
2–50% CM + 50% VS

ASC 1–100% VU; ASC
2–70% VU + 30% PG
ASC 3–50% VU + 50%
PG; ASC 4–40% VU
+ 30% PG + 30% RS
ASC 1–100% HV; ASC
2–100% TI

Sandy loam ASC 1–100% VF;
ASC 2–100% PS;
ASC 3–100% VS
ASC 4–50% SC + 50%
VF; ASC 5–50% SC
+ 50% PS; ASC
6–50% SC + 50% VS
Clay loam 1Y: ASC 1–100% SC;
ASC 2–100% LM
2Y: ASC 1–100% SC;
ASC 2–100% TR
Clay
ASC 1–20% HV + 80%
VS; ASC 2–20% HV
+ 80% VF

ASC

70.89 ± 3.4
63.95 ± 4.01

0.98–19.23

0.33 ± 0.06

0.21 ± 0.04

2.92–16.35

5.04–18.55

7.16–12.13

22.54 ± 1.91
31.24 ± 1.96

4.80–11.20

20.72 ± 3.16

1.60–5.44

2.51–11.43

19.02 ± 2.43

2.29–6.29

0.96 ± 0.25

1.29 ± 0.54

2.73–12.41
1.85–8.74

1.98 ± 0.51
1.07 ± 0.09

3.84–11.20

28.98 ± 7.05

0.12–9.32

2.28–11.54

7.66 ± 1.14

2.32–6.74

Four samples of
0.0625 m2

Four samples of
0.25 m2

Four samples of
0.25 m2

Savoy
cabbage

Green
pepper

Eight samples of
0.1 m2

Eight samples of
0.1 m2

Cauliflower Two samples of
0.25 m2

ASC management;
total biomass; year

ASC management;
total biomass; year

1Y: 21 days;
2Y: 22 days

1Y: 30 days;
2Y: 36 days

ASC management;
total biomass;
year; fertilization

ASC management;
total biomass; year

ASC management;
total biomass;
year; fertilization

ASC management;
total biomass;
year; fertilization

ASC management;
total biomass; year

1Y: 43 days;
2Y: 29 days

1Y: 28 days
2Y: 30 days

1Y: 47 days;
2Y: 57 days

1Y: 69 days
2Y: 37 days

1Y: 26 days
2Y: 22 days

Explanatory variables
Weed sampling
Timing of
in the models
(samples per plot) sampling (days
after transplanting)

Cauliflower Four samples of
0.0625 m2

Tomato

White
cabbage

White
cabbage

Weed proportion Cash crop
of the total
biomass (%)

Range of total dry
biomass (t/ha
ASC+weeds)

SCC, spring-summer cash crop; ACC, autumn-winter cash crop; 1Y, first year; 2Y, second year of experimentation; VF, Vicia faba var. equina Pers.; PS, Pisum sativum L.; VS, Vicia sativa L.; SC, Secale
cereale L.; LM, Lolium multiflorum Lam.; HV, Hordeum vulgare L.; VU, Vigna unguiculata (L.) Walp.; PG, Pennisetum glaucum (L.) R.Br.; RS, Raphanus sativus L.; TI, Trifolium incarnatum L.; CM,
cereal mixture composed by 81% AB + 19% HV; AB, Avena byzantina K.Koch.; SB, Sorghum bicolor (L.) Moench; TR, ×Triticosecale blaringhemii A.Camus

Spain

Slovenia SCC

ACC

SCC

Estonia

2Y: 9.1 °C;
673 mm

1Y: 9.3 °C;
614 mm

Soil type
Temperature
rainfall
(annual mean)

Da ta on the environmental conditions, ASCs, range of total dry biomass, cash crop, and weed sampling details of the seven trials included in this study

Denmark SCC

Country
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germinated and resprouting individuals, including weed and
ASC species, to account for all the potential competition towards cash crops. On the other hand, weed species richness
(number of species/sample) and community composition referred exclusively to weeds germinated at the beginning of the
cash crop. In these cases, we analyzed exclusively germinated
weeds to isolate the response of weed communities to the
different ASC management methods. Weed species abundances were averaged for each plot in all trials, except in ES
where the exact locations of samples were taken into account
(see below). Weed species richness cannot be standardized to
fixed surface and therefore, in each trial, weed species richness referred to the sampling frame.
Specific information on the environmental conditions (i.e.,
annual mean temperature and rainfall, soil texture), ASC composition, range of total dry biomass, cash crop grown, and
weed sampling procedure of the seven trials included in this
study is detailed in Table 1.

2.2.1 Denmark
The field experiment was conducted at the research center of
the Department of Food Science of Aarhus University located
in Årslev (Denmark) (10°27′ E; 55°18′ N). The trial was newly established and the previous crop grown in the area was
barley (Hordeum vulgare L.). The trial was established on a
sandy loamy soil with a 1% carbon in the 0–0.5-m soil layer.
The trial had a split-plot randomized complete block experimental design with three replicates, where ASC management
(i.e., ILRC vs. GM) was the whole-plot factor, while ASC
composition was the subplot factor (i.e., six different ASC
compositions) (Table 1). The plot size was 3.2 m × 10 m during the first year and 4.8 m × 10 m during the second year.
White cabbage (Brassica oleracea var. capitata L.) was
transplanted on July 1, 2016, and on June 21, 2017. The harvest was carried out on November 11, 2016, and on November
2, 2017. During the first year, all the plots were fertilized prior
the ASC plantation (October 5, 2015) with feather meal pellets
(26 kg N ha −1 ) and during the cabbage development
(50 kg N ha−1) (August 25, 2016). Cash crop was irrigated
two times, on August and September, with sprinklers. During
the second year, plots were fertilized with feather meal
(26 kg N ha−1) prior to the ASC plantation (October 9,
2016), a week before the cabbage transplantation with feather
meal pellets (100 kg N ha−1) and lupine seeds (30 kg N ha−1),
and during the cabbage development with feather meal pellets
(80 kg N ha−1) (August 24, 2017). In this cash crop cycle, no
irrigation was required. Weeds were evaluated in 0.5 m ×
0.5 m quadrats randomly distributed on each plot, and one
cabbage plant was included in each quadrat. In 2016, weeds
were sampled 26 days after transplanting, while in 2017, the
sampling was carried out 22 days after transplanting.

2.2.2 Estonia
The field experiment was conducted at the experimental organic research field in eastern Estonia at Jõgeva (Estonia)
(58°44′ N; 26°24′ E). The trial was newly established on a
certified organic area since 2005. Previously, the area was
used for organic arable crop experimentation. Specifically,
the previous crop grown was red clover (Trifolium pratense
L.). The experimental field was located on a clay loamy soil
with a 3% organic carbon. The experimental design was a
strip-plot design with ASC strips and ASC management
crossed with the fertilizing factor (i.e., manure vs. without
manure), and three replicates per treatment. The plot size
was 6 m × 4 m. White cabbage was transplanted in the first
year from the 13th to the 16th of June 2016, and in the second
year on June 19, 2017. The harvest was carried out on October
7, 2016, and from October 4 to 6 in 2017. Plots belonging to
the fertilization treatment were fertilized before the ASC plantation with the application of 30 t/ha solid cattle manure
(153 kg ha−1 N, 57 kg ha−1 P, and 81 kg ha−1 K). During the
second year, all plots were fertilized with 12 t ha−1 of horse
manure compost (12 kg ha−1 N, 1.2 kg ha−1 P, and 4.8 kg ha−1
K). During the first year, cash crop was not irrigated.
Conversely, during the second year, all plants were watered
one time in mid-July with a humic solution (0.0003 kg ha−1 N,
0.0001 kg ha−1 P, 0.0002 kg ha−1 K). Weeds were evaluated in
0.5 m × 0.5 m quadrats in each plot, placed at 0.5 m from plot
borders. During the first year, weeds were sampled 69 days
after transplanting, while in the second year, the sampling was
carried out 37 days after transplanting.
2.2.3 Italy
The field experiment was conducted in the Experimental Farm
of Metaponto belonging to the Consiglio per la Ricerca in
Agricoltura e l’Analisi dell’Economia Agraria in Southern
Italy (40°24′ N; 16°48′ E). Both parallel field experiments
(i.e., spring-summer cash crop (SCC) and autumn-winter cash
crop (ACC)) were newly established. The previous crop
grown was wheat (Triticum aestivum L.) in the ACC trial
and fennel (Foeniculum vulgare Mill.) in the SCC trial. Soil
texture was clay loam and contained on average 1.1% of organic carbon. In both trials, the plot size was 6 m × 4 m. Weed
samplings were carried out in four 0.25 m × 0.25 m quadrats
randomly distributed in each plot in both trials.
Spring-summer cash crop The experimental design was a
split-split-plot with main plots arranged as a randomized complete block design, with three factors and three replications.
The main plot was assigned to the ASC factor (i.e., two ASC
compositions), the subplot to the ASC management (GM vs.
ILRC), and the split-plot to the fertilization factor (three
levels). The fertilization factor consisted in (i) no fertilizer,
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(ii) commercial organic mineral fertilizer allowed in organic
farming, and (iii) anaerobic digestate from cattle residues. The
tomato (Solanum lycopersicum L.) was transplanted on April
28, 2016, and on May 5, 2017, and harvested from July 7 to
August 25 in 2016, and from July 18 to August 25 in 2017.
Crop was drip-irrigated weekly. Weed sampling was carried
out 47 days after transplanting in the first year, and 57 days
after the cash crop transplanting in the second year.

was carried out at the cash crop transplanting (70 kg ha−1
N), while the second fertilization (70 kg ha−1 N) was performed during the development of the cash crop. Irrigation
was required in the second year of experimentation two times
during the cash crop development. Weeds were sampled in
four 0.5 m × 0.5 m quadrats randomly placed in each plot. In
the first year, weeds were sampled 43 days after transplanting,
while in the second year, 29 days after transplanting.

Autumn-winter cash crop The experimental layout was a splitplot with main plots arranged as a randomized complete block
design, with two factors and three replications. The main plot
was assigned to the ASC composition (four levels) (Table 1)
and the subplot was assigned to the ASC management factor
levels with two levels (GM vs. ILRC). The ASC was grown in
the warm/dry season, followed by cauliflower (Brassica
oleracea var. botrytis L.) as cash crop, which was transplanted
on August 3 of both years. The cauliflower harvest was from
November 23 to December 15 in 2015, and on November 28,
2016. No fertilization was applied before the ASC sowing.
Off-farm animal manure–based organic fertilizer was applied
just before the ASC termination, while the second was applied
localized on the cauliflower plants during the cash crop plant
development. The total fertilizer rate was 150 kg ha−1 N,
450 kg ha−1 P2O5, and 150 kg ha−1 K2O. ASC and cauliflower
crops were irrigated on both years of experimentation by micro-sprinklers. ASC was irrigated on the emergence, while
cauliflower was watered according to crop requirements each
year. Weed sampling was performed in the first year 28 days
after transplanting, while in the second year 30 days after
transplanting.

2.2.5 Spain

2.2.4 Slovenia
The field experiment was conducted at the University of
Maribor (Pivola), Faculty of Agriculture and Life Sciences
(UM), Slovenia (46°30′ N; 15°37′ E). The trial was newly
established in a field in which barley was produced the year
before. The soil was characterized by a loam texture with an
average of 2.66% of organic carbon in the 0–0.30-m soil layer.
The experimental design was a split-split-plot with plots arranged as a randomized complete block design, with three
factors (i.e., ASC composition, ASC management, and fertilization) and four repetitions. ASC composition had two levels
(Table 1), ASC management had two levels (GM vs. ILRC),
and the fertilization factor had two levels (i.e., application of
30 t ha−1 of livestock manure before sowing ASC vs. without
manure application). The plot size was 2.5 m × 2.5 m.
Cauliflower was transplanted in the first year on June 3,
2016, and on May 24, 2017, and harvested on September
29, 2016, and September 5, 2017. During both years of experimentation, all plots were fertilized two times during the cash
crop cycle using organic amendments. The first application

Spring-summer cash crop and autumn-winter cash crop Field
experiments were conducted at the Gallecs Area of Natural
Interest (Barcelona, Spain) (41°33′ N; 2°12′ E). The trial was
newly established in an area which began the conversion to
organic farming in 2005. The previous crop grown in the area
was wheat. The trials were characterized by loamy soil texture
and the mean proportion of organic carbon is 0.95%. In both
parallel trials (i.e., SCC and ACC), the experimental design
was a randomized strip-plot with two factors (the ASC composition and ASC management) (Table 1) and four replicates.
The different treatments were established in parallel bands
randomly distributed, and four plots of 6 m × 4 m were defined within each band. The experimental design was conditioned largely by the need to perform all agricultural works in
the same direction and facilitate machinery traffic between
plots. In the SCC trial, green pepper (Capsicum annuum L.)
was transplanted on May 26, 2016, and on June 20, 2017.The
last pepper harvest was on October 3, 2016, and on October 2,
2017. In ACC, savoy cabbage (Brassica oleracea var.
sabauda L.) was transplanted on August 4, 2015, and on
September 20, 2016. The last savoy cabbage harvest was carried out on December 2, 2015, and on February 22, 2017. In
SCC, fertilization was carried out just after transplanting using
a commercial organic fertilizer (i.e., 170 kg ha−1 N). In ACC,
in both years, the fertilizer amount was the same (100 kg ha−1
N); however, in the first year, the fertilization was split in two
applications (i.e., one just after transplanting and the other
during the development of the cabbage), while in the second
year, only one fertilization was carried out just after
transplanting. In ACC, ASC was irrigated sprinklers in both
years, while cabbage was watered according to the crop needs
by using drip irrigation. In SCC, only the cash crop was dripirrigated according to the crop needs. In both trials, eight samples of 0.25 m × 0.40 m were taken per plot. The samples were
placed so that the corner of each sample leaned on a cash crop
plant, and the longest side was placed perpendicular to the
cash crop line.

2.3 Statistical analysis
We did not pool the raw data from different experiments because each trial had its own experimental design; instead, a
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specific statistical model was used for each trial. Then, we
used a meta-analytic approach to test for the overall statistical
support for the effect of ASC management on weed density
and weed species richness.
Each statistical model included all the experimental
variables evaluated in each specific trial (Table 1) to discount their effect in the dependent variable. Only termination (GM and ILRC), year (year 1 and year 2), and total
dry biomass were explanatory variables common to all
experiments. The first two were included as factors,
whereas biomass was included as a covariate. Given the
specifics of each trial, the year summarizes the variations
in the cropping conditions caused by interannual variations in weather and timing and effectiveness of field operations, as well as differences in relation to changing the
area within the field. We pooled the total dry biomass of
the different ASCs included in each trial and the weeds
present prior to the ASC termination. In the trials which
included fertilization, the levels of this factor were defined specifically according to the description in
Section 2.1.
In DK, EE, IT, and SI, linear mixed-effects models
were used for each partner and year. The specific experimental layout of each trial, described in the previous section, defined the selection of the random effects for these
trials.
In ES, the need to facilitate the machinery traffic between
plots conditioned the experimental design. Thus, spatial correlation structures were introduced in ES models to account
for the lack of independence between samples (Pinheiro et al.
2000). Models including the different classes of spatial correlation structures as well as a model without a spatial correlation structure were compared by likelihood ratio tests and by
Akaike’s information criterion (AIC) to establish the best
model for each dependent variable and year.

pone−sided

When needed, data were transformed to meet the requirements of normality and homoscedasticity. Weed density was
transformed applying logarithms (IT-SCC-pooled; ES-ACCpooled) and square root transformation (SI-SCC-pooled; ESSCC-pooled). Weed species richness was transformed applying logarithms (EE-SCC-1Y; EE-SCC-2Y). All statistical
analyses were performed with R software (R Core Team
2017); for linear mixed-effect models, we used the lme function of the R nlme package (Pinheiro et al. 2017), while for ES
models with spatial correlation structures, we used the gls
function.
The meta-analytic approach was applied to analyze the
effect across trials of the ASC management on weed density
and weed species richness. This meta-analytic approach can
be nearly as powerful as that based on combining data (Zaykin
2011). We used the weighted Z test, which is essentially a
weighted version of Stouffer’s method:
0
1
k

B ∑ wi Z i C
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ A
pZ ¼ 1−Φ@ qi¼1
∑ki¼1 w2i

where Zi = Φ−1(1 − pi); pi is the p value from the ith study out
of k studies in total; wi is the weight selected for the study; and
Φ and Φ−1 are the standard normal cumulative distribution
function and its inverse, respectively. For this study, we
weighted the Zi by the standardized effect size, as suggested
by Zaykin (2011):
wi ¼

jμi j
SEi

where μi is the coefficient estimate and SEi is its standard
error. For testing the same alternative hypothesis, individual
p values were converted to one-sided before combining as
follows (Zaykin 2011):

8p
< two−sided ; if the direction of the effect coincides with the alternative hypothesis
2
p
:
¼
1− two−sided ; otherwise
:
2

Independence among p values is required for the weighted
Z test. Thus, we pooled the data from the two consecutive
years in each trial to analyze the effect of the termination in
each trial.
Community composition shifts were analyzed using permutational multivariate analysis of variance
(PERMANOVA). Prior to PERMANOVA, we carried out
the steps suggested by Anderson (2001): (i) we transformed
the weed abundance measurements into presence/absence data; (ii) we used the Jaccard distance to compute the distances

between plots; and (iii) we tested for homogeneity in multivariate dispersion with the betadisper function of the R package vegan (Oksanen et al. 2017). PERMANOVA was performed with the adonis function with the R package vegan
(Oksanen et al. 2017). Specifically, it decomposes the variance of the distance matrices and attributes the components
of the variance (i.e., measured as partial R2) to the explanatory
variables (i.e., factors and covariates).
The relative importance of the effect size of total dry biomass (ASCs + weeds), year, and termination was also
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calculated. For weed density and species richness, the estimated coefficient for each explanatory variable was divided by
the intercept of the model (Armengot et al. 2015), while for
the community composition, the effect size was related to the
partial R2 of each variable for each trail (Koricheva et al.
2013).

3 Results and discussion
3.1 Effect of ILRC management on weed density,
species richness, and community composition
The ASC management had a clear effect on weed density,
species richness, and community composition at the beginning of the cash crop (Table 2). ILRC management dramatically reduced weed density, and this effect was robust among
trials. The mean across experiments showed that ILRC management reduced weed density by 35.1% in comparison with
GM. In addition, analyzing both years pooled, the results of
the meta-analysis showed that this trend was significant across
trials (Fig. 2a). Specifically, ILRC reduced weed density at
least in one of the two years in five (DK, EE, ES-SCC, ESACC, SI) out of the seven trials, and in two of them (DK, SI),
this trend was significant in both years of experimentation
(Fig. 2a). Previous field experiments in Italy have also reported a dramatic reduction in weed abundance in ILRC plots,
averaging 86% (Canali et al. 2013) and 83.5% (Ciaccia et al.
2016) in comparison with GM. The pattern observed in our
study could be related to the presence of mulch, which modifies the light and the temperature at the soil surface (Teasdale
and Mohler 2000; Canali et al. 2013), both crucial factors
affecting dormancy and germination of many weed species
(Guillemin et al. 2013; Batlla and Benech-Arnold 2014).
Weed species richness also had a consistent response to
ILRC management during the first 2 years of experimentation
across trials (Table 2). ILRC management reduced species
richness by 23.8% across trials, and this trend was significant
according to the weighted Stouffer test (Fig. 2b). ILRC termination reduced weed species richness in at least one of the
years of experimentation in all the countries except Italy, and
in three of them (DK, EE, ES-ACC), this trend was significant
in both years of experimentation (Fig. 2b). The immediate
response observed after the adoption of ILRC management
across trials diverged with the only study available so far
(Halde et al. 2015), in which a significant response was observed in the fifth year of continuous management in arable
rainfed crops. Furthermore, the consistent weed species richness reduction across trials observed in our study contrasts
with previous studies. Positive and negative effects have been
observed for the effects of tillage intensity (Nichols et al.
2015; Armengot et al. 2015) and the presence of mulch

(Campiglia et al. 2010; Radicetti et al. 2013) on weed species
richness.
The general pattern observed for weed density and species
richness under ILRC across trials contrasts with the local results of the trials carried out in Italy (i.e., ACC and SCC). In
these trials, weed density and species richness were not reduced under ILRC management, and even a significant increase of weed density was noticed in the first and second year
of experimentation of IT-ACC (Fig. 2a, b). The atypical pattern observed for weed density in IT-ACC trial could be related to the ASC and weed resprouting, while the absence of
effect on weed species richness might be a consequence of
the low levels of weed density in the experimental field where
the trials were carried out (Table 2).
Analyzing weed species from the fourteen datasets, we
observed that overall weed communities after the ASC
management were dominated by annual and broadleaf
species (Table 2). Weed community composition generally had a significant but low response to ASC management
(ILRC vs. GM) in most of the trials analyzed.
Specifically, in all the trials except in the Italian ACC,
the composition of weed communities was significantly
affected by the ASC management in both years of experimentation (Fig. 2c). Nonetheless, the percentage of weed
community composition variability attributable to termination was generally low and ranged from a minimum
value of 8.2% in the second year of the Italian SCC trial
(p = 0.005) to a maximum of 34.3% in the second year of
the trial in Slovenia (p = 0.001) (Fig. 2c). On the other
hand, the average Jaccard distances between ASC managements (Table 2) indicate that the differences between
ILRC plots are similar or even higher than between ILRC
and GM plots. In all trials except the Italian ones, the
ILRC plots were significantly more variable in weed composition than the GM ones. ILRC reduced drastically
weed density and species richness, and this effect was
rather unspecific, causing a strong divergence between
samples, which means that ILRC does not select some
species over others. Previous studies have reported changes in weed community composition produced by both tillage intensity changes (Nichols et al. 2015; Armengot
et al. 2015) and mulch presence (Campiglia et al. 2010;
Radicetti et al. 2013). However, as far as we know, only
one study has considered the effect of ILRC management
on weed community composition (Ciaccia et al. 2016). In
this study, the authors speculate that ILRC could influence
the weed community composition in organic vegetable
cropping systems, but they did not statistically compare
the differences between ILRC- and GM-managed plots.
In this study, weed density, species richness, and community composition were analyzed only at the early stages of
crop growth. Nonetheless, some weed species might emerge
later in the crop cycle due to the modifications of the soil
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Table 2 Weed density (individuals m−2), weed species richness (species sampling unit−1), weed community composition (EPPO codes), and average Jaccard distances between terminations per year, trial,
and ASC management. Weed density and weed species richness are also summarized pooling both years’ data
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Fig. 2 a Percentage of weed
density reduction in ILRC in
comparison with GM. b
Percentage of weed species
richness reduction in RC in
comparison with GM. c
Community composition (R2).
DK: Denmark, EE: Estonia, IT:
Italy, SI: Slovenia, and ES: Spain.
SCC: spring-summer cash crop;
ACC: autumn-winter cash crop;
ILRC: in-line tillage/roller
crimper; GM: green manure.
Significance codes: *p ≤ 0.05;
**p ≤ 0.01; ***p ≤ 0.001
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surface environment (Guillemin et al. 2013). These weeds
could also compete for water and nutrients, and also cause
problems during the harvest of some vegetables. Thus, this
evaluation should be completed with studies analyzing the
weed emergence and growth during the development.
Additionally, ILRC long-term studies in vegetable systems are
required to provide information on the cumulative effect of this
technology over the years. According to previous studies focused on arable crops (Halde et al. 2015), one of the expected
cumulative effects is the progressive establishment and proliferation of perennial weed species, which hinder the management of the cropping system and might affect cash crop yield.

**
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3.2 Effect size of the explanatory variables
on structural parameters of weed communities
Despite important implications from an agronomic point of
view, there are no direct comparisons analyzing the relative
importance of the explanatory variables (dry biomass, year,
ASC management) in vegetable cropping systems using ASC.
To fill this knowledge gap, in our study, we analyzed the effect
size of the explanatory variables on structural parameter of
weed communities (weed density, species richness, and community composition). We have found that the relative importance of the explanatory variables varied depending on the
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structural parameter of weed communities and the trial analyzed (Fig. 3).
ASC biomass flattened or chopped and incorporated into
the soil is usually considered an important factor for controlling weeds (Radicetti et al. 2013; Canali et al. 2013; Ciaccia
et al. 2016). However, in our study, the comparison of the size
effects of the explanatory variables on weed density across
trials reflected that the relative importance of total dry biomass
was low in all cases (Fig. 3) despite the wide ranges of this
variable and the different weed proportions in the total dry
biomass managed across trials, years, and partners (Table 1).
ASC management (ILRC vs. GM) and the variations in the
cropping conditions (i.e., year) are more important than the
biomass produced by the ASCs for weed density (Fig. 3).
Fig. 3 Relative importance of the
total dry biomass prior to ASC
termination, the ASC
management, and the year on the
weed density, species richness,
and community composition. For
weed density and species
richness, the estimate value of
each variable was divided by the
intercept of the model for each
trial. In community composition,
the R2 was calculated for variable
for each trial. DK: Denmark, EE:
Estonia, IT: Italy, SI: Slovenia,
and ES: Spain. SCC: springsummer cash crop; ACC:
autumn-winter cash crop; ILRC:
in-line tillage/roller crimper; GM:
green manure

Specifically, year had the largest effect size on weed density
in four out of the seven trials evaluated. Thus, our results
suggest that the reduction of weed density produced by
ILRC management can be strongly affected by variations in
cropping conditions. Previous studies have noticed a significant effect of both the year and ASC management on weed
abundance under ILRC management, but the relative importance of each variable was neither analyzed nor discussed
(Canali et al. 2013).
Some authors have suggested that community composition
is mainly affected by the tillage intensity, while the weed
species richness is a result of both the management and the
environmental conditions (Nichols et al. 2015). Our results
showed that both community composition and species
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richness were influenced by the year and ASC management,
and their relative importance varied across trials (Fig. 3).
Nonetheless, the year had a larger effect size in more trials
than ASC management both for weed species richness and
community composition. Total dry biomass presented the
lowest relative importance in all trials, except in IT-SCC for
weed species richness.
Therefore, our study indicates, for the first time, that the
variations in the cropping conditions can strongly affect the
outcome of ASC management on the structural parameters of
weed communities (weed density, species richness, and community composition). Furthermore, we also note that the effect
of the flattened or green manured total dry biomass is less
important than the effect of both ASC management and
cropping conditions on weed density, species richness, and
community composition for most of the trials analyzed.

4 Conclusions
This study, which includes fourteen datasets from five different countries across Europe, provides for the first time solid
evidence of the effectiveness of ILRC management for weed
control at early stages of crop growth in different vegetable
systems, soils, and climatic conditions across Europe.
However, most importantly, although the benefits of ILRC
management can be strongly affected by variations in
cropping conditions (including but not restricted to interannual weather conditions, timing and effectiveness of field operations, variations between fields), our results provide a successful example that can contribute to reduce the reliance on
tillage for weed management in organic vegetable systems.
Our multisite study also contributes to reduce the knowledge gap existing in the literature regarding the impact of
ILRC management on weed species richness and community
composition. We document for the first time a general trend
under ILRC management of reduced weed species richness in
seven trials across Europe in the transition to this management
technique. Additionally, we report a significant but generally
low effect of ASC management on weed community composition in most of the trials analyzed. Furthermore, we note that
the effect of the total dry biomass, either flattened or used as
green manure, is less important than the effect of both ASC
management and the yearly conditions on weed density, species richness, and community composition for most of the
trails analyzed.
Further research is required to identify the effect of the
presence of mulch in ILRC systems on the environmental
conditions of the soil surface, in different soils and climatic
conditions across Europe, and how it affects the emergence of
weeds along the cash crop cycle. Additionally, before this
strategy can be suggested to farmers as a continuous management to be followed along the years, long-term studies

analyzing the effect of this technology in the weed community
composition would be required.
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